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A review of hydro-meteorological hazard, vulnerability, and risk assessment frameworks
and indicators in the context of nature-based solutions

Abstract

Nature-based solutions (NBS) are increasingly being implemented as suitable approaches for
reducing vulnerability and risk of social-ecological systems (SES) to hydro-meteorological
hazards. Understanding vulnerability and risk of SES is crucial in order to design and
implement NBS projects appropriately. A systematic literature review was carried out to
examine the suitability of, or gaps in, existing frameworks for vulnerability and risk
assessment of SES to hydro-meteorological hazards. The review confirms that very few
frameworks have been developed in the context of NBS. Most of the frameworks have
emphasised social systems over ecological systems. Furthermore, they have not explicitly
considered the temporal dimension of risk reduction measures. The study proposes an
indicator-based vulnerability and risk assessment framework in the context of NBS (VR-NBS)
that addresses both the above limitations and considers established NBS principles. The
framework aims to allow for a better consideration of the multiple benefits afforded by NBS
and which impact all the dimensions of risk. A list of 135 indicators is identified through
literature review and surveys in NBS project sites. This list is composed of indicators
representing the social sub-system (61% of total indicators) and the ecological sub-system
(39% of total indicators). The list will act as a reference indicator library in the context of NBS
projects and will be regularly updated as lessons are learnt. While the proposed VR-NBS
framework is developed considering hydro-meteorological hazards and NBS, it can be
adapted for other natural hazards and different types of risk reduction measures.

Keywords: Risk assessment, multiple hazards, social-ecological systems, open air
laboratories, ecosystem-based approaches

1. Introduction

Natural hazards such as floods, droughts and heatwaves pose threats to social-ecological systems
(SES) around the world. In most cases, floods and droughts are caused by a combination of naturally
occurring extreme weather events and anthropogenic activities (Sayers et al., 2013; Schubert et al.,
2004; van Dijk et al., 2013). The increasing pressures of urbanization, food production and economic
activities are contributing to the degradation of regulatory functions of natural ecosystems that
normally help to maintain hydrological cycles (de Groot et al., 2002; MA, 2005), causing e.g. increased
flooding (Sayers et al., 2013; Steiger et al., 1998). Furthermore, global climate change is aggravating
the severity of hydro-meteorological hazards towards extremes that can irreversibly alter natural
ecosystems (IPCC, 2014a). Against this backdrop, understanding the vulnerability and risk of SES to
natural hazards requires an in-depth systematic analysis, based on which risk mitigation measures can
be proposed (Hagenlocher et al., 2018).

Over the last centuries, man-made engineering structures have been deployed to reduce the risk
associated with natural hazards. For instance, levees, dams, river channelization and artificial drainage
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systems have been built to mitigate floods and droughts (Garcia-Molla et al., 2013; Richards et al.,
2008; White & Richards, 2007). However, these conventional risk mitigation measures, based on
engineered structures that primarily give priority to social and economic needs, have often negatively
affected ecosystems in the long term (Day et al., 2007; van Wesenbeeck et al., 2014). Nature-based
Solutions (NBS) for reducing risk have been conceptualised more recently (Bowler et al., 2010; Kabisch
et al., 2016; MacKinnon et al., 2008; Rizvi, 2014), showing promising results in terms of risk reduction
and biodiversity preservation (Cohen-Shacham et al., 2016). However, NBS approaches are yet to be
established as broadly accepted suitable risk mitigation measures with demonstrated benefits.

NBS are considered an umbrella concept that encapsulates various ecosystem-based approaches
(Cohen-Shacham et al., 2016), such as Ecosystem-based Adaptation (EbA), Ecosystem-based Disaster
Risk Reduction (Eco-DRR), Green Infrastructure and Natural Infrastructure, used to address ecological
degradation, risks from natural hazards, and climate change adaptation. The International Union for
Conservation of Nature (IUCN) define NBS as “actions to protect, sustainably manage and restore
natural or modified ecosystems, which address societal challenges (e.g. climate change, food and
water security or natural disasters) effectively and adaptively, while simultaneously providing human
well-being and biodiversity benefits” (Cohen-Shacham et al., 2016:2). The European Commission (EC)
also provides a definition for NBS which places particular emphasis on resource-efficiency and socio-
economic benefits along with environmental benefits (Maes & Jacobs, 2017). To support uptake and
implementation of NBS, IUCN proposed a set of general principles that were endorsed by IUCN, which
should be considered by experts developing NBS globally (Cohen-Shacham et al., 2016). The principles
focus on balancing ecosystem conservation as well as socio-economic benefits in a fair and equitable
manner and with broad societal participation. While the principles form the general basis of
characterizing NBS, there is no specific reflection to mitigating or reducing vulnerability and risk of SES
to natural hazards by NBS. However, these are central to concepts such as Eco-DRR and EbA. I[UCN will
release the standards for NBS in 2020 (IUCN, 2019).

In parallel to the development of the IUCN NBS principles, the World Bank proposed comprehensive
guidelines for the implementation of NBS to reduce flood risk (World Bank, 2017). This guideline
proposed an assessment of flood risks and benefits of a full range of solutions (i.e. not limited to green
solutions only) as one of the five overarching principles before making a final decision on risk reduction
approaches. Also, in 2017, Friends of EbA (FEBA) published a framework for qualification criteria and
quality standards for EbA. The framework consists of a first attempt at providing guidance as to what
EbA should be and what it is not. Two of the qualification criteria emphasise that EbA should reduce
social and environmental vulnerabilities as well as facilitate climate change adaptation (FEBA, 2017).
Finally, in 2019, the Convention for Biological Diversity (CBD) published voluntary guidelines for
ecosystem-based approaches to climate change adaptation and disaster risk reduction (CBD, 2019).
All these partially overlapping and at times complementary sets of principles and guidelines are
relevant to the acceptance of NBS at global scale because they address knowledge gaps and provide
explicit guidance to decision-makers on planning for and implementation of NBS in the context of
climate change adaptation and disaster risk reduction.

While most of the above-mentioned principles and guidelines address the disaster risk reduction role
of NBS, designing appropriate NBS to reduce disaster risks requires a better understanding of the
exposure, vulnerability and risk of SES. In order to understand the complex interaction of natural
hazards and SES, it is essential to conduct vulnerability and risk assessments considering both
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environmental and socio-economic conditions related to natural hazards and climate change risks at
a location (Jurgilevich et al., 2017). In recent years, a wide range of vulnerability and risk assessment
approaches/frameworks/tools have been developed (Sahani et al., 2019) to determine SES
vulnerability and risk to natural hazards. These include the SUST model (Turner et al., 2003a), MOVE
framework (Birkmann et al., 2013) and the Delta-SES vulnerability assessment framework (Sebesvari
etal., 2016). Most of these approaches have emphasized both ecosystems/the environment and social
systems in determining risk. Despite this, in most cases, capturing the ecosystem component in these
frameworks through e.g. indicators is overshadowed by the social components (Sebesvari et al., 2016;
Hagenlocher et al., 2019). This is problematic in itself if a comprehensive characterization of an SES is
to be achieved, but constitutes a bottleneck when NBS are to be considered for risk reduction
measures as both (1) the opportunity for NBS to contribute to hazard reduction (e.g. in terms of
frequency and magnitude), exposure, and vulnerability and (2) the level of dependence on ecosystem
services cannot be explicitly captured. In this case, it is indeed essential to understand in more detail
the exposure, susceptibility and robustness of the ecosystems themselves as well as the interaction
between social and ecological systems through the provisioning of ecosystem services. The objective
of this review paper is therefore to explore the current state of knowledge in vulnerability and risk
assessments (frameworks and indicators) to natural hazards in the context of NBS implementation,
and propose a conceptual framework and a preliminary list of indicators for this purpose. This paper
presents the findings of part of a research project funded by the European Commission (under the
H2020 framework) entitled ‘OPEn-air laboRAtories for Nature baseD solUtions to Manage hydro-
meteo risks (OPERANDUMY)’ in which NBS will be implemented for reducing risk to hydro-
meteorological hazards in various Open-Air Laboratories (OALs) (https://www.operandum-

project.eu/).

Section 2 of the paper describes the approach to the systematic literature review carried out in this
study. In section 3, the findings of the review related to existing vulnerability and risk assessments
frameworks are described and the major gaps in the frameworks in the context of NBS are identified.
In section 4, a modified vulnerability and risk assessment framework is proposed in the context of
developing NBS for reducing risk to natural hazards. Finally, a set of indicators for vulnerability and
risk assessment is proposed in section 5. The paper finishes with a discussion of the findings and a
conclusion.

