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heritage is framed within a landscape approach drawing on the concept KEYWORDS

of the historic urban landscape as a physical entity, a lived space and Cultural heritage; flood
a layered socio-economic environment. In such manner, this study hazards; vulnerability
emphasises that climate change disturbs both tangible and intangible assessment
aspects of cultural heritage - such as social systems and daily life prac-

tices — by modifying the material conditions that sustain them. Thus, the

proposed framework integrates built and natural heritage with area-based

vulnerability and socio-economic deprivation, considering households’

exposure to flood risk. The analysis follows a spatial and quantitative

approach using open geospatial data available at the statistical unit

level. The data are processed and analysed employing QGIS software

and statistical analysis. Results confirm that cultural heritage vulnerability

is highly associated with socio-economic deprivation and area-based

vulnerability. The understanding of this interrelation is key to the identi-

fication of historic urban landscape qualities and priority areas for recon-

struction and social support.

Introduction

Over the course of the twentieth century, the broadening notion of heritage led to the
inclusion of the concept of landscape as a living space in the heritage field, resulting in
a contextual conceptualisation of the historic environment. This evolution goes beyond the
vision of cultural heritage (CH) as outstanding architectural monuments and historic centres
towards a broader recognition of the urban context and its specific geographic and socio-
economic characteristics (Ginzarly, Houbart, and Teller 2019; Rodwell 2018). The historic
urban landscape approach (HUL) calls for the integration of cultural and natural heritage
attributes and their vulnerability to socio-economic stresses and climate change into a wider
framework of sustainable urban development (UNESCO 2011). Several studies have analysed
and compared the different existing frameworks for resilience and vulnerability assessment,
showing that most of the frameworks do not consider CH a critical element (Aktiirk and
Shirvani Dastgerdi 2021). This is a disadvantage given that CH - as a result of traditional
knowledge accumulated over centuries - can offer solutions to the challenges brought by
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climate change (UNESCO 2010). Developing integrated methods that can capture the vulner-
ability of CH is considered an urgent policy need (ICOMOS 2019). The recent collaboration
between the International Council on Monuments and Sites (ICOMOS), the United Nations
Educational, Scientific and Cultural Organization (UNESCO) and the Intergovernmental
Panel on Climate Change (IPCC) called for the integration of heritage dimensions in climate
actions and resulted in the global research and action agenda on culture, heritage and climate
change (Morel et al. 2022).

Climate change represents the foremost risk to CH and it is expected to influence the intensity,
frequency and seasonality of extreme events such as extreme winds, hurricanes, extreme precipita-
tion, flash floods, landslides, heat waves and wildfires (ICOMOS 2019). Among all the natural
hazards, floods are the most frequent, significantly and recurrently affecting CH assets and
population in flood-prone areas (Nguyen et al. 2024). Due to the effects of climate change and
socio-economic transformations, flood risk is expected to increase globally over time (Li et al. 2017).
Flood risk can be defined as a function of a flood hazard’s probability and is generally expressed as
the product of exposure and vulnerability (Kron 2005). In its fifth assessment report, the IPCC
defines vulnerability as a function of sensitivity and adaptive capacity, which are evaluated through
selected indicators depending on the context of the system being studied (IPCC 2014). It is the
adaptive capacity of a human system that reflects its ability to minimise the damages posed by
a particular hazard, as hazards cause no damage if they occur in unpopulated areas or regions where
human systems are well-adapted (Brooks 2003). In this construct, the IPCC’s conceptualisation of
exposure has shifted from a hazard-centred concept (indicators include heatwave duration index
and occurrence of floods) to one that refers to exposed elements that could be adversely affected,
such as people, livelihoods; or ecosystems (IPCC (2022); Estoque et al. 2023). This requires an
understanding of the vulnerability of people and their livelihoods, including the allocation and
distribution of socio-economic resources, that can influence the achievement of resilience and
security.

For CH, it is important for vulnerability assessments to acknowledge the wider context and its
characteristics, rather than focusing solely on historic buildings and sites (Cook, Johnston, and
Selby 2021). However, most related studies are relevant mainly for individual CH assets or sites
(Figueiredo, Romdo, and Paupério 2020). A comprehensive climate vulnerability assessment is
notably absent for various CH types (cultural, natural, exceptional and everyday) underscoring the
necessity for a framework that addresses landscapes rather than heritage sites in isolation (Cook,
Johnston, and Selby 2021). Therefore, there is a need for a multidimensional framework focused on
the particularities of CH vulnerability while effectively integrating physical and social vulnerability
concepts.

As such, this study is to address the following research questions: how should we define CH
exposure and vulnerability in the context of the HUL approach? What are the interactions
between exposure and different dimensions of vulnerability? To this end, the main pursued
objective is to propose a framework that operationalises the IPCC conceptualisation of
vulnerability and exposure focusing on the singularities of CH (see Figure 1). We apply an
indicator-based method to CH vulnerability assessment to flood hazards that addresses the
limitations outlined above. Indicators are used to operationalise theoretical concepts through
variables that serve as operational representations of a system’s characteristics, qualities or
properties (Neset et al. 2019). In this framework, CH is framed within a landscape approach
drawing on the concept of cultural landscapes as physical entities, lived spaces and layered
socio-economic environments. In such manner, we emphasise that climate change disturbs
both tangible and intangible aspects of CH - such as social systems, the practices of daily life
and commerce and economic activities - by modifying the material conditions that sustain
them (Thomas et al. 2019). Thus, our proposed framework integrates built and natural
heritage with area-based and socio-economic vulnerability considering the population expo-
sure to the flood hazard.
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Figure 1. Conceptual framework. Operationalize the IPCC vulnerability and exposure concepts within a landscape approach to
cultural heritage.

