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Abstract
Vulnerability evaluation plays a key role in risk assessment and reduction and is essential for defining strategies for climate 
change adaptation and mitigation. In dealing with the safeguarding of cultural heritage at risk, we are still far from adopting 
and applying an agreed methodology for vulnerability assessment. With the aim to support practitioners, heritage managers, 
and policy and decision makers to undertake actions that address the protection of cultural heritage at risk, the methodology 
set up in the framework of the Interreg Central Europe STRENCH is illustrated and discussed here. Based on three major 
requirements (susceptibility, exposure, and resilience) and a continuous consultation with local stakeholders, the proposed 
methodology is applicable for evaluating the vulnerability of built heritage and cultural landscape exposed to hydromete-
orological hazards, such as heavy rains, floods, and droughts. The results obtained through its validation on 15 case studies 
from seven Central European regions are shown to underline the strengths and limitations of the methodological approach. 
Iterative consultation with local stakeholders was fundamental for the definition of the criteria/subcriteria and related values 
for the assessment of the requirements. Application to further sites in other contexts would surely contribute to strengthening 
the reliability of the methodological approach.
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1 Introduction

Nowadays, developing tailored strategies for managing 
and reducing risk from climate-influenced hazards for 
cultural heritage has become core to policy and decision 
making (European Commission 2022). Such interest has 
been strongly driven by significant research advancements 
achieved in the last decades, in particular those concerning 
the evaluation of the impact of ongoing and extreme varia-
tions of climate parameters on the built heritage and cultural 
landscape. Considerable research has mainly defined future 

damage projections on specific heritage materials caused 
by ongoing changes in temperature, relative humidity, and 
precipitation (Bonazza and Sardella 2023).

More recently, several research projects at the European 
level have been dedicated to risk assessment of heritage 
assets subjected to disasters and extreme changes in cli-
mate—examples are H2020 STORM, HERACLES, SHEL-
TER, HYPERION, and ARCH; and JPI CH PROTHEGO, 
and Interreg Central Europe ProteCHt2save and STRENCH. 
Different methodological approaches based on the interac-
tions between hazards, exposure, and vulnerability have been 
investigated (Reimman et al. 2018; Appiotti et al. 2020; Rosa 
et al. 2021; Valagussa et al. 2021; IPCC 2022; Egusquiza 
et al. 2023), with the specific intent to tackle the challenges 
posed by the impact of climate extremes (for example heavy 
rain, flooding, drought) on cultural heritage. In most of these 
methodologies, the hazard analysis has been carried out by 
selecting and elaborating adequate indices of extreme cli-
mate and by finally applying regional climate models that 
allow the mapping at a spatial resolution of 12 × 12 km in 
the near (2021–2050) and far future (2071–2100) (Sardella 
et al. 2020; Kotova et al. 2023).
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Several other approaches have been concentrated instead 
on vulnerability assessment. Vulnerability evaluation plays 
a key role in risk assessment and reduction and represents 
a prerequisite for developing proper strategies for climate 
change adaptation and mitigation with benefits to cultural 
heritage (Jigyasu et al. 2013; Sesana et al. 2020; Cacciotti 
et al. 2021; Cardona et al. 2012; Briz et al. 2023; Ravan 
et al. 2023). Despite the considerable volume of research 
conducted, controversy remains regarding vulnerability 
assessment, particularly when dealing with cultural heritage 
protection under climate change. For example, the definition 
of the domains involved (environmental, physical-chemical, 
sociocultural, economic, and so on), as well as the selection 
of the assessment criteria (and their weights) to determine 
vulnerability, are still debated (Tapsell et al. 2010; Roders 
2013; Gandini et al. 2020). Despite the efforts to parametrize 
and rank vulnerability, the current situation is still far from 
adopting a commonly established methodological approach. 
The continuing lack of a widely agreed definition of vulner-
ability (Birkmann 2006; Thywissen 2006; Bonazza et al. 
2021; Moreira et al. 2021; Gaddi et al. 2022) disables the 
clear representation of the problem opening up to hetero-
geneous interpretation. Moreover, several studies highlight 
its multi-dimensional (Tapsell et al. 2010), dynamic, scale-
dependent (Figuereido et al. 2020), and site-specific vari-
ability (Figuereido et al. 2021).