2. Methodology

A systematic literature review of journal articles was carried out in Scopus and later supplemented
with grey literature found in Google Scholar to determine the state of the art in terms of vulnerability
and risk assessment in the context of NBS. Initially, a list of possible keywords was drafted, focusing
on three main categories: a) risk components, b) types of NBS, and c) assessment elements. Risk
components were taken from the IPCC AR5 (IPCC, 2014b) (see definitions of the risk components in
Supplementary material S1), while a list of types of NBS was taken from a recent IUCN report (Cohen-
Shacham et al., 2016:10). Comprehensive vulnerability and risk assessments should be grounded in
explicitly defined theory, often in the form of a conceptual framework (Birkmann, 2006). Thus,
although assessments were considered in the literature review, the keywords “framework,”

x» u

“concept*”, “mode

|II |”

, and “tool” were also included in the third category. Furthermore, the keyword
“indic*” was added to the list as composite indicators are commonly used in such assessments

(Beccari, 2016; Hagenlocher et al., 2019).
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Given the rapid evolution of terminology used to describe concepts of NBS, and the fact that most
publications on the topic are relatively recent (Cohen-Shacham et al., 2016), the search was limited to
articles published from 1990 to 2018. As the study mainly focused on hydro-meteorological hazards,
irrelevant papers in other fields of research that employ terms such as risk, vulnerability, and indicator
were removed by adding a number of exclusionary terms to the search, using the AND NOT Boolean
operator. An iterative trial and error process of screening was followed using the exclusionary terms.
The search in Scopus using the final keywords (Table 1) yielded 1,745 articles. Considering the
relevancy to hydro-meteorological hazards and NBS types, a title screening resulted in 432 articles.
Abstracts of these articles were independently screened by five of the authors which resulted in 45
most relevant articles for this review. Important information about the vulnerability and risk
assessment methods as well as all indicators presented in the articles were extracted into a pre-
prepared matrix. Where there was any disagreement in extracted information among reviewers, these
reviewers would return to the article and discuss it further until a consensus was reached.

Table 1. Categories of search terms and final search string. The search was conducted for terms
appearing in the title, abstract or keywords.

Category Search Terms

Risk components hazard OR risk OR exposure OR vulnerab*

"nature-based solution" OR "eco-engineering" OR "Ecological
restoration" OR "Ecological engineering" OR "Forest landscape
restoration" OR "Ecosystem-based adaptation" OR "Ecosystem-
based mitigation" OR "Climate adaptation services" OR "Ecosystem-
NBS types based disaster risk reduction" OR "Natural infrastructure" OR
"Green infrastructure" OR "Integrated coastal zone management "
OR "Integrated water resources management" OR "protected area
management" OR "ecosystem-based management" OR "social-
ecological"

assessment OR framework OR model OR tool OR concept* OR

Assessment elements -
indic

non-native OR invasive OR ozone OR seismic* OR earthquake OR
contaminant OR antibiotic OR pesticide OR marine OR nuclear OR
pm OR bacteria* OR toxic* OR metal*

Exclusion criteria: terms in
title/abstract/keywords

Exclusion criteria: terms in title economy OR species* OR urban OR city OR pollution

Exclusion criteria: year PUBYEAR > 1990

Combined Search String

TITLE-ABS-KEY ((hazard OR risk OR exposure OR vulnerab*) AND ("nature-based solution" OR "eco-
engineering" OR "Ecological restoration" OR "Ecological engineering" OR "Forest landscape
restoration” OR "Ecosystem-based adaptation” OR "Ecosystem-based mitigation" OR "Climate
adaptation services" OR "Ecosystem-based disaster risk reduction" OR "Natural infrastructure" OR
"Green infrastructure" OR "Integrated coastal zone management " OR "Integrated water resources
management" OR "protected area management" OR "ecosystem-based management" OR "social-
ecological") AND (assessment or framework OR model OR tool OR concept* OR indic*) AND NOT (non-
native OR invasive OR ozone OR seismic* OR earthquake OR contaminant OR antibiotic OR pesticide
OR marine OR nuclear OR pm OR bacteria* OR toxic* OR metal*)) AND NOT TITLE (economy OR
species* OR urban OR city OR pollution) AND (PUBYEAR > 1990)
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In addition, a search for relevant grey literature (e.g. reports, policy briefs, dissertations) was used to
supplement the results of the systematic review of journal articles. Using Google Scholar, a simplified
and targeted search string was employed: (hazard OR risk OR exposure OR vulnerable OR vulnerability)
AND ("nature-based solution" OR "Ecosystem-based disaster risk reduction" OR “Eco-DRR”). The
search returned 903 results, sorted automatically by Google Scholar in order of relevance to keywords.
The titles, descriptions, and (if necessary) content of the first 200 documents were screened, since no
relevant additional literature was found beyond the first 180 hits. Thirteen new documents were
judged to fit the search criteria used in Scopus. These were reviewed by two of the authors, and
information inserted in the review matrix. In the end, 58 papers including the 45 articles from Scopus
and 13 from Google Scholar were reviewed for this study. Of the 58 articles reviewed, 69.0% were
peer-reviewed journal articles, 22.4% reports, dissertations or theses and 8.6% peer-reviewed book
chapters (Figure 1). As for previous reviews on this topic (e.g. Sebesvari et al., 2016; Hagenlocher et
al., 2019), most of the publications reviewed were recent: 77.6% were published after 2015, and none
published before 2005 (Figure 1).

We supplement the systematic literature review with a narrative review of key articles that present
either conceptual frameworks and/or practical applications of risk assessment relevant to NBS, but
without reference to any specific NBS and thus not captured by the keywords. The review of these
papers helps to understand the detailed risk assessment approach and processes applied in different

cases.
Publication Type Publication Year
Reports [ 2006 ]D'
Dissertations 0%
2204 2011-15
17%

Book chapters
9%

Journal papers
B69%

2016-19
78%

Figure 1. Type of publications reviewed (left) and year of publication (right)

Further, information on the existing risk assessment framework and indicators used at the OALs of the
OPERANDUM project were collected. A total of four Focus Group Discussions (FGD), a questionnaire
survey with stakeholders (ten respondents) and three meetings with experts were carried out in
various OALs. This was important for the development of the risk assessment framework and
identification of indicators based on the requirements of implementing NBS.

Combining the inputs from the literature review and surveys, a conceptual framework for vulnerability
and risk assessment in the context of NBS was developed in addition to a preliminary list of indicators.
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3. Review of vulnerability and risk assessment frameworks in relation to NBS

In this section, we present a critical review of existing vulnerability and risk assessment frameworks,
and gaps in those frameworks in relation to NBS. Of the 58 articles reviewed, 38 focused on describing
and/or implementing vulnerability and/or risk assessments to natural hazards. 17 articles focused on
ecosystem-based disaster risk reduction (Eco-DRR), Ecosystem based Adaptation (EbA) and climate
risk management in general, without actually applying any method or framework for risk assessment.
Another three articles (Song et al., 2015; Xue et al., 2019; Zhang et al., 2017) dealt with vulnerability
and risk assessment but focused on ecological vulnerability to human interference in wetlands and
river basins such as water pollution, agricultural land degradation. Although these three papers do not
address natural hazards directly, they provide useful information related to indicators. Most of the 38
articles addressed multiple hazards - generally hydro-meteorological hazards (23 articles) or a
combination of two hazards, such as floods and landslides, or floods and droughts (eight articles). One
paper addressed a variety of natural and anthropogenic hazards. Other papers focused on single
hazards: two on landslides, two on droughts, one on flood, and one on rock fall. Further, more than
half of the reviewed papers carried out or considered spatially explicit risk assessments. A majority of
risk assessments considered administrative boundaries such as districts, provinces and regions or
more localised projects as the spatial scale of assessment. Only a few papers (5.2%) focused on more
natural boundaries such as river basins or watersheds (Figure 2).

Scales considered Spatially explicit assessments

N/A
o Local
29.3%
Country
6.9% __——
‘ Watershed

} 5 / River
District / . y basin
e 5.2%

Province / Regior{ -
37.9%

Figure 2. Scale considered in assessment or when discussing frameworks (left) and
percentage of assessments that were spatially explicit (right). ND = Not Determined,
NA = Not Applicable

A wide variety of approaches, models and frameworks (or combinations thereof) have been applied
for vulnerability and risk assessment to natural hazards in recent years. Predominant approaches used
in the reviewed articles were indicator/index-based assessments or scoring systems (18 articles),
followed by modelling/decision support systems (13 articles). Some modelling papers also combined
index-based approaches. Other papers presented only conceptual SES frameworks (four articles), or
other more general conceptual frameworks for risk assessment (two articles).

From the broader literature, various indicator-based vulnerability assessments were developed and
implemented at global or national to local level. Examples of global or national level risk assessment
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methods include the indicator-based Global Risk Analysis (UN, 2015), the World Risk Index (Birkmann
et al., 2014), Disaster Risk Index (Peduzzi et al., 2009; UNDP/BCPR, 2004) and Global Delta Risk Index
(Hagenlocher et al., 2018). The global or national level methods are complemented by local level
participatory risk assessment approaches, such as the Community-Based Risk Index (Bollin &Hidajat,
2006). Of the reviewed papers, Asare-Kyei et al. (2017) and Hagenlocher et al. (2018) both applied
indicator-based risk assessment approaches informed by the multi-hazard risk assessment framework
(Kloos et al., 2015) and the Delta-SES vulnerability assessment framework (Sebesvari et al., 2016),
respectively. Hagenlocher et al. (2018) introduced a novel concept of developing a so-called modular
“indicator library” of hazard-dependent and independent indicators, which allows the user to have
readily available indicators that can be used for specific contexts (e.g. geography/hazard
combinations) or that can be used interchangeably when, for example, data do not exist for one
indicator. Apart from indicator-based risk assessment approaches, several other tools have also been
used in the reviewed papers, such as the InVEST models which include a coastal vulnerability model
(Sharp et al., 2018), CRiSTAL (IUCN, IISD & SEl, 2012) or the more recent Coastal Resilience decision-
support platform (Whelchel and Beck, 2016). These tools can be used on their own but generally, in
the context of complex multi-hazards-based risk assessment, are combined with other tools and
approaches.