Vulnerability assessment and cultural heritage

The vulnerability concept is used in various disciplines such as geography, poverty and develop-
ment, food security, climate change, natural hazards, economics, ecology, land management and
disaster management (Paul 2013). Therefore, there is an abundance of definitions for ‘vulnerability’,
as it is conceptualised and measured differently by various research communities and even within
the same knowledge domain (Fiissel and Klein 2006). Though vulnerability conceptualisations vary
in emphasis, three forms standout: vulnerability as hazard exposure; vulnerability as social
response; and vulnerability of places (Kumpulainen 2006). Thus, there are biophysical, social and
spatially expressed vulnerabilities (Mavhura, Manyena, and Collins 2017).

Biophysical vulnerability is concerned with the ultimate impacts of hazards such rainfall, floods
and droughts focusing on their scale, frequency and extent (Singh Jatav 2020). Social vulnerability
deals with the state of human systems - which is influenced by political, economic and social
factors - that determine societal ability to respond to hazards and adapt to risks (Birkmann 2013;
Brooks 2003; Imran et al. 2019). Scholars have identified examples of factors affecting social
vulnerability, i.e. access to various institutional services, poverty, food insecurity and social inequal-
ity regarding age, gender or income (Abid et al. 2016; Siagian et al. 2014). For instance, the quality of
housing could serve as a significant factor in shaping a community’s (social) vulnerability to floods,
but it is less likely to influence its vulnerability to drought (Brooks 2003). As governments and
planning agencies increasingly focus on the planning for and responding to natural hazards
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associated with climate change, social vulnerability data become an indispensable component of
decision-making (El-Zein, Ahmed, and Tonmoy 2021). Biophysical vulnerability is a function of the
frequency and severity of a particular type of hazard, while social vulnerability is rather viewed as an
inherent property of a system (Brooks 2003).

Spatially expressed vulnerability can integrate aspects of both biophysical and social vulner-
ability, but within specific geographical areas where social groups and the unique characteristics of
a place intersect (Mavhura, Manyena, and Collins 2017). It has been recognised that the spatial
dimension defines the magnitude of vulnerability and clarifies the geographical disparities in the
manifestation of vulnerability (Cutter and Finch 2008; Nwankwo et al. 2022). Many scholars have
developed an integrated set of indicators drawing from natural hazards, socio-economic and spatial
strands of vulnerability literature (see Giri et al. 2021). For instance, Maxwell et al. (2023) integrated
physical and socioeconomic indicators from open geospatial data to map the vulnerability of
deprived areas in multiple cities and at a large scale. Moreover, Kuffer et al. (2023) developed
a multidimensional framework that includes socio-economic and household characterisation
(household-level) as well as the characterisation of physical and environmental conditions (area-
level) to classify area-based vulnerability and socio-economic deprivation. Still, these studies do not
cover CH as a critical element.

This paper introduces a multidimensional framework for assessing spatially expressed CH
vulnerability to flood hazards, integrating aspects of social and biophysical vulnerability within
a specific geographical area following the IPCC conceptualisation. Accordingly, the framework
incorporates two types of indicators: (1) indicators of the state of the human system prior to the
occurrence of the hazard event. These are socio-economic indicators reflecting sensitivity and
adaptive capacity independent of the flood hazard, and (2) indicators of outcomes that are
concerned with the impact of the hazard event. These are indicators reflecting the damage to CH
assets and to the built environment resulting from the flood hazard. This process quantifies
vulnerability and subsequently calculates the population’s exposure to the hazard.

Over the past two decades, extensive research into the observed and projected impacts of climate
change on CH has resulted in notable progress in damage quantification and risk assessment
(Bonazza and Sardella 2023). At the European level and with regard to floods, the Directive 2007/
60/EC on the assessment and management of flood risks requires European Union member states
to develop flood risk management plans where CH is considered (Official Journal of the European
Union 2007). Most heritage studies follow an assessment framework that incorporates the three
IPCC components of vulnerability: exposure, sensitivity and adaptive capacity. These components
are adopted by Daly (2014) who applied a six-step framework that primarily relies on data gathered
from interviews and consultation with stakeholders to assess the vulnerability of archaeological sites
to climate change. The IPCC framework is adopted as well by the Climate Vulnerability Index
(CVI) for CH, a systematic methodology for assessing the vulnerability of the Outstanding
Universal Value of World Heritage (WH) sites and the associated community to climate change.
A detailed outline of the CVI methodology is provided by Day, Heron, and Markham (2020). The
CVI follows an 11-step process that is undertaken through a workshop with diverse stakeholders
(Day, Heron, and Markham 2020).

The first step in both frameworks requires an in-depth understanding of the nature and range of
outstanding universal values and national values considered important for the site. At this phase,
the identification of heritage values and other measures rely on stakeholders’ input, making the
vulnerability assessment challenging due to the many uncertainties involved (Day, Heron, and
Markham 2020).