This study aimed to provide a validated methodology for 
evaluating and ranking the vulnerability of built and natu-
ral heritage assets (for example, cultural landscapes, ruined 
hamlets, parks, and gardens), subjected to potential impact 
of specific hydrometeorological hazards, such as floods 
(flash and large basin), landslides, windstorms, and fires 
linked to droughts. Developed within the framework of the 
project Interreg Central Europe STRENCH,1 the methodol-
ogy has been applied to 15 case studies located in seven 
different European regions.

2  Assessing Vulnerability of Cultural 
Heritage Under Climate Change 
Scenarios: Conceptual Framework 
and Methodological Approach

The development of a functional and effective vulnerability 
assessment methodology requires the preliminary establish-
ment of systematic frameworks able to integrate heterogene-
ous vulnerability-related information. This step facilitates a 
structured, understandable, and defensible decision-making 
process based on an optimized use of the available resources.

Multi-criteria decision-making (MCDM), also known 
as multiple-criteria decision analysis (MCDA), represents 
a powerful tool capable of synthesizing complex considera-
tions to evaluate and prioritize different alternatives (Cinelli 
et al. 2014). Among the several multi-criteria methodolo-
gies developed over time (Sadok et al. 2009; Wang et al. 
2009; Huang et al. 2011; Herva and Roca 2013), the MIVES 
(Spanish acronym: Modelo Integrado de Valor para una 
Evaluacion Sostenible, in English: Integrated Value Model 
for Sustainability Assessment) (Boix-Cots et al. 2022) stands 
out for its high adaptation capacity. It is based on multi-
attribute utility theory (MAUT) and analytical hierarchy 
process (AHP, Saaty and Kearns 1985) combining differ-
ent features, such as a multi-level requirement aggregation 
framework, the inclusion of a weighting process, and the 
use of indicator value utility functions. This tool enables 
structuring the problem within a multi-criteria analysis 
framework in which different alternatives can be evaluated 
according to a pre-established set of requirements to sat-
isfy a pre-defined objective. These requirements contain 
sets of criteria that, in turn, contain a set of indicators and 
possibly subindicators, thus creating a multi-level system. 
The requirement tree is a hierarchical diagram in which the 
various characteristics of the processes to be evaluated are 
defined in an organized manner.

The MIVES considers three different levels: require-
ments, criteria, and indicators (subcriteria). In the first two 
levels, general and qualitative aspects are defined, while 
in the last level—the indicators, concrete and measurable 
aspects, are considered. Requirements and criteria have the 
objective of representing what is needed to evaluate, avoid-
ing the repetition of certain aspects or avoiding the use of 
aspects that are out of scope. Indicators (subcriteria) should 
be representative, differentiating, complementary, relative, 
quantifiable, and traceable. The tree must have a minimum 
number of indicators independent of each other, to ensure 
that, together with the assigned weights, it offers a reliable 
assessment scenario.

As outlined in the literature (Pons et  al. 2016), the 
MIVES approach is implemented by: (1) problem definition; 
(2) drafting decision model with variables; (3) introducing 
value functions for normalization of variables; (4) assigning 
weights; (5) identifying solutions to problem set in step 1; 
(6) employing model to assess solutions; and (7) decision 
making by choosing an appropriate solution.

The methodology proposed in this study exploits the 
effectiveness of the MIVES multi-criteria analysis frame-
work, adjusting it to the scope of cultural heritage vulner-
ability evaluation. First, vulnerability is understood as a 
function of three main factors, that is, the so-called require-
ments: susceptibility, exposure, and resilience. Each factor 
identifies a set of conditions of a cultural heritage system 1 https:// progr amme2 014- 20. inter reg- centr al. eu/ Conte nt. Node/ 

STREN CH. html
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that makes it vulnerable, that is, prone to experience damage 
under specific disaster scenarios.