A closer look at some of the influential vulnerability and risk assessment frameworks has explored
insights of the components of the frameworks and their implementation. For example, Turner et al.
(2003) proposed a framework for vulnerability assessment of SES in sustainability science, referred to
as the SUST model, which includes elements from risk/hazard approaches to vulnerability as well as
ecological resilience theory into a multiscale (spatial and temporal) model of SES vulnerability. The
SUST model aims to provide a suitable prototype for ‘reduced form’ vulnerability analysis considering
the limitation of data availability of real-world larger complex systems (Turner et al., 2003). Damm
(2010) developed and applied a modified SUST framework for vulnerability assessment of the SES to
floods in Germany. The SUST framework has served as an example or basis for many subsequent
vulnerability and risk assessment frameworks.

Birkmann et al. (2013) developed a vulnerability and risk assessment framework (MOVE framework)
considering vulnerability, resilience, coping and adaptation capacities of SES in the context of natural
hazards and climate change at different spatial and temporal scales. It emphasises that these factors
are related to the social-ecological exposure to a natural hazard or stressor, the susceptibility of the
SES exposed to the hazard or stress, and the resilience and adaptive capacity of the system or society.
The MOVE framework can be regarded as a conceptual tool to be used for guiding systematic risk
assessment processes and developing indicators. However, the framework does not provide any
particular methods or a set of indicators for risk assessment (Birkmann et al., 2013).

Recognising that SES are usually exposed to multiple hazards, contemporary risk assessment
approaches have addressed multi-hazard contexts rather than addressing a single hazard. For
example, Kloos et al. (2015) developed a multi-hazard risk assessment framework with particular
reference to the SES of the Western Sudanian Savanna Zone. This framework was built on integrating
the relevant elements of the modified SUST Framework (Turner et al., 2003, Damm, 2010), the MOVE
framework (Birkmann et al., 2013), and the Ecosystem Stewardship Framework (Chapin et al., 2010).
The framework outlines the linkages between hydro-climatic hazards/stressors, shocks and risks,
environmental and socio-economic factors/stressors, and actual coping and adaptation actions at
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various spatial and temporal scales. Garschagen (2014) proposed a similar framework for assessing
vulnerability to natural and man-made hazards and adaptation in the context of changes in climatic,
environmental, and socioeconomic conditions, and the transformation processes within SES.

Recognising the necessity of geographical boundary-based vulnerability analysis in the context of
multi-hazards, as noted by Kloos et al. (2015), Sebesvari et al. (2016) proposed the Delta-SES
vulnerability assessment framework, which is a visually simple yet broadly inclusive framework for
multi-hazard vulnerability and risk assessment of river deltas. The Delta-SES framework was originally
developed to address the gap between the ecological and social sub-components in terms of their
representations in vulnerability and risk assessments. The framework was built on major elements of
the risk assessment frameworks proposed by Turner et al. (2003), Damm (2010), Kloos et al. (2015),
IPCC (2012), and Garschagen (2014). The Delta-SES framework considers the relationships of social
and ecological sub-systems at various spatial and temporal scales. Although the effect of hazards on
SES occurs at all spatial scales, the sub-delta scale is considered to be the essential place of the
vulnerability assessment so that the variations in vulnerabilities among the delta sub-regions (e.g.
floodplains, coastal zone) affected by various natural and anthropogenic hazards can be captured. The
Delta-SES framework provides a strong basis for indicator-based risk assessment as was carried out by
Hagenlocher et al. (2018). One of the latest publications related to climate risk and NBS is a guidebook
for climate risk assessment, published by GIZ, EURAC & UNU-EHS (2018), focusing specifically on EbA.
The guidebook places stress on understanding and establishing the strong linkages between social and
ecological systems that are needed for implementing EbAs. Among other steps, the approach focuses
on developing impact chains, choosing indicators to characterise the risk components and the
identification of EbA solutions (GIZ, EURAC & UNU-EHS, 2018).

Some articles from the systematic literature review have proposed risk assessment frameworks
specifically related to climate risk and NBS action in coastal areas. For instance, Arkema et al. (2017)
developed a general framework to demonstrate how an NBS (i.e. marsh restoration) can affect the
ecosystem structure and function of coastal areas (i.e. attenuation of hydrodynamic conditions),
which then affects the provisioning services of ecosystems (i.e. avoided erosion and/or flooding) and
changes societal benefits (e.g. protection of people and assets) (Arkema et al., 2017:8). Bhattachan et
al. (2018) proposed an SES framework to analyse sea-level rise impacts on an island of the east coast
of the United States, including key components such as social and ecological sub-systems, ecosystem
services and policy/management decisions. Further, an Adaptive Gradient Framework is proposed by
Hamin et al. (2018) for assessing coastal resilience, which incorporates eight metrics (exposure
reduction, institutional capacity, cost efficiency, ecological enhancement, adaptation over time,
greenhouse gas reduction, participatory process, and social benefits) used to evaluate projects that
can provide better coastal resilience.

The papers reviewed cover a wide range of risk assessments or discussions of NBS for disaster risk
reduction and climate change adaptation. However, very few of the risk assessment frameworks have
been developed comprehensively in the contexts of implementing NBS and linkages with NBS
principles. This can be problematic when NBS are to be implemented because the provision of multiple
benefits these approaches provide cannot be effectively captured. However, current approaches can
be used to adapt frameworks for the NBS context. Most of the recent papers which presented a
general framework to inform risk assessment had the tendency to build on older approaches (such as
on the SUST framework of Turner et al. (2003)). One of the latest “evolution” of such older frameworks
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is the Delta-SES vulnerability assessment framework (Sebesvari et al., 2016) used by Hagenlocher et
al. (2018) and which was also compared to the Social Vulnerability Index (SoVI) framework of Cutter
et al. (2003) by Anderson et al. (2019). The Delta-SES framework could serve as a basis for developing
a vulnerability and risk assessment framework in the context of NBS, as it considers equal weight to
both ecological and social sub-systems of an SES which is essential when working with NBS.

4. Conceptual framework for vulnerability and risk assessments of SES in the context of
developing NBS

Considering the geographical and social-ecological contexts of the NBS implementation sites of the
OPERANDUM project and IUCN’s NBS principles, a conceptual framework for vulnerability and risk
assessment of SES in the contexts of NBS (VR-NBS) is proposed (Fig. 3). The VR-NBS framework is built
primarily on the main concepts of the Delta-SES framework developed by Sebesvari et al. (2016). The
version presented here is a second iteration, building on the work by Shah et al. (2019). The original
focus of the Delta-SES framework was to characterise natural hazard risks in deltaic environments, but
itis not restricted to deltas by design. It is also linked to an indicator library presented by Hagenlocher
et al. (2018) which can be extended to the context of the places where NBS could be implemented. A
major departure from the Delta-SES framework is that we explicitly consider hazard characteristics for
the risk assessment. Therefore, risk is calculated here as Hazard x Exposure x Vulnerability (IPCC, 2012;
Moos et al.,, 2018b; UNDRO, 1980) (Fig. 3). This will allow for a better characterization of risk,
introducing probabilities of events of specific magnitude affecting exposed areas. We have also
changed the basic geographical boundary of risk assessment to smaller areas where NBS could be
implemented, though the areas are part of larger sub-catchments and catchments and we recognize
that NBS may also be implemented at these scales. Furthermore, we did not consider the tipping and
transformation processes linked to impacts within the SES scale presented in the original Delta-SES
framework. However, we consider the changes in social-ecological systems over time that would
capture the maturation time lag of the ecological components (Biswas et al., 2009) of an NBS, as well
as the sustainability of the system with the intervention of risk reduction measures such as NBS and
others (Fig. 4).

NBS projects, which are designed in line with NBS principles, are usually aimed to reduce risks by
modifying hazard characteristics and reducing the exposure and vulnerability of SES (Fig. 3). The
geographical boundary of NBS projects is usually confined to smaller landscape boundaries (e.g. lake,
river floodplain, coastal bay) and related to socio-economic activities of local communities. Although
the ecosystem and local community within the NBS project sites have specific characteristics, they are
linked to sub-catchment or catchment level processes through climatic and hydrological cycles as well
as government policies. Interaction with larger spatial scales should therefore be taken into account
when performing risk assessments. In the proposed VR-NBS framework, we considered all the
environmental/ecological aspects of the NBS project sites within the ‘Ecosystem’ domain, and all the
social, economic and governance/institutional issues within ‘Social system’ domain. The elements
within the entire SES of NBS project sites would be the basic space of risk assessment.

11
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Figure 3. Conceptual framework for vulnerability and risk assessment of SES in NBS project sites in
the contexts of NBS (VR-NBS). Adapted from Sebesvari et al. (2016), Shah et al. (2019).

The VR-NBS framework considers that the NBS project sites could experience single or multiple hydro-
meteorological hazards originating either locally or in the surrounding regions. The hazards would be
characterised by their magnitude, duration, extent and probability of occurrence. Different climate
change scenarios can also be considered to assess changes in the hazard, exposure, and vulnerability
components of risk (left-hand side of Figure 3). Although the framework considers only “natural”
hydro-meteorological hazards in this paper, it could be applied in the context of multi-hazards from
other natural and anthropogenic sources in future research.

The exposure of the social and ecological elements within NBS project sites and their vulnerability to
hazards (in various magnitudes and frequencies and for different climate change scenarios) determine
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the risks to the SES. The vulnerability of the SES has four domains: social susceptibility, ecosystem
susceptibility, ecosystem robustness, and coping and adaptation capacities of the social system (as
per Sebesvari et al., 2016). The vulnerability and risk of SES will be influenced by socioeconomic change
and this can be captured by developing scenarios (lower-right corner of figure 3). Therefore, the
impact of the changes can be considered in the vulnerability and risk assessment.