The IPCC components of vulnerability were as well adopted by Sesana et al. (2020), who
developed a framework and applied it to three industrial World Heritage Sites in Europe. The
applied method relied on data gathered from semi-structured interviews with different stakeholders
including the managers, coordinators, professionals and academics. The analysis followed
a qualitative assessment of interviewees’ answers.
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Table 1. Comparison of developed framework with previous examples.

Methodological Case study
Framework Application
Daly (2014) Relies on data gathered through interviews and consultation with stakeholders. Archeological Sites
Secondary data include published and unpublished documentation and site
visits.
Proposes indicators for quantifying vulnerability.
Sesana et al. (2020)  Relies on data gathered through interviews with stakeholders. Industrial World
Relies on stakeholders’ input. Heritage Sites

Applies a qualitative analysis.
Does not propose specific indicators for quantifying vulnerability.
Day, Heron, and Relies on data gathered through workshops with key stakeholders. World Heritage Sites
Markham (2020)  Relies on stakeholders’ input.
Does not recommend specific indicators for quantifying vulnerability.
Current Framework  Relies on big open data.Quantifies vulnerability through defined indicators. River valley at the
Identifies the association between CH vulnerability, area-based vulnerability, landscape scale
socio-economic deprivation and households’ exposure.
Employs geographical information system for mapping.
Applies PCA method so the output is defined by the data and not by predefined
weighting or stakeholders’ input.

Our framework proposes (1) the application of a landscape approach that extends beyond World
Heritage Sites, (3) the use of open big data and geographical information systems for quantitative
and spatial CH vulnerability assessment at the landscape scale, (3) and the integration of indicators
related to CH vulnerability, area-based vulnerability, socio-economic condition and households’
exposure considering both the concentration of individual heritage elements and areas. This
framework draws on the concept of the historic urban landscape as a physical spatial entity,
a lived space that is defined by a layered socio-economic environment and the association between
a site and its community (see, for instance, Ginzarly, Houbart, and Teller 2019; Perry and Gordon
2021; Poulios 2010). Table 1 compares the developed framework with previous examples by Daly
(2014), Sesana et al. (2020) and Day, Heron, and Markham (2020).

Cultural heritage vulnerability indicators to flood hazards

The Hyogo Framework for Action 2005-2015 emphasises the importance of developing vulner-
ability indicators to enable decision-makers to assess the impact of disasters (UNISDR 2005).
Vulnerability indicators define, quantify and weight aspects of vulnerability across regional units,
but methods of constructing indices are subject to discussion (Field and Barros 2014). Several
indicator-based methodological approaches exist for quantifying vulnerability to natural hazards.
This project precisely addresses the vulnerability of CH to flood exposure.

The impact of floods depends on the socio-economic characteristics and dynamics of the
population (Poussard et al. 2021). It has been argued by many scholars that exposure to floods is
a potential source of environmental inequalities (La Rosa and Pappalardo 2019; Poussard et al.
2021). To assess socio-economic vulnerability to flood hazards, an index of socio-economic
disparity (Grippa et al. 2015) will be adapted to provide a classification of the population according
to its socio-economic status. The synthetic socio-economic disparity index is based on 23 socio-
economic indicators, available at the statistical unit level and grouped along four dimensions
(Grippa et al. 2015), including origin and nationality, taxable income level, unemployment and
participation rate, and share of households with social security income. Linking socio-economic
features with social vulnerability to floods suggests that processes involving characteristics such as
age, education and income are principal drivers of a population’s ability to prepare for, respond to
and recover from damaging flood events (Rufat et al. 2015).

When it comes to cultural heritage assets, Navia & Ferreira (2019) proposed a simplified flood
vulnerability assessment to historical centres on the basis of two fundamental components:
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exposure and sensitivity. These two components are composed of a set of indicators, including
building condition, number of storeys, age and heritage status. A study by Paupério, Roméo, and
Costa (2012) proposed an approach for mapping the vulnerability of historic buildings involving
the weighted contribution of three vulnerability components: the building, the contents and the
surroundings. Here, the weight of the building value was identified based on differentiation
between buildings listed as national monuments, buildings with value for the municipality, build-
ings with value for the general public and so forth. However, the weight-based analysis is not
definite and lacks a real ground for weights. In a review of main indicators in existing flood
vulnerability assessment methods in historic urban areas, Julia and Miguel Ferreira (2021) identi-
fied 26 sensitivity, exposure and resilience indicators among the physical, socio-economic and
cultural dimensions of flood vulnerability assessment. They identified the age and heritage status of
the building as the most frequently employed cultural indicators (Julia and Miguel Ferreira 2021).

In this study, we borrow from the above mentioned studies to evaluate CH vulnerability
following an index-based assessment integrating listed and designated buildings and heritage
sites, along with buildings dating from before 1950 - considering them of important historical
value - and protected natural heritage sites.

In a recent study, Cook, Johnston, and Selby (2021) identified several limitations with the most
common approaches to vulnerability indicators in archaeological heritage management arguing
that previous studies focus on ‘sites’ as a unit of investigation without consideration of the land-
scape of which sites are constituents and without acknowledging the wider implications on the
landscape as a whole. In this study, we aim to address this limitation by addressing the whole
landscape and integrating the area-based vulnerability in the overall assessment.