Susceptibility or sensitivity refers to the physical char-
acteristics of the system under analysis and it reflects the 
performance of its structural and material features to with-
stand the effects of natural hazards (Ravan et al. 2023). 
As defined by the United Nations Office for Disaster Risk 
Reduction (UNDRR 2016), exposure represents the condi-
tions “of people, infrastructure, housing, production capaci-
ties and other tangible human assets located in hazard-prone 
areas” (UNDRR 2016) (for example, the number of people, 
monetary value of assets, livelihoods, and so on). Resil-
ience identifies “the ability of a system exposed to hazards 
to resist, absorb, accommodate, adapt to, transform and 
recover from the effects of a hazard in a timely and efficient 
manner, including through the preservation and restoration 
of its essential basic structures and functions through risk 
management” (UNDRR 2016). Hence, susceptibility, expo-
sure, and resilience constitute the first layer of the proposed 
framework (Fig. 1).

As mentioned, different definitions of vulnerability are 
available in the literature depending on the specific scope of 
the study. The assessment methodology we proposed stems 
from the conceptual framework provided by Turner or Bal-
ica, which illustrates vulnerability as a function of exposure, 
sensitivity, and resilience (Turner et al. 2003; Balica et al. 
2012).

Therefore, it should be underlined that in this study, 
exposure is considered an integral part of vulnerability, 
rather than an external factor that together with vulner-
ability and hazard compose risk. This choice is gov-
erned by the very conceptualization of exposure, which 

identifies those conditions of the system that determine 
“the degree to which a system is susceptible and unable to 
cope with adverse effects of disasters” (IPCC 2022). This 
is in line with the double-structure conceptual framework 
of vulnerability provided by Bohle (2001), which also 
clearly intends exposure to hazards and shocks as a key 
component of vulnerability itself (Birkman et al. 2006).

Second, as shown in Fig. 1, in addition to the require-
ment level, the proposed framework considers two deeper 
stages of analysis, namely the criteria level and the indica-
tors (or more precisely subcriteria). Both levels identify 
relevant aspects of built and natural heritage vulnerability. 
Susceptibility, exposure, and resilience criteria and sub-
criteria frameworks are further discussed in the sections 
below. The methodology, in addition, provides weights for 
requirements, criteria, and subcriteria (that is, γRQ, γc, and 
γsc in Tables 1, 2, 3) and evaluation scales (Tables 7, 8, 9), 
determined by exploiting existing knowledge available in 
the literature (see Sects. 2.1, 2.2, and 2.3), then employing 
participatory ranking techniques (Satay and Kearns 1985). 
More specifically, weighting is carried out by analyzing 
criteria at the same level of the requirements tree. Weights 
are then further adjusted following experts’ opinion and 
modeling requirements set by stakeholders responsible for 
the case studies investigated in this study. Adjustments are 
made iteratively, following the testing phase of the model. 
The aggregation of values into a vulnerability index is 
based on the additive method, as in Munyai et al. (2019). 
Exposure and susceptibility positively influence vulner-
ability, whereas resilience negatively influences vulner-
ability, therefore it can be evaluated as follows:

Physical vulnerability is mainly considered. Conse-
quently, susceptibility criteria relate primarily to that 
dimension. As far as the exposure is concerned, the cul-
tural aspect is given a leading role in the model. However, 
the socioeconomic dimensions are also introduced in order 
to take into consideration the remarkable contribution they 
provide to vulnerability evaluation. It should be noted that 
the proposed weighting may vary due to site specificity 
(for example, typology of cultural heritage, hazard at cul-
tural heritage, and son on). Therefore, the weights and 
evaluation scales presented in this work are specifically 
validated for the scenarios tested and may need further 
adjustments for other applications. In addition, situations 
of multiple simultaneous risks and synergic effects among 
concurring climate-related actions are not specifically 
addressed by the proposed methodology, and require a 
thorough investigation in future studies.

(1)
Vulnerability = Exposure + Susceptibility − Resilience

Fig. 1  Proposed vulnerability framework based on the integrated 
value model for sustainability assessment (MIVES). RQ Require-
ment, CR Criterion
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Table 1  List of selected 
susceptibility criteria and 
subcriteria from the literature 
for flood, flash flood, landslide, 
windstorm, and fire

Requirement Susceptibility (RQ1) γRQ1 = 0.70

Criterion Subcriterion γc γsc

CR1.1 Buildings CR1.1a Constructions and materials 0.20 0.50
CR1.1b Use 0.10
CR1.1c State of conservation 0.20
CR1.1d Previous harming interventions 0.20