As NSB projects are designed and implemented based on NBS principles with the aim of reducing one
or more of the risk domains (hazards, exposure, vulnerability), risk assessment in the NBS project site
would essentially be linked with the NBS principles in a direct or indirect manner. Table 2 illustrates
further the linkages of NBS principles with the risk components shown in Figure 3. The conceptual
understanding of integrating NBS principles in the risk assessment will be reflected through
incorporating suitable indicators for the assessment. The framework will also be linked to the IUCN
standards and indicators currently under preparation and to be released in 2020 (IUCN, 2019).

Table 2. Linkages of IUCN’s NBS principles with different components of the VR-NBS framework

IUCN’s NBS principles
(Cohen-Shacham et al. 2016)

Linkage with main components of VR-NBS framework

Principle 1: NBS embrace nature
conservation norms (and principles) (NBS-
P1)

Principle 2: NBS can be implemented alone
or in an integrated manner with other
solutions to societal challenges (e.g.
technological and engineering solutions)
(NBS-P2)

Principle 3: NBS are determined by site-
specific natural and cultural contexts that
include traditional, local and scientific
knowledge (NBS-P3)

Principle 4: NBS produce societal benefits
in a fair and equitable way, in a manner
that promotes transparency and broad
participation (NBS-P4)

Principle 5: NBS maintain biological and
cultural diversity and the ability of
ecosystems to evolve over time (NBS-P5)

This principle is linked to the ‘ecosystem robustness’
component of the framework. Nature conservation through
NBS can enhance ecosystem robustness so that the
ecosystem can maintain its multi-functionality.

This principle is related to overall ‘risk within NBS project
sites’ component. NBS and/or other risk reduction measures
can be implemented to reduce overall risk of SES in the area.

The framework considers vulnerability and risk assessment
of SES in the NBS project sites, which would guide the
selection of NBS appropriate to the natural and cultural
contexts of the site. Therefore, the basic space of
vulnerability and risk assessment, i.e. NBS project sites are in
line with the NBS principle 3. Inappropriate consideration of
site-specific context will inevitably lead to a reduction of the
risk reduction potential of the NBS (see Figure 4).

This principle is associated with ‘coping and adaptive
capacity’ component. Social benefits of NBS would be largely
demonstrated through increasing social coping and adaptive
capacity for risk reduction by NBS.

This principle is also linked to the ‘ecosystem robustness’
component. Maintaining biological and cultural diversity are
part of ecosystem conservation efforts, which ultimately
enhance the ecosystem’s ability to adjust and continue its
functions and services.

13
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IUCN’s NBS principles

(Cohen-Shacham et al. 2016) Linkage with main components of VR-NBS framework

Principle 6: NBS are applied at the scale at Although NBS projects are depicted as being implemented at

a landscape (NBS-P6) the local scale, the risk assessment and design of NBS would
consider the linkages with regional sub-catchment or
catchment level SES.

Principle 7: NBS recognise and address the The framework emphasises balancing social and ecological
trade-offs between the production of a contexts in the risk assessment. By placing equal weight on
few immediate economic benefits for ecosystem components, the framework implicitly considers
development, and future options for the long-term and varied ecosystem service benefits.
production of the full range of ecosystems

services (NBS-P7)

Principle 8: NBS are an integral part of the The overall policies and risk reduction measures for SES
overall design of policies, and measures or management across spatial scales are taken into account in
actions, to address a specific challenge risk assessment.

(NBS-P8)

The VR-NBS framework is designed with an underlying goal of increasing the success of NBS projects.
In this regard, the framework can inform various project phases (Fig. 4). By conducting a risk
assessment during the design and planning phase, risks can be identified that should be targeted by
the NBS. Indicators from the framework can be prioritized and when repeat assessments are
conducted during the maintenance and monitoring phase, an indication of the success of the NBS at
reducing risk becomes possible. Because many NBS rely on the growth of organic elements over time
which are also dependent on seasonal fluxes, the VR-NBS incorporates indicators that are sensitive to
seasonality. For this, risk must be assessed at multiple snapshots throughout time and during different
seasons. Wetland restoration, for example, requires time for the restored system to become mature
and thus fits this description (Figure 4). However, other NBS will immediately reduce risk after
implementation (e.g. natural water retention basins) and are not sensitive to seasonal fluctuation in
effectiveness, so the process of using the VR-NBS should be carefully considered within different NBS
and SES contexts. Sustained monitoring (S1 in Figure 4) is required to ensure that the implemented
NBS continues to deliver the required risk reduction benefits in the long run. It is important to note
that the desired risk reduction level of the NBS can only be reached and sustained if the NBS principles
have been adhered to, in particular Principle 3.
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Figure 4. Risk levels throughout time (denoted by NBS phases) of an idealized NBS that relies on
organic elements to reduce risk. Risk reduction can thus fluctuate seasonally. The VR-NBS framework
can be applied throughout NBS phases to assess vulnerability and risk and contribute to successful
NBS design and long-term monitoring and maintenance to achieve sustained and maximum disaster
risk reduction capacity. Indicators from the framework can be applied to capture changes in

seasonality.

Indicator-based methods (Asare-Kyei et al. 2017; Hagenlocher et al. 2018; Kloos et al. 2015; OECD
2008) can be employed to assess vulnerability and risk of SES in the NBS project sites following this
conceptual framework. Potential indicators for different risk components of the framework identified

in the study are presented in the following section.

5. Vulnerability and risk assessment indicators

Building on the work of Shah et al. (2019), we have identified 135 indicators in the reviewed literature
as well as through a questionnaire survey and FGD in the NBS project sites (OALs) of the OPERANDUM
project. These indicators are categorised according to the six main components of the VR-NBS
framework. The full list of indicators is provided in supplementary material-S2 (Table S2). Initially, the
literature review and surveys in the OALs yielded 270 indicators. After removal of duplicates,
indicators were screened with the selection criteria such as relevance to hydro-meteorological
hazards, SES of the NBS project sites, and the major components of the VR-NBS framework. The 135
indicators in Table S2 reflect the final result of the screening process and originate from 23 articles (88
indicators) out of the 58 reviewed and from OAL surveys (47 indicators). From the literature, most of
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the indicators (41%) were taken from three articles (Asare-Kyei et al. 2017 (4%); Hagenlocher et al.
2018 (28%); and Sudmeier-Rieux 2011 (17%)), that are relevant to risk assessment of SES.

Distribution of the selected indicators among the vulnerability components shows that, of the 135
indicators, 24 indicators are related to SES exposure, 43 to ecosystem vulnerability and 68 to social
vulnerability components. A major portion of the indicators (61%) are related to the social system,
while the rest (39%) are related to the ecological system. Proportionally to social system indicators,
more indicators linked to the ecological system were found in this review when compared to previous
reviews (e.g. Sebesvari et al., 2016 Hagenlocher et al., 2019). This is linked to the fact that the review
focused on NBS-relevant risk assessments. Nevertheless, social system indicators still outnumber
ecological-related indicators. Surveys in the OALs have helped to address thisimbalance by identifying
further ecological indicators. The following sections provide further details of the indicators in the
different components of the VR-NBS framework.

5.1 Indicators relevant to exposure and vulnerability of ecological systems

The OPERANDUM NBS project sites cover both terrestrial and aquatic ecosystems located in diverse
geographic regions. Exposure of the ecosystems to hydro-meteorological hazards depends on the land
cover in the NBS project sites. The indicators addressing ecosystem exposure include the proportion
of land use/ecosystem area exposed to different hazards. Hazard specific indicators for measuring
ecosystem exposure were chosen to address single or multi-hazard contexts in the NBS project sites.
In addition, general ecosystem types (e.g. urban green space, agricultural land) were included as an
ecosystem exposure indicator. Examples of some of the indicators related to ecosystem exposure are
presented in Table 3.

Ecosystem susceptibility to natural hazards usually depends on the status and dynamics of the
ecosystem and the status of biodiversity within the ecosystem. Ecosystem susceptibility, in terms of
status of the habitats, could be determined by their level of degradation, fragmentation or
destruction. For instance, indicators such as deforestation rate (e.g. Hagenlocher et al. 2018), soil
erosion rate (e.g. Sudmeier-Rieux, 2011 and Bourne et al., 2016), and river connectivity (e.g.
Hagenlocher et al., 2018) (Table 3) can measure the status of the habitats in different ecosystems. In
relation to hydro-meteorological hazards, some important hydrological factors, such as status of
surface water and groundwater table influence the susceptibility of both terrestrial and aquatic
ecosystems. Therefore, hydrological indicators such as groundwater level, rates of surface water
drainage, river water level, and water holding capacity of soil were selected (Table 3). In addition,
some water quality-related indicators such as water clarity (turbidity) and nutrient loading help to
define the quality of aquatic habitats.