In fact, although the above-mentioned studies addressed the vulnerability of CH to flood
hazards, these works were limited to tangible cultural heritage and the suggestion of structural
measures to reduce the impact of floods on vulnerable structures and elements. What is still lacking
is an understanding of socio-economic dynamics and their relation with spatial vulnerability. This
research addresses this limitation and integrates indicators addressing the historic urban environ-
ment as well as the socio-economic characteristics. Moreover, this research goes beyond designated
heritage to include heritage assets with diverse historical and cultural values and natural heritage.

Following the above addressed studies, the proposed framework includes selected indicators for
the assessment of CH vulnerability to flood hazards. Accordingly, three major thematic indicators
will be used in this study, including CH and area-based vulnerability and socio-economic depriva-
tion (Table 2).

Table 2. Indicators selected for CH vulnerability assessment to flood hazards with respective references.

Thematic Indicator Key elements Parameters References
Cultural heritage Built heritage share of flooded designated buildings (Julia and Miguel Ferreira 2021;
vulnerability share of flooded listed buildings Miranda and Miguel Ferreira 2019;

share of flooded buildings dating from Paupério, Roméo, and Costa 2012)
before 1950
share of flooded heritage sites
Natural heritage share of flooded Natura 2000 and
protected natural reserves

Area-based Built environment  share of flooded buildings Cook, Johnston, and Selby (2021)
vulnerability share of flooded commerce
share of flooded critical services
Socio-economic Socio-economic origin and nationality Grippa et al. (2015) and Poussard et al.
disparity disparity based  taxable income level (2021)

on 24 indicators unemployment and participation rate
share of households with social
security income
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Materials and method
Study area

This paper takes the Vesdre Valley in Belgium as a case study. From its spring in the High Fens, the
valley covers around 700 km* and the River Vesdre flows for 70 km, in a relatively narrow and deep
valley into the River Ourthe, which is the main tributary of the River Meuse in Belgium (Martin et al.
2015). It addresses the recent 2021 low-pressure system ‘Bernd’ that brought heavy rainfall between 12
and 15 July leading to severe flooding in several European countries. The two most affected regions
were West German states and the Walloon region of Belgium. In Germany, effects were focused on the
catchments of the rivers Ahr, Erft, Inde and Rur, with the most severe damage in the Ahr valley. In
Belgium, effects were focused on a number of tributaries of river Meuse, with major impact in the
Vesdre Valley (Dewals et al. 2021). Thousands more residential buildings were substantially damaged,
leading to extensive intangible damages. In addition, the impact of the flood led to critical infra-
structure failures. Impacts range from completely destroyed bridges, to severely damaged schools and
hospitals (Koks et al. 2022). Climate change has increased the likelihood of a precipitation event with
meteorological characteristics similar to the July 2021 event by 1.2 to 9 times, whereas the intensity of
the maximum 24 h rain fall has increased by about 3 to 19% (Mohr et al. 2022).

Data sources

The data are available at the statistical unit level (Table 3), which is the basic territorial unit that results
from the subdivision of the territory of municipalities for the dissemination of their statistics at a finer
level than the municipal level. The data can be consulted on the Wallonia geoportal WalOnMap and
the local statistical information portal on Wallonia WalStat. The data were obtained from the Public
Service of Wallonia SPW. The official flood hazard map, updated on 7 July 2022 is the one used in the
analysis. The mapping is based on field surveys by public servants in the weeks after the events. This
survey has been complemented with different data sources and methods, as for instance pictures taken
by drones and helicopters and spatial interpolation. A detailed description of how the 2021 flood
extension has been mapped is available on the official geoportal.'

The territory of the Vesdre Valley is covered by 531 statistical units. The area of these statistical
units varies between 4 and 5851 ha with a median value of 44 ha. The number of households by
statistical unit varies between 1746 and null with a median value of 136.

Table 3. Data sources.

Thematic Indicator Elements Type of spatial data
Cultural heritage Designated buildings Point-based
Listed buildings Point-based
Buildings dating from before 1950 Area-based
Heritage sites Area-based
Natural heritage Area-based
Area-based Buildings Area-based
Commerce Point-based
Critical services Point-based
Socio-economic Origin and nationality Area-based
Taxable income level Area-based
Unemployment and participation rate Area-based
Households with social security income Area-based

Data processing and analysis

QGIS software was used for the processing and visualisation of data. The analytical framework
consists of five different parts (see Figure 2). First, CH concentration map was generated to
understand the distribution of built and natural heritage assets. Then, a classification method
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Figure 2. Methodological workflow.

based on a principal component analysis was applied to map CH and area-based vulnerability,
socio-economic disparity and household exposure to flood at the statistical unit level. After
classifying the statistical units (SUs) based on their different vulnerability and exposure status, an
association analysis between households’ exposure and CH vulnerability was conducted.
Subsequently, we adopted a measure called the comparative environmental risk index to contrast
the chances of different dimensions being situated in a flood hazard zone as a function of the
affected population. Finally, an association analysis including the three vulnerability indicators and
households’ exposure was conducted.