CR1.2 Built/human-made 
features

CR1.2a Built elements of decoration 0.15 0.20
CR1.2b Water features 0.20
CR1.2c Circulation features 0.20
CR1.2d State of conservation 0.40

CR1.3 Vegetation CR1.3a1 Species (Tree) 0.35 0.40 (0.25)
CR1.3a2 Age (Tree) 0.30 (0.25)
CR1.3a3 Slenderness ratio (Tree) 0.30 (0.25)
CR1.3b Grass/shrub cover 0.25
CR1.3c Use 0.25
CR1.3d State of conservation 0.25

CR1.4 Topography – 0.10
CR1.5 Geosphere CR1.5a Bedrock 0.10 0.30

CR1.5b Soil 0.50
CR1.5c Geomorphology 0.20

CR1.6 Hydrosphere CR1.6a Groundwater 0.10 0.30
CR1.6b Surface water 0.40
CR1.6c Sea 0.30

Table 2  List of selected 
exposure criteria and subcriteria 
from the literature for 
flood, flash flood, landslide, 
windstorm, and fire

Requirement Exposure (RQ2) γRQ2=0.30

Criterion Subcriterion γc γsc

CR2.1 Cultural significance CR2.1a Built systems and features 0.40 0.25
CR2.1b Natural systems and biodiversity 0.25
CR2.1c Cultural traditions 0.20
CR2.1d Cultural acknowledgments 0.30

CR2.2 Population – 0.20 –
CR2.3 Economic – 0.20 –
CR2.4 Infrastructure – 0.20 –

Table 3  List of selected 
resilience criteria and 
subcriteria from literature for 
flood, flash flood, landslide, 
windstorm, and fire

Requirement Resilience (RQ3) γRQ3=0.30

Criterion Subcriterion γc γsc

CR3.1 Preparedness capacity CR3.1a Maintenance 0.50 0.30
CR3.1b Warning 0.20
CR3.1c Knowledge and awareness 0.20
CR3.1d Information 0.15
CR3.1e Policy and regulation 0.15

CR3.2 Coping capacity CR3.2a Emergency resources 0.25 0.40
CR3.2b Mitigating systems/measures 0.30
CR3.2c Physical strengthening/protection 0.30

CR3.3 Restorative capacity CR3.3a Financial recovery 0.25 0.30
CR3.3b Social recovery 0.30
CR3.3c Physical recovery 0.40
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2.1  Susceptibility

The susceptibility requirement (RQ1) is modeled as pre-
sented in Fig. 2. Two main criteria groups are considered: 
the built environment (CR1.1 and CR1.2) group and the 
natural environment group (CR1.3–CR1.6). Each criterion 
can be defined as follows:

• CR1.1) Constructions present on-site, including build-
ings. The characteristics of the construction consid-
ered strongly affect its behavior if impacted by climate 
action. This criterion is divided into the following sub-
criteria:

• CR1.1a construction typology and materials’ sus-
ceptibility to damage;

• CR1.1b use status (abandoned, continuous, and so 
on);

• CR1.1c current status of the object’s conservation;
• CR1.1d past interventions negatively affecting the 

building (additions, incompatible materials, and so 
on).

• CR1.2) Built/human-made features include ancillary 
artefacts that are used for decoration or functional rea-
sons. Subcriteria include:

• CR1.2a built elements of decoration: obelisks, col-
umns, romantic ruins, ornamental gates, statues, 
and so on, benches and other seats, hydraulic arte-
facts (wells, cisterns, paved drains, and so on).

• CR1.2b water features: pools, canals, rills, foun-
tains, and cascades.

• CR1.2c circulation features: walls, bridges, paths, 
entrance lodges. These include also edges: perim-
eter walls, retaining walls, biotic/abiotic hedges, 
and so on.

• CR1.2d state of conservation.

• CR1.3) Vegetation including trees, shrubs, and grass 
cover. Subcriteria include:

• CR1.3a trees (species, age, and slenderness ratio);
• CR1.3b shrub/grass cover;
• CR1.3c land use;
• CR1.3d current status of the object’s conservation.

• CR1.4) Topography of the site (for example, altitude, 
slope characteristics, and so on).

• CR1.5) Geosphere. Subcriteria