While habitat-related indicators were largely used in determining ecosystem susceptibility, very few
biodiversity related indicators were considered in previous studies. Indicators such as population of
protected species and cattle population are identified in this study through the surveys in the OALs.
Previous studies (e.g. Antwi et al., 2015; Mickovski & Thomson, 2017) have used ‘biodiversity scores’
as an overall measure of biodiversity status. Ecosystem robustness, i.e. the capability of the ecosystem
to adapt with changing conditions due to natural hazards, has been addressed by a few studies (e.g.
Hagenlocher et al., 2018). For SES-type studies, Hagenlocher et al. (2018) have provided a number of
indicators related to ecosystem conservation policies, funding, habitat restoration and ecosystem
services which define robustness of the ecosystem. Some of these indicators include the Ecosystem
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Functionality Index and percentage of wetlands restored (Table 3 and Table S2, respectively). Surveys
in the OALs have also identified indicators related to the robustness of agro-ecosystems such as
proportion of drought tolerant crops and percent of area with intensive/ extensive agriculture in
floodplain (Table 3).

Many of the ecological indicators such as surface water drainage and river water are related to the
impact of climate change. Also, some of the co-benefits of NBS projects such as carbon sequestration,
reducing temperature are related to forest cover and wetland conservation which could be linked to
regulation of climate change. As such, the indicators will directly or indirectly capture impact of
climate change.

Table 3: Examples of indicators related to exposure and vulnerability of ecosystems identified from
the literature review and surveys in the OALs (see Table S2 for a full list and corresponding
references)

Risk components and categories Indicator name

Ecosystem Exposure

Exposed area/land use Ecosystems exposed to drought (%)

Ecosystems exposed to flood (%)

Ecosystem Susceptibility

Agriculture

Biodiversity

Habitat degradation

Habitat destruction

Habitat fragmentation
Land

Water - natural state

Increased use of chemicals and fertilisers (qualitative/quantitative)
Levels of biodiversity (Scoring or Index)

Population of protected species (No./m?)

Land reclamation rate (km?/yr)

Percentage of shoreline eroded (%)

Soil erosion (RUSLE output) / Erosion rate (mm/year)
Deforestation rate (km?/yr)

Forest connectivity (probability of connectivity index (PC))
Protection of land from hazard (% of area)

Groundwater levels (m)

Rates of surface water drainage (m?3/s)

Ecosystem robustness

Agriculture

Conservation policies /funding

Ecosystem conservation

Proportion of drought tolerant crops (% of crop production)

Percent of area with intensive/extensive agriculture in floodplain
(% of agriculture land)

Government expenditure on environmental protection (%
expenditure)

Percentage of area covered by Wetlands of International
Importance (Ramsar Sites) (%)
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5.2 Indicators relevant to exposure and vulnerability of social systems

A wide range of socio-economic indicators have been identified from the recent literature and surveys
in the OALs that represent exposure and vulnerability of social systems in NBS project sites. A
complete list of indicators is provided in supplementary material-S2 (Table S2) and examples of
indicators related to the social system are presented in Table 4. Indicators relevant to social exposures
are clustered into major categories such as exposed area, population, infrastructure and services,
economy, and livestock population (Table 4). While most of the common social exposure indicators -
for instance, the proportion of total population exposed, population exposed to drought and flood -
were referred to by both the reviewed papers and surveys, some specific indicators were suggested
by either literature (e.g. proportion of critical physical infrastructure (Asare-Kyei et al., 2017)) or by
the surveys (e.g. proportion of livestock) (Table S2).

The social susceptibility indicators are clustered into several major categories in relation to different
social aspects or economic sectors. Most of the social susceptibility indicators are within the economy
and infrastructure and services categories. Economic indicators include Gross Domestic Product
(GDP), poverty, and employment rate (Table S2). Although some of the economicindicators (e.g. GDP)
may not be quantifiable at the local level (NBS project site that covers a small area), these are well-
recognized measures of economic strength of a community. The social susceptibility indicators related
to infrastructure and services include, for example, dependency on road communication, proportion
of drainage blocked (Table S2), which were mainly identified by the surveys. Some studies have also
considered similar susceptibility indicators related to infrastructure and services, but used more
generic terms (e.g. density of infrastructure (Hagenlocher et al., 2018)) which were not included in
this list as they might not represent clear understanding of susceptibility of specific infrastructure in
the NBS project sites. Other major social susceptibility indicators are related to social/societal and
demographic characteristics, such as population, housing, and land rights, used by many reviewed
papers (e.g., Asare-Kyei et al., 2017; Satta et al., 2017). Proportion of house ownership (Sudmeier-
Rieux, 2011) and access to land or land ownership (Fedele et al., 2017; Hagenlocher et al., 2018;
Sudmeier-Rieux, 2011) are also crucial indicators of social susceptibility as these demonstrate the
community’s predisposition to experience damage to their homes or land due to natural hazards. A
composite social indicator, the Human Development Index (HDI), usually measured at national level
to represent overall social contexts, was used by Leal Filho et al. (2018) for coastal vulnerability
assessment in four countries. The HDI could be used in large OALs where socio-economic conditions
of the area are comparable to national level.

Regarding coping and adaptive capacities, the reviewed articles and the surveys provided a large
number of indicators within major categories such as DRR and emergency services, infrastructure and
services, information and awareness, and adaptation policies and funding. For measuring coping
capacity, the majority of the indicators are within the DRR and emergency category which consists of
indicators such as existence of hazard/vulnerability/risk maps (Hagenlocher et al., 2018), emergency
management committee (Asare-Kyei et al, 2017; Sudmeier-Rieux, 2011), early warning

18



Accepted for publication on 14 June 2020 in International Journal of Disaster Risk Reduction (IJDRR). Please visit
journal website for full citation details

system/monitoring, and government assistance (Sudmeier-Rieux, 2011) (Table S2). Several studies
and surveys also emphasised the availability of infrastructure and services, and access to information
as determinants of coping capacity, represented by the indicators like access to transportation
network (Hagenlocher et al., 2018), capacity of engineered structures to prevent flooding, and
knowledge of hazard causes and prevention (Sudmeier-Rieux, 2011) (Table S2). A few articles and
surveys have recognized the role of community organizations and social cohesion in strengthening
coping capacity and have suggested some related indicators such as community leadership, mutual
assistance (Sudmeier-Rieux, 2011), participation in decision making (Fedele et al., 2017) and degree
of collaboration (Table S2).

The study also identified some indicators related to adaptive capacity in major categories such as
adaptation planning and finance, conservation policies, and information and awareness. Relevant
policy and plan development is essential to foster long-term strategic action to reduce disaster risks.
As such, Hagenlocher et al. (2018) and some OALs suggested indicators for adaptive capacity such as
existence of adaptation policies/strategies, land use policies, and agriculture land use planning (Table
S2). Further, adequate information and awareness of future hazards and risks are also important for
adaptation in the long term. Hence, knowledge on climate and risks (Antwi et al., 2015) is considered
as an adaptive capacity indicator.

Table 4: Examples of indicators related to exposure and vulnerability of social system identified from
the literature review and surveys in the OALs (for references, please see Table S2)

Risk components and categories Indicator Name

Social System Exposure

Economy Proportion of businesses exposed to hazards (%)

Exposed area/ land use Proportion of residential area (ha)

Exposed buildings Proportion of properties / buildings in hazard prone area (%)
Exposed population Proportion of total population exposed to multiple hazards (%)

Population exposed to floods (%)
Infrastructure and services Proportion of critical physical infrastructure (%)

Livestock Proportion of livestock in OAL (%)

Social Susceptibility

Agriculture Agricultural crop production (ton per yr)

Economy GDP per capita (US$ per capita)
Poverty (% of population)

Population Population density (inhab/km?)

Housing Proportion of house ownership (% of households)
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Risk components and categories

Indicator Name

Information/awareness
Infrastructure and services

Land rights/ownership /
management

Social context

Education level (N/S)

Proportion of drainage blocked (% of drainage area coverage)
Access to land or land ownership (% of households)

Human Development Index (rating low, medium, high) (HDI score)

Coping capacity

DRR and emergency services

Information/awareness

Infrastructure and services

Livelihood

NGOs and community
organisations

Previous experience of hazard

Existence of hazard/vulnerability/risk maps (yes/no)
Food stocks (months per household)

Knowledge of hazard causes & prevention (N/S)
Access to social services (N/S)

Access to transportation network (Density of transportation network)
(road (km) per 1000 population)

Alternative livelihood (% of households)
Community leadership (N/S)

Mutual assistance (N/S)

Previous disaster experience (N/S)

Adaptive capacity

Adaptation planning and finance

Agriculture
Conservation policies/funding

Water - human use

Existence of adaptation policies/strategies (yes/no)
Presence of land use policies (yes/no)

Agriculture land use planning (yes/no)

State policy on forest designation (yes/no)

Volume of water storage in a safe reservoir/container (m?)