Gross and net concentration of cultural heritage

First, the gross and net concentration of CH were calculated on the SU level. While gross
concentration (GC) measures the total value of a given heritage asset, net concentration (NC)
takes into account the surface density per SU. The share of the five CH assets was calculated for the
entire Vesdre Valley. For the point data, namely designated and listed heritage, the share was
calculated as follows, where GC;, represents the share of heritage asset i in the SU u, N, is the
number of heritage asset in the SU u, and N is the total number of the heritage asset in the Vesdre
Valley:
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Niu
GCjy = —= (1)
N

For the area-based data, namely heritage sites and protected natural heritage, the share was
calculated as follows, where A; , represents the area of heritage sites in the SU u, and A;, represents
the total area of heritage sites in the valley:

6o =4 @
When it comes to buildings dating from before 1950, the area of these buildings in the SU was
divided by the total area of buildings in the SU. After calculating the share, the resulting values were
normalised in the range of 0 to 1 using the minimum-maximum normalisation method, then the
concentration of cultural heritage was obtained as the result of the total sum (see Figure 3).
Afterwards, the surface density of each SU was calculated by dividing the total area of the Vesdre
Valley by the area of the SU. Subsequently, the NC was calculated by multiplying results from the
GC by the ratio of the surface density (see Figure 3). This method effectively accounts for the size of
each statistical unit relative to the entire study area as there is more probability to have higher
number of buildings in larger areas.

NCy, = GGy, x =* 3)

[ BassinVersant

Figure 3. Gross and net concentration of built and natural heritage.

Multidimensional vulnerability analysis

In QGIS, the dataset was combined with cadastral data to analyse the vulnerability and exposure to
flood hazard. Geometric variables were calculated using geoprocessing tools in QGIS, while
quantitative descriptive information on each SS is obtained by performing statistical operations



10 (&) M.GINZARLY ET AL.

in a spreadsheet that is spatially associated with the cartography. In addition, the number of
households accounted for each statistical unit was quantified to address both affected areas and
households.

Cultural heritage vulnerability

To assess the vulnerability of CH, first the share of flooded built and natural heritage assets was
calculated. For point data, the share was calculated as below, where FH; is the share of flooded
heritage, FHN;, , is the number of flooded heritage assets in the SU and ZHN; is the total number of
the heritage assets in the SU:

FHN; ,

FH; =
> HN;

(4)

For area-based data, namely built and natural heritage sites, the share was calculated as follows,
where FHA, , is the area of the flooded heritage assets in SS and XHA, is the total area of the heritage
assets in the valley:

FHA; ,

FH; = ——%
ST HA;

(5)

Area-based vulnerability

The calculation of area-based vulnerability included the share of flooded buildings, commerce and
critical services. The latter included hospitals, fire stations, police stations and schools. The share of
the different flooded elements was calculated as below, where FA; is the share of flooded area-based
element, FN;, is the number of flooded elements in the SU and ZEN; is the total number of the
elements in the SU:

FA; = : (6)

Socio-economic deprivation index

As mentioned previously, the analysis of the socio-economic disparity adopts the method
developed by Grippa et al. (2015) and applied in the Liege province in Belgium by Poussard
et al. (2021). The analysis precisely considers 23 indicators, available at the statistical unit
level, grouped along four dimensions (i) origin and nationality, (ii) taxable income level, (iii)
unemployment and participation rate and (iv) share of households with social security
income. Accordingly, the SUs were classified based on a single index of social disparity
divided in five classes, with class 1 gathering the affluent SU and class 5 the more deprived
ones.

Mapping vulnerability

After calculating the share of the components of different dimensions, we applied a classification
method that is conducted on the statistical unit level and is based on a principal component analysis
(PCA) using RStudio software. Precisely, the analysis extracts the scores of the first principal
component, then it calculates the mean of the scores. The lower threshold is calculated by
subtracting the standard deviation from the mean, whereas the upper threshold is calculated by
adding the standard deviation to the mean. Intermediate thresholds are half a standard deviation
below or above the mean. The vector of calculated thresholds for the five classes (n=1-5) was
assigned as below, in which y represents the mean value and o represents the standard deviation:

]H_07H_0/2aﬂ+0/27#+0[ (7)



INTERNATIONAL JOURNAL OF HERITAGE STUDIES . il

This method allowed the classification of all statistical units based on three indices - CH vulner-
ability, area-based vulnerability and socio-economic disparity — each divided in five classes, with
class 5 representing the statistical units with the most vulnerable CH and class 1 the less vulnerable
ones (see Figure 5).

Population exposure to flood
In QGIS, the number of flooded households was computed at the SU level by overlaying the flood
hazard map with household data. Then, household exposure to flood was calculated as follows:

Ei=6/) 6, (®)

E; is the household exposure of the statistical unit to flood, 8; is the number of flooded households in
the SU i and Y 0; is the total number of households located in the SU i. Thresholds are then
calculated on the basis of the mean exposure of the SU and its standard deviation to obtain five
classes representing different levels of exposure (Figure 5). Afterwards, we calculated the percentage
distribution of different classes of household exposure to flood in terms of sum of SU area, sum of
households in the SU and sum of flooded households in the SU (see Table 4).

Table 4. Households' exposure class in relation to sector area and number of households.