Managed sharing and allocation of water (N/S)

5.3 Relationship of the indicators to NBS principles

Some of the vulnerability and risk assessment indicators identified in this study are closely linked to
the IUCN’s principles for NBS (Cohen-Shacham et al., 2016). As discussed earlier, NBS principles were
mapped to the different components of the VR-NBS framework (Table 2). Likewise, the indicators for
different SES exposure and vulnerability domains are related to the NBS principles. For instance, the
indicators measuring the level of ecosystem conservation under the ecosystem robustness
component of vulnerability assessment are linked to the first principle for NBS, i.e., embracing nature
conservation (Cohen-Shacham et al., 2016). Some of the indicators determining ecosystem robustness
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such as percentage of wetland restored are also related to the fifth principle for NBS (maintain
biological diversity and the ecosystem). The second NBS principle (implemented alone or combined
with other solutions) can be related to some NBS project sites where indicators such as area protected
by structural measures (see Table S2) would be used to determine coping capacity and performance
of NBS for reducing impacts. The third NBS principle (determined by site-specific natural and cultural
contexts and knowledge) is generally relevant to all the indicators as these are sorted out in the
contexts of specific locations, i.e. the NBS project sites. And, most of the indicators related to social
coping and adaptive capacity (Table S2) are linked to the fourth principle for NBS (producing societal
benefits). The sixth NBS principle (application of NBS at landscape scale) may not be directly related
to some NBS project sites which have a smaller area than others; nevertheless, considering social,
political, economic and environmental factors outside the place of NBS implementation remains
critical. In the case of large project sites, the indicators such as river connectivity and forest
connectivity under ecosystem susceptibility could be linked to the sixth principle. The seventh
principle for NBS (addressing trade-off between economic benefit and future ecosystem services) is
not related to particular indicators; instead, the balanced trade-off will be achieved by ensuring equal
weighting for social and ecological indicators in risk assessment using the VR-NBS framework. Finally,
the adaptation planning and conservation policy related indicators such as presence of land use
policies, state policy on forest designation under adaptive capacity (Table 4) are associated with the
eighth NSB principle (an integral part of the overall policies and actions).

5.4 Application of the framework

Together with the indicator library, the framework avoids the development of a “one size fits all” set
of indicators for all OAL contexts. Core indicators are being selected that are applicable to all OAL sites
and these are complemented with OAL-specific sets of indicators that allow for addressing the specific
risks in each OAL. The aggregation method is similar to that of Hagenlocher et al. (2019) but with the
addition of the hazard component. The assessment will provide equal weights to the main
components of the risk equation. Initially, each indicator will be given equal weights, but stakeholder
consultations in all OAL sites will allow for the determination of whether different weights need to be
applied to different indicators. Data for the indicators will be collected from different primary and
secondary sources. All the data as well as vulnerability and risk assessment results will be stored in
the Geospatial Information Knowledge Platform (GeolKP) of the OPERANDUM project.

6. Discussion and Conclusions

This paper presents a systematic review of vulnerability and risk assessment frameworks and
indicators, and proposes an updated vulnerability and risk assessment framework in the context of
NBS to hydro-meteorological hazards (VR-NBS framework) as well as a preliminary set of indicators. A
review of 58 articles confirmed that there is a growing tendency of developing risk assessment
frameworks that consider both social and ecological dimensions of risk, and that only few studies have
developed comprehensive SES-type risk assessment frameworks (e.g. Birkmann et al., 2013;
Bhattachan et al., 2018; Sebesvari et al., 2016). Our review also confirms that there is an imbalance in
consideration of social and ecological contexts (in the form of indicators) in most of the existing
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vulnerability and risk assessment frameworks. It is important to address this imbalance as ecosystem-
based approaches provide multiple benefits (Cohen-Shacham et al., 2016) that are relevant to the
entire risk equation (i.e. reducing hazard characteristics, exposure and vulnerability of SES). Another
important feature of NBS is linked to the temporal dimension of risk reduction (i.e. project phases,
seasonality) (Biswas et al., 2009) which is not captured in the existing risk assessment frameworks.
The proposed indicator-based VR-NBS framework (Fig. 3) is designed to overcome the above
limitations by depicting temporality and including indicators capable of its assessment. The framework
has conceptually incorporated the principles for NBS (Cohen-Shacham et al., 2016) which can be
enhanced through the inclusion of relevant indicators, an area requiring further research.

We have built on previous research and continue to develop an ‘indicator library’ (Sebesvari et al.,
2016) with possible indicators related to SES vulnerability and multi-hazard contexts. A total of 135
indicators (Table S2) were selected from reviewed papers and surveys in the OALs. Social indicators
outnumbered the ecological indicators to some extent. Further ecologically relevant indicators need
to be explored through ad-hoc data collection techniques to fill the gap. Contextualising the indicators
to the smaller areas (NBS project sites, e.g. OALs) might have eliminated some essential indicators that
could be applicable in large regions (e.g. ‘flooded area within delta’ used by Van Coppenolle et al.
(2019) for delta environments). Further, the indicator list only includes those that are relevant to a
limited number of hydro-meteorological hazards (i.e. flood, drought, landslide, storm surge, and
salinity intrusion) that are dominant in NBS project sites of the OPERANDUM project, and not other
hydro-meteorological hazards such as cyclone, hailstorms, tornados, heavy snowfall that could be
relevant in other contexts. Therefore, the proposed indicator library can be expanded in the future.
While the ‘indicator library’ provides a readily available reference for the NBS projects, not all the
indicators are applicable to each NBS project site because each site experiences different types of
hazards and has different SES dynamics. Therefore, the list of indicators will require further revision
to maintain consistency with the contexts of the NBS project site. The framework provides flexibility
while keeping the core components of risk assessment and can be adapted to different SES contexts,
for different hazards and for different types of NBS.

As for all risk assessments, the main challenge for implementing the conceptual framework will be to
obtain data for the indicators that determine the multiple hazards, exposure and vulnerability of SES
at NBS project sites. Particularly, data collection for indicators relating to the direct and indirect effects
on vulnerability components such as ecosystem susceptibility and robustness which are closely linked
to determining the cost and benefits of an NBS project will be challenging due to a lack of adequate
studies as well as unavailability of historical records. Further, downscaling of regional catchment or
sub-catchment level information will be required to generate information for local scale NBS projects,
along with conducting primary data collection for some indicators where existing data are not
available.

Despite the limitations, the proposed VR-NBS framework and indicator library provide a basis for
vulnerability and risk assessment in the context of NBS, which can be further developed through
practical application and customized to specific contexts and stakeholders’ needs. The framework is
being tested within the OPERANDUM project and the indicator library expanded over time.
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Supplementary material S2

Table S2: List of vulnerability and risk assessment indicators

Risk components and

Sl. . Indicator Name References Possible data sources
categories
Ecosystem Exposure
Ecosystems exposed to drought Hazard (all countries): Own calculation based on climate
1 Exposed area/ land use (%) Hagenlocher et al (2018) station data; Land use/land cover (all countries): ESA CCl,
https://www.esa-landcover-cci.org
Hazard (all countries): Global Assessment Report 2015,
2 Ecosystems exposed to floods (%) | Hagenlocher et al (2018) http://preview.grid.unep.ch; Land use/land cover (all
countries): ESA CCl, https://www.esa-landcover-cci.org
Ecosystems exposed to salinity Hazard (Bangladesh): SRDI, Hazard (Mekong): ICEM ;
3 . . Hagenlocher et al (2018) Land use/land cover (all countries): ESA CCl,
intrusion (%) .
https://www.esa-landcover-cci.org
Ecosystems exposed to storm Hazard (all countries): UNEP Preview,
4 surges (%) Hagenlocher et al (2018) http://preview.grid.unep.ch; Land use/land cover (all
countries): ESA CCl, https://www.esa-landcover-cci.org
From 30 m spatial resolution Global Digital Elevation
Exposure of insecure farms (share Model developed jointly by the Japanese Ministry of
5 . Asare- Kyei et al (2017) Economy, Trade and Industry (METI) and the United
of farms in slopes >5%) (%) . . . .
States National Aeronautics and Space Administration
(NASA)
LULC maps for the three study areas were generated by
. classifying high spatial resolution (5m) multitemporal
6 Protected area (%) Asare- Kyei et al (2017) RapidEye images developed by (Forkuor et al., 2014).
Flood map from Asare-Kyei et al. (2015)
7 Urban green areas (green surface OAL Field survey and historical record from authorities
per capita)
8 Proportion of area exposed to OAL Field survey and historical record from authorities

landslide (%)
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
9 Proportion o.f area exposed to OAL Field survey and historical record from authorities
water pollution (algal bloom) (%)
Social System Exposure
10 Economy Proportion of businesses exposed OAL Field survey and historical record from authorities
to hazards (%)
1 Exposed area/ land use Proportion of Residential area Cheng et al. (2017); Brunner & E/IassGIS h2(|)95 land use categories; For E;]“'mpe (10m):
p (ha) Grét-Regamey (2017) ttps://ghsl.jrc.ec.europa.eu/esm_R2019.php
12 P'roportlon of area of heritage OAL Field survey and historical record from authorities
sites exposed to hazards (%)
13 Exposed buildings Prc.)p(')rtlo'n of properties/ OAL Field survey and historical record from authorities
buildings in hazard prone area (%)
14 Exposed population Proportion of total population Sobey & Monty (2016); | International composite indices like the WorldRiskIndex
P pop exposed to multiple hazards (%) Arkema et al. (2017); OAL and the INFORM index
Pobulation exposed to drought Hazard (all countries): Own calculation based on climate
15 (ty)p P & Hagenlocher et al (2018) station data; Population (all countries): WorldPop,
° http://www.worldpop.org.uk
Hazard (all countries): Global Assessment Report 2015,
16 Population exposed to floods (%) Hagenlocher et al (2018) http://preview.grid.unep.ch ; Population (all countries):
WorldPop, http://www.worldpop.org.uk
Pobulation exposed to salinit Hazard (all countries): Global Assessment Report 2015,
17 intFr)usion (%) P ¥ Hagenlocher et al (2018) http://preview.grid.unep.ch; Population (all countries):
° WorldPop, http://www.worldpop.org.uk
18 (P;)pulatmn exposed to landslide OAL Field survey and historical record from authorities
0
Population exposed to algal . L .
19 OAL Field survey and historical record from authorities
bloom (%)
Proportion of tourist or
20 participants in recreational Satta et al. (2017), OAL Field survey and historical record from authorities

activities exposed to hazards (%)
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
Infrastructure and | Probortion of critical phvsical Number of physical infrastructure in an area (irrigation
21 . . P phy Asare-Kyei et al. (2017) dams, hospitals, schools, food markets and major bridges
services infrastructure (%) ) . )
located in floodplains). Local councils.
Proportion of area/ length of
22 water supply network in hazard OAL Field survey and historical record from authorities
prone area (% of area or length)
23 Proportlgn of length of road OAL Field survey and historical record from authorities
exposed in hazard prone area (%)
24 Livestock Proportion of livestock in OAL (%) | OAL Field survey and historical record from authorities
Ecosystem Susceptibility
Increased use of chemicals and
25 Agriculture fertilisers (qualitative/ Rahman et al (2016) Primary data collection, secondary data analysis
quantitative) (N/S)
26 (ONu/tSb)reak of pest and diseases Khadka et al. (2018) Primary data collection
27 Fert.|l|ty of agricultural 5.0|Is OAL Field measurement, historical records from authorities
(cation exchange capacity (CEC))
Mickovski & Thomson (2017); | Data collected via survey, focus groups, transect walks
28 Biodiversity Biodiversity (Scoring or Index) Antwi et al. (2015); Bourne et | and key informant interviews; National/ regional
al (2016) databases
Population of protected species L .
29 ) OAL Data from OAL and historical record from authorities
(No./m?)
. Normalized Difference Vegetation | Asare-Kyei et al. (2017); Zhang Data obtained from SoilGridslkm which is a.global 50|I.
30 Vegetation data product generated at ISRIC — World Soil Information
Index (NDVI) et al. (2017) L
(https://www.isric.org/).
31 Habitat degradation Land reclamation rate (km2/yr) Zhang et al. (2017) Statistical yearbooks
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
. . UNEP Environmental Data Explorer (IGRAC) at
Groundwater quality (categorical . . .
. . http://geodata.grid.unep.ch ; Probability of arsenic in
32 or proxy unit e.g. arsenic content | Hagenlocher et al (2018) - . .
((probability of occurrence)) groundwater for each administrative unit was calculated
based on the polygon dataset
. . Hagenlocher et al (2018); o ) g
33 Soil organic matter (g/kg) Asare-Kyei et al. (2017) Soilgrids at https://soilgrids.org
' ' Rahman et al. (2016); Belle Both primary (Key Informaljlts Int'erwew, Household
34 Sedimentation rate (cm/yr) (2016) Survey, and Focus Group Discussion) and secondary
(climatic, literature review) data
35 Air quality (Air Quality Index - AQl) | OAL Monitoring at OAL
Degree of pollution in sediments
36 (heavy metals, etc.) (proxy - | o5 Monitoring at OAL
concentration of heavy metals in
sediments)
37 Proportion of area covered by OAL Monitoring water qualit
algal boom (%) g g ¥
38 Water clarity (Turbidity, Secchi OAL Monitoring water quality
depth)
Percentage of shoreline eroded Multiple data sources incl. census data, publicly
39 Habitat destruction (%) & Hagenlocher et al (2018) accessible national and global repositories, expert
’ knowledge
40 Bank stability / erosion (scale 1-5) | Belle (2016) Questionnaires, interviews, field observations and
secondary data
Harmonized World Soil Database; Database for Human-
. . Song et al. (2015); Rahman et | earth System; DEM Elevation Data Service System
41 Soil erosion (RUSLE output)/ al. (2016); Sudmeier-Rieux (Computer Network Information Center, CAS, 2009).

Erosion rate (mm/year)

(2011) ; Bourne et al. (2016)

Vegetational coverage is supplied by the Spot-Vegetation
program
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
UNEP-WCMC at https://www.unep-wcmec.org; Dataset
. combines a long-term mean annual water balance with
42 Freshwater scarcity (N/3) Hagenlocher et al (2018) data on water stored in large lakes. Average freshwater
availability was calculated for each administrative unit
43 Deforestation rate (km2/yr) OAL Field survey and authorities
44 Habitat fragmentation Forest c'or'me'ctivity (probability of Hagenlocher et al (2018) Hansen etal. (20,13) at
connectivity index (PC)) https://earthenginepartners.appspot.com
Nilsson et al. 2005, http://science.sciencemag.org;
Impact classification based on river channel
fragmentation and water flow regulation by dams. River
45 River connectivity (N/S) Hagenlocher et al (2018) systems are treated as units and are represented by their
catchments in the Nilsson et al. (2005) dataset. For each
delta one value representing river connectivity was used.
Higher resolution data would be preferable — if available.
Multiple data sources incl. census data, publicly
46 Wetland connectivity (N/S) Hagenlocher et al (2018) accessible national and global repositories, expert
knowledge
Nutrient loading and removal Biophysical tables containing the nutrient loading and
47 Habitat restoration allocations (nitrogen and Ronchi & Arcidiacono (2018) . .
removal allocations; INVEST User Guide
phosphorus) for each LULC class
48 Land Protection of land from hazard (% Sudmeier-Rieux (2011) Community surveys
of area)
49 Livestock (Po/roc))portmn of cattle killed by wolfs OAL Hunting association of Lower Saxony/NLWKN
50 (PI\?E;:Ezfgfdczzslléy/ﬁz;IveStOCk OAL Survey/existing data for the managed area
51 Soil characteristic Soil productivity (N/S) Sudmeier-Rieux (2011) Community surveys
52 Water - ecological use Ecological water use percentage Zhang et al. (2017) Ecological water use/total water use. Statistical

(%)

yearbooks and remote sensing data
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
53 Water - natural state Groundwater levels (m) OAL Field survey and historical record from authorities
54 ?ﬂﬁ‘;;"f surface water drainage OAL Field survey and historical record from authorities
55 River V\{ater level above and below OAL NLWKN
a certain threshold (m)
1km resolution soil map from the Harmonized World Soil
56 Infiltration rate (mm/h) Asare-Kyei et al. (2017) Database (HWSD) version 1.1 produced in 2009 by the
International Institute for Applied System Analysis (11ASA)
. . . Data taken from re-gridded Harmonized World Soil
- . (201
57 Water holding capacity (mm) Asare-Kyei et al. (2017) Database (HWSD) (FAO, 2009)
Social Susceptibility
. Agricultural crop production (ton . .
58 Agriculture oer yr) OAL Field survey and Local council
Sudmeier-Rieux (2011); Antwi
59 Crop diversification (N/S) et al (2015); Asare- Kyei et al | Community surveys
(2017)
Natural and cultural heritage
Conservation policies / preservation (e.g. access to
60 fundin P cultural objects or natural OAL Field survey and Local council
g heritage sites- as a qualitative
indicator) (N/S)
Equity (scale 1-5) / Equity GIN| leal Filho et al. (2018); Expert assessment based on a variety of indexes and
61 Economy Index Hagenlocher et al (2018) other measures;
& data.worldbank.org/indicator/SI.POV.GINI
. Sobey & Monty (20.16); Satta International composite indices like the WorldRiskindex
62 GDP per capita (USS) et al. (2017); Leal Filho et al. and the INFORM index
(2018); Xue et al. (2019)
63 Level of indebtedness (N/S) Sudmeier-Rieux (2011) Community surveys
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
Hagenlocher et al (2018); Leal
64 Poverty (% of population) Filho et al. (2018); Asare-Kyei | Various national level statistics
etal. (2017)
Economic diversification (scale 1- iy . .
65 7) Karnauskaite et al. (2018) Field survey and expert judgement
Number of income-generating Multiple data sources incl. census data, publicly
66 activities per household (average | Hagenlocher et al (2018) accessible national and global repositories, expert
number) knowledge
67 Insurance coverage (%) OAL Data from insurance companies
68 Employment rate (%) OAL Statistical authorities
Investment in infrastructure
L e
69 (€/inhab) OA Municipalities
Xue et al. (2019); Daniel et al.,
2017; Leal Filho et al. (2018);
Arkema et al. (2017);
Sudmeier-Rieux (2011); . -,
Fedele (2017); Song et al Statistical authorities;
70 Population Population density (inhab/km?) ! & : For world (250m and 1km):
(2015); Zhang et al. (2017); https://ghsl.jrc.ec.europa.eu/ghs_pop2019.ph
Satta et al. (2017); Whelchel ps://ghstjre.ec. pa.eu/ghs_pop PP
& Beck (2016); Antwi et al.
(2015) ; Bourne et al. (2016) ;
OAL Germany
Wastewater discharge (cubic Amount of wastewater, not reaching emission standard
71 Habitat degradation & Xue et al. (2019) of environment, discharged by water users. Statistical
meter/ person/yr)
yearbooks
Hagenlocher et al (2018); | % population children and elderly / working age
: Dependency ratio (%) includes Arkema et al. (2017); Satta et | population. National level databases. Household surveys.
Highly vulnerable .
72 population Young (<15 years) and/or Elderly | al (2017); Asare-Kyei et al. | world Bank Open Data

(>65 years)