Households’ Sum of SUs  Percentage of  Sumof  Percentage of Sum of flooded Percentage of
exposure class area in km? total area  households  households households  flooded households
1 572.76 76.27 80560 71.53 749 4.1

2 10.53 2.26 2389 2.12 217 1.2

3 53.59 3.39 5395 4.79 1032 57

4 14.32 2.82 3518 3.12 1094 6

5 45.11 15.25 20761 18.43 14905 83

Total 696.32 100 112623 100 17997 100

Association analysis between households exposure and CH vulnerability

The correlation between households’ exposure to flood and CH vulnerability was calculated as
a function of the total number of flooded households. Precisely, a three-variable cross-tabulation
was used as analysis method (see Table 5).

Table 5. Distribution of different classes of households’ exposure to flood across the five CH vulnerability classes as
a function of the total number of flooded households.

Cultural Heritage Vulnerability Class

Households exposure class 1 2 3 4 5 Total
1 157 20 48 0 524 749

2 119 97 0 0 1 217

3 158 212 171 446 45 1,032
4 279 301 112 114 288 1,094
5 781 781 1,587 1,835 9,921 14,905
Total 1,494 1,411 1,918 2,395 10,779 17,997
Percentage 8% 8% 11% 13% 60% 100%

Comparative environmental risk index — socio-economic deprivation and CH vulnerability

In order to identify the distribution of CH vulnerability classes across the five socio-economic
deprivation classes and based on the total number of flooded households, we adopted a measure
called the comparative environmental risk index (CERI). This index measures whether minorities
and low-income people are more likely to be exposed to environmental hazards than are the rest of
the population. This measure first involves the calculation of association between the two addressed
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dimensions, followed by a calculation of a ratio of the deprived household as a proportion of the
total CH class for any particular characteristic (socio-economic deprivation class in this case). The
resulting ratio is divided by the total ratio of the corresponding CH vulnerability class to obtain the
CERI. A ratio above 1 means that the chance of a particular CH vulnerability class to be situated in
a zone with a specific socio-economic deprivation class is higher than the chance of being situated
in a given exposure class than the entire population. The same calculations were applied to identify
the CERI of (i) household exposure as a function of area-based vulnerability and (ii) socio-
economic deprivation as a function of area-based vulnerability.

Multidimensional vulnerability and exposure indices

After identifying the CH and area-based vulnerability index, the socio-economic deprivation index
and the exposure index, the mean value of each index was calculated in RStudio. Afterwards, for each
statistical unit, we identified whether each of the indices is above or below the mean. Values above the
mean are assigned the category H, meaning areas with high risk. Values below the mean are assigned
the category L, meaning areas with low risk. The results were then mapped using QGIS (see Figure 6).

Results and discussion
Concentration of CH

Results from the analysis of CH concentration highlight the differences in the spatial distribution of
built and natural heritage assets. It shows that the majority of the built heritage assets are located
along the river (Figure 3(a)). This result is not surprising, and it is related to the history of
urbanisation and industrialisation along the River Vesdre as in a number of pre-industrial and
industrial settlements. On the other hand, the concentration of natural heritage sites seems some-
how orthogonal to that of the built heritage (Figure 3(b)) since the location of natural heritage is
determined by factors such as geological formations, biodiversity, unique ecosystem services, and
habitats and species conservation efforts rather than historical settlement patterns.

The gross concentration of CH visualises the overall distribution of heritage assets without
considering the underlying spatial scale. The comparison of gross and net concentration of built
and natural heritage shows that the latter alleviates the Modifiable Areal Unit Problem (MAUP)
effect. Built heritage tends to concentrate in specific areas, such as historical city centres or
designated heritage districts. As can be seen in Figure 3(c), this strong clustering leads to a high
level of net concentration in Verviers, Spa and Eupen, the main cities of the watershed. On the other
hand, natural heritage sites exhibit larger areas of higher concentration and an overall spatial
pattern that is less clustered. As a result, the net concentration of natural heritage has a more
pronounced effect on the observed spatial patterns compared to built heritage.

The mapping of the gross and net concentration of CH shows that built and natural heritage
assets are well covered (Figure 4). Some cities like Spa, Verviers and Eupen show a high concentra-
tion of CH. The former is internationally renowned, having given its name to the famous spa in
addition to its natural mineral springs, and a health resort listed as World Heritage Site. The second
hosts a number of national heritage sites, and the latter has more than 80 protected national heritage
sites varying from old houses to towers, churches and a castle among others.

Households exposure class by statistical units characteristics

Table 4 displays the count and proportion of SU area, households and flooded households
corresponding to each household exposure class. Results show that the distribution of households
in the Vesdre Valley peaks in class 1 (71.53%). Still, there is a notable proportion of households,
around 22%, situated in high-risk zones, classes 4 or 5. Moreover, on the spatial level, around 18% of
the total area of the Vesdre Valley are within high exposure class to flood hazard.
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Figure 4. Left. Gross concentration of CH. Right. Net concentration of CH.

Distribution of vulnerability and households’ exposure indices

Results show a clear relation among the three vulnerability indices and exposure. Household
exposure along with CH and area-based vulnerability are extremely high along the river
(Figure 5). Socio-economic deprivation exhibits a similar spatial pattern even though it extends
outside the Vesdre Valley. Results (Figure 5(a)) confirm that the most vulnerable CH assets
(classes 4 and 5) are located in areas inhabited by the most deprived population (classes 4
and 5) and where a large share of commerce and critical services are affected by the flood
(Figure 5(c)).

——————

[] Bassin Versant  + Important cities —— Rivers |

| National Boundary Municipal Boundaries

Figure 5. (a) Index of CH vulnerability; (b) index of area-based vulnerability; (c) index of socio-economic deprivation; (d)
households’ exposure.
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Figure 6. Correlation by sequence between CH vulnerability, area-based vulnerability, socio-economic deprivation and house-
holds’ exposure.

Concentration of households exposure in SUs with high CH vulnerability index

Table 5 presents the results obtained from the cross-tabulation analysis, showcasing the distribution
of the five classes of household exposure and CH vulnerability according to the number of flooded
households. Out of a total of 17,997 households exposed to flooding, 9,921 households, meaning
55% of affected households, are located in SUs characterised by high CH vulnerability index
(class 5). Moreover, a significant proportion, ranging from 60% to 73%, of affected households in
the territory are located in SUs within a high CH vulnerability index (classes 4 and 5). These
findings highlight the need to consider the vulnerability of CH in disaster management and disaster
resilience planning. Protection and preservation efforts should not only focus on mitigating the
direct impacts of floods on CH but also address the underlying vulnerabilities that make these sites
more susceptible to damage from flooding events.

Comparative environmental risk index for socio-economic deprivation and CH vulnerability

Table 6 displays the results of the comparative environmental risk index evaluated for the
distribution of different socio-economic deprivation status and CH vulnerability to flood
according to the number of flooded households. Results show that the chance of being
situated in a zone with high CH vulnerability class (classes 4 and 5) is higher for house-
holds in vulnerable socio-economic class 5 with CERI, respectively, equal to 1.19 and 1.36,
meaning that there is a strong relation between cultural heritage and socio-economic
vulnerability. Still, this chance is slightly lower for households in socio-economic class 4.
The CERI values of 5.44 and 4.29 suggest that households with higher revenues tend to
locate in areas where there is less CH in the Vesdre watershed. These typically correspond
to recent peri urban areas. These households appear to be overprotected, meaning they are
less exposed to both environmental and socio-economic risks affecting CH assets. Overall,
these findings underscore the complex interplay between socio-economic factors, CH vul-
nerability and environmental risk, highlighting disparities in exposure to flooding affecting
CH assets based on, socio-economic status. They highlight the need for targeted interven-
tions to protect CH in socio-economically deprived areas, where vulnerability to damage is
higher.
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Table 6. CERI socio-economic deprivation and CH vulnerability according to the number of flooded households.

Cultural Heritage Vulnerability Class

Socio-economic deprivation Class 1 2 3 4 5

1 5.44 429 0.00 033 0.26
2 2.19 1.46 2.68 0.27 0.64
3 0.68 1.52 0.50 1.76 0.90
4 1.24 1.48 2.05 0.64 0.80
5 0.29 0.00 0.03 1.19 1.36

Concentration of households exposure in SUs with high area-based vulnerability index

Results show that 73 to 90% of flooded households are in areas that suffered a high disruption,
having an area-based vulnerability class equal to 4 or 5 (Table 7). In fact, 12,354 over 17,997 of
affected households, meaning 68%, are both in high households’ exposure area and high vulner-
ability areas (class 5). These results exhibit a double effect of flooding as it impacts individuals and
access to services, thus causing disruption to the economic life and daily activities. In fact, the
heritage of cities contains the daily activities of inhabitants, and the direct impact of flooding on
households and services can damage both tangible and intangible aspects of CH.

Table 7. Distribution of different classes of households’ exposure to flood across the five area-based vulnerability classes
according to the total number of flooded households.

Area-based Vulnerability Class

Households Exposure Class 1 2 3 4 5 Total
1 208 31 2 6 502 749

2 17 129 44 27 0 217

3 19 167 479 224 143 1032
4 9 86 261 562 176 1084
5 3 0 293 2255 12354 14905
Total 256 413 1079 3074 13175 17997
Percentage 1% 2% 6% 17% 73% 100%

Comparative environmental risk index for socio-economic deprivation and area-based
vulnerability

Results from Comparative Environmental Risk Index for socio-economic deprivation and area-
based vulnerability show that not only exposure but deprivation as well are reinforced by disruption
of services. For area-based vulnerability class 5 and socio-economic deprivation classes 4 and 5, the
CERI is, respectively, 1.02 and 1.22, meaning deprived households have lost more access to
commerce and services after the floods. On the other hand, the CERI is 0.06 and 0.43 for socio-
economic classes 1 and 2 meaning that households with high social and economic status did
maintain their access to local services. It is worth mentioning that results showed as well that in
area-based vulnerability class 4, socio-economic class 4 has less access to services than class 5 and
this is mostly related to the fact that only 0.04% of the flooded households is at the intersection of
socio-economic class 5 and area-based class 4.

Multidimensional association between CH and area-based vulnerability, socio-economic
deprivation and households exposure to flood

The association of results from the multidimensional vulnerability analysis combined with house-
holds’ flood exposure suggests several important findings. More than 80% of households fall within
one of the vulnerability categories represented by HHHH, LLHL or LLLL (see Figure 6, Table 8).
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Table 8. Multidimensional vulnerability and exposure categorical index.