(2017); Arkema et al. (2017);
Bourne et al. (2016)

http://data.worldbank.org/indicator/SP.POP.65UP.TO.ZS.
National Census data collected in 2011.
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
73 Proportion of disabled people (%) | Arkemaetal. (2017) Statistical authorities, Field surveys
; —
74 Housing z;%p;zrstéc;r;ﬁjfs;louse ownership (% Sudmeier-Rieux (2011) Community surveys
. Awareness of landslide protection . . .
75 Information / awareness (N/S) Sudmeier-Rieux (2011) Community surveys
Sudmeier-Rieux (2011); Satta
76 Education level (N/S) et al (2017); Xue et al. (2019); | Community surveys
Arkema et al. (2017)
. . .
77 Infra.structure and Propo.rtlon of drainage blocked (% OAL Field survey and Local council
services of drainage area coverage)
Deformation of elements at risk
78 (buildings and infrastructure) OAL Field survey and Local council
(ecm/annum)
79 Depende'ncy.on road OAL Community surveys and Local council
communication (N/S)
Access to safe drinking-water
(people having access to - .
80 water/global population) (% of OAL Statistical authorities
population)
Level of dependency on ferry . .
81 . OAL Community surveys and Local council
communication (N/S)
82 Land rights / ownership / | Access rights to forest resources Sudmeier-Rieux (2011) Community surveys
management (N/S)
Asare-Kyei etal. (2017); Fedele
Access to land or land ownership | et al. (2017); Sudmeier-Rieux .
8 (% of households) (2011); Hagenlocher et al Household surveys, Field surveys
(2018)
84 Livelihood Off-farm income source (N/S) Antwi et al. (2015) surveys, focus groups, transect walks and key informant

interviews
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
85 % of income from agricultural OAL Surveys, focus groups, and key informant interviews
production (% of total income) ¥ groups, Y
% of days they cannot use the
86 field/ apply the cultivation OAL Surveys, focus groups, and key informant interviews
necessary practices (%)
. - ” . . oy
87 Population Urban vs. non L.lrban dwellers OAL Statistical authorities
(population ratio)
Human Development Index
88 Social context (rating low, medium, high) (HDI Leal Filho et al. (2018) www.hdr.undp.org
score)
89 Water - human use Per capita water resources (cubic Xue et al. (2019) Amount of water resources/population. Statistical
meter/ person/yr) yearbooks.
Ecosystem robustness
. Multiple data sources incl. census data, publicly
. Proportion of drought tolerant . . o
90 Agriculture . OAL accessible national and global repositories, expert
crops (% of crop production)
knowledge
Percent of area with Intensive/ Multiple data sources incl. census data, publicly
91 extensive agriculture in floodplain | OAL accessible national and global repositories, expert
(% of agriculture land) knowledge
Conservation policies / Government expenditure on Multiple data sources incl. census data, publicly
92 fundin P environmental protection (% Hagenlocher et al (2018) accessible national and global repositories, expert
g expenditure) knowledge
. . Multiple data sources incl. census data, publicly
Policies for coastal protection . . o
93 Hagenlocher et al (2018) accessible national and global repositories, expert
(yes/no)
knowledge
94 Policies supporting biodiversity Hagenlocher et al (2018) Convention on Biological Diversity (CBD) at

conservation (yes/no)

https://www.cbd.int/
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
Percentage of area covered by Multiple data sources incl. census data, publicly
95 Ecosystem conservation | Wetlands of International Hagenlocher et al (2018) accessible national and global repositories, expert
Importance (Ramsar Sites) (%) knowledge
Percentage of forest area Multiple data sources incl. census data, publicly
96 protected and designated for the | Hagenlocher et al (2018) accessible national and global repositories, expert
conservation of biodiversity (%) knowledge
E F i lity | EFI
97 | Ecosystem services cosystem Functionality Index ( Hagenlocher et al (2018) Freudenberger et al. (2012) at
scores) http://www.sciencedirect.com
98 Habitat restoration Rate of afforestation area (ha) Zhang et al. (2017) Statistical yearbooks
Multiple data sources incl. census data, publicly
99 ?;.)rcentage of wetlands restored Hagenlocher et al (2018) accessible national and global repositories, expert
’ knowledge
Coping capacity
Monitoring of hydro-
100 DRR. and emergency mfateoroilogmail conditions - OAL Meteorological office
services rainfall (intensity and duration of
precipitation) (N/S)
101 Existence of hazard zone map OAL Data from OAL
(yes/no)
102 Food stocks (months per Sudmeier-Rieux (2011) Community surveys
household)
H 0,
103 Government assistance (% of Sudmeier-Rieux (2011) Community surveys
population covered)
Multiple data sources incl. census data, publicly
Area protected by structural . . o
104 Hagenlocher et al (2018) accessible national and global repositories, expert
measures (%)
knowledge
Emergency management . ]
105 Committee (Annual meeting AsareKyei et al. (2017); Community surveys

frequency)

Sudmeier-Rieux (2011)

10
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
Early warning system/monitoring . . .
106 (% of population covered) Sudmeier-Rieux (2011) Community surveys
107 Emergency water supply (N/S) Sudmeier-Rieux (2011) Community surveys
Existence of Multiple data sources incl. census data, publicly
108 hazard/vulnerability/risk maps Hagenlocher et al (2018) accessible national and global repositories, expert
(yes/no) knowledge
Percentage of population with - . .
109 OAL Statistical authorities, Community survey
access to shelter (%)
Exi
110 xistence of emergency plans OAL Data from OAL
(yes/no)
PP
111 Housing Safe IE)U|'Id|ng (% of total number Sudmeier-Rieux (2011) Community survey
of buildings)
112 Information / awareness Knowlec'jge of hazard causes & Sudmeier-Rieux (2011) Community surveys
prevention (N/S)
Access to information (e.g. radios) . . .
113 (N/S) Sudmeier-Rieux (2011) Community surveys
Percentage of households that
have attended any disaster .
114 oreparedness training (% of Hagenlocher et al (2018) Community surveys
households)
Infrastructure and . . Antwi et al. (2015); Bourne et Data COII.ECtEd via survey, focus 8roups, trans.ec.t walks
115 . Access to social services (N/S) and key informant interviews; Location of buildings from
services al. (2016)
Eskom data
Access to transportation network Ooens htto://
: : penStreetMap at http://www.openstreetmap.org;
116 (Density of transportation Hagenlocher et al (2018)

network) (road (km) per 1000
population)

Density of the transportation network in the study areas
per 100,000 people, inc. roads; rivers, canals and
streams; and ferry stations

11
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
Availability of i
117 (l\\:;;)abl Ity of emergency services Hagenlocher et al (2018) OpenStreetMap at http://www.openstreetmap.org
Monitoring of damage to existing
118 defence structures (i.e. cracks) OAL Field survey and Local council
(N/S)
Capacity of engineered structures
119 to prevent flooding (% of area OAL Field survey and Local council
protected)
S Both primary (Key Informants Interview, Household
o)
120 Livelihood Alternative livelihood (% of Rahman et al. (2016) Survey, and Focus Group Discussion) and secondary
households) L .
(climatic, literature review) data were used
121 NGOS. al.’]d community Community leadership (N/S) Sudmeier-Rieux (2011) Community surveys
organisations
122 Mutual assistance (N/S) Sudmeier-Rieux (2011) Community surveys
o !:’art|C|pat|on.|n decision making / Fedele et al. (2017); OAL | . .
123 Political influence implementation from Field survey; Questionnaires
. Lo Greece
interdisciplinary sectors (N/S)
Previous experience of Sudmeier-Rieux (2011);
124 P Previous disaster experience (N/S) | Hagenlocher et al (2018); | Mixed methods and fieldwork
hazard
Fedele et al. (2017)
125 Social cohesion Degree of collaboration (Likert OAL Authorities
scale 1-5)
Irrigation technology and pumps Fedele et al (2017);
126 Water - human use (N/gS) gy pump Hagenlocher et al (2018); | Various sources available
Antwi et al. (2015)
Adaptive capacity
127 Adaptation planning and | Existence of adaptation Hagenlocher et al (2018) Data collected via survey, focus groups, and key

finance

policies/strategies (yes/no)

informant interviews;

12
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Risk components and

Sl. . Indicator Name References Possible data sources
categories
For Europe(country):
https://www.eea.europa.eu/airs/2018/environment-
and-health/climate-change-adaptation-strategies
Presence of land use policies Data collected via survey, focus groups, and key
128 OAL . . .
(yes/no) informant interviews
129 Agriculture Agriculture land use planning OAL Pata coIIec.ted wg survey, focus groups, and key
(yes/no) informant interviews
Existence of integrated . . .
Conservation policies / | development plans: conservation, | Hagenlocher et al (2018); OAL MUItlp.Ie data §ources Incl. census da?ta, 'publ|cly
130 . . . accessible national and global repositories, expert
funding protection; land use planning; Greece knowledee
controls by authorities (yes/no) &
131 State policy on forest designation Fedele et al. (2017) Mixed methods, fieldwork
(yes/no)
. . . . Data collected via survey, focus groups, transect walks
132 Information / awareness | Knowledge on climate / risks (N/S) | Antwi et al. (2015) . . .
and key informant interviews
. . . . Asare-Kyei et al. (2017); Multlplle data §ources incl. census dayta, _publ|cly
133 Social context Social capital (% of population) accessible national and global repositories, expert
Hagenlocher et al (2018)
knowledge
. Multiple data sources incl. census data, publicly
Volume of water storage in a safe . . o
134 Water - human use . . 3 Hagenlocher et al (2018) accessible national and global repositories, expert
reservoir/container (m?)
knowledge
135 Managed sharing and allocation Fedele et al. (2017) Mixed methods fieldwork

of water (N/S)
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