Category Sum of SUs area km? Percentage of SUs area Sum of households Percentage of households
HHHH 17.1 2.5% 23586 21%
LLHL 81.49 12% 35925 32%
LLLL 457.73 66% 40642 36%
Other categories 139.99 19.5% 12470 11%
Total 696.32 100% 112623 100%

The findings identified that 21% of households are situated in high flood risk zones characterised by
high CH and area-based vulnerability, along with high socio-economic deprivation. These zones are
critical areas that exhibit multiple layers of vulnerability, including individual, collective and
cultural. Despite comprising a relatively small proportion (2.5%) of the total area of the Vesdre
Valley, these high-risk zones accommodate a significant segment of households. These are priority
zones that exhibit significant vulnerability and should thus be prioritised for targeted interventions
and mitigation measures to address the array of vulnerabilities they present. By contrast, LLLL areas
are those gathering well-off households (36% of the total) that were not impacted by the floods and
where there is a low concentration of CH.

Conclusion

The implementation of a landscape approach to the conservation and management of CH requires
the contextualisation of heritage within the broader urban environment. The framework proposed
and applied in this paper builds on this approach and contributes to the development of an
indicator-based multi-dimensional vulnerability assessment for CH. In addition to considering
built and natural heritage assets, the framework takes into account the socio-economic status of the
living communities, that play a significant role in the assessment and management of hazards.
Furthermore, it examines people’s daily practices, particularly those related to commercial activities
and primary services, that shape both physical and social environments and contribute to people’s
everyday heritage. The different addressed components are key for characterising the qualities of
historic urban landscapes.

Our results revealed a high vulnerability of built CH assets situated along the river
course. This finding is closely linked to inherited patterns of urbanisation. From a historical
perspective, the industrial revolution in the 19th century spurred the development of urban
centres nearby the rivers. This trend was further reinforced by the construction of railways
along the bottom of the valleys, a feature still evident today, with a concentration of
industrial brownfields and socio-economic disparities along former industrial axes following
the main water courses (Poussard et al. 2021). The vulnerability of CH along the river
corridor is accompanied with high socio-economic disparities. We find a larger increase in
the exposure of the highly deprived population compared to the least deprived population
in flooded areas. In fact, the dense settlements concentrated along the river are prone to
environmental inequalities since more deprived socio-economic groups tend to reside in the
inherited industrial axes along the water course (Poussard et al. 2021). In addition, the
research findings highlight a strong correlation between CH vulnerability and socio-
economic deprivation and area-based vulnerability. These multiple vulnerability indices
identify areas that experience extreme perturbations in their living environment at the
individual and community level. Simultaneously, these areas often lack resources necessary
for adaptation and coping strategies. Hence, employing a multi-dimensional framework
offers a practical approach to the contextualisation of CH vulnerability based on knowledge
about the most and least disadvantaged areas and communities.

The relation between CH and flooded areas is structural and highly related to the specific
configuration and history of the territory. As such results are not directly transferrable to other
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territories, but the method applied to identify the concentration and vulnerability of CH is. To
map the concentration of CH, our methodological framework calculated the share based on the
number or area of heritage attributes within the statistical units, then differentiates between the
gross and net concentration of CH. The second phase of the analysis calculated the share of
flooded elements — including built and natural heritage assets, services and commerce - and the
share of flooded households. The integration of area-based vulnerability and the consideration
of everyday practices along with socio-economic status in the assessment of CH vulnerability
are seldom considered in heritage studies. Our framework provides researchers and managers of
CH sites with a decision-making tool for identifying priority areas and developing suitable
mitigation strategies aimed at minimising the adverse impacts of flood hazards. Furthermore,
the use of an open-source geographical information system further enhances the applicability of
the method.

It should be highlighted that measuring CH vulnerability requires the use of net indices in order
to address the MAUP and it should be performed both retrospectively and prospectively. The latter
should be performed through the use of flood exposure maps considering different return period
scenarios. This knowledge can be used as basic information for early warning of the expected future
flooding events and possibly affected areas and populations so that the local government and
community can have prior knowledge to the frequency and probability of flood-related disaster
occurrences. Our multidimensional vulnerability and exposure categorical index map is a useful
tool for identifying priority areas for CH management, reconstruction and support.

The proposed method relies on open big data and recently there have been many advances in
data acquisition. First, open data sources such as remote sensing, open street map and Google
building could be harvested and employed for the application of the proposed method. Moreover,
Crowdsourcing - i.e. engaging community members in transcriptions and production of cultural
heritage metadata through institutions’ websites, heritage portals, wikis or social media platforms -
allows broad participation resulting in user-generated big data on heritage places and associative
values that is based on peoples’ experiences (see for instance Dahlgren and Hansson 2022; Xu et al.
2017). These data complement the official one and can be integrated from the very beginning in the
first step of the proposed method related to the identification of CH concentration. It should be
noticed that while crowdsourcing offers an opportunity, it raises challenges as well in regard with
the digital divide and whether community members are more prone to be involved and engaged in
crowdsourcing initiatives. As for the analysis of big data, our method applies principal component
analysis, which reduces the dimensionality of large data sets that involve many variables and
interpret them in few variables (i.e. the principal components). This method is very useful for data-
driven decision-making.

Note

1. https://geoportail.wallonie.be/catalogue/5fa27752-74a6-4cf5-bfb9-d0d5d7e9d35¢.html.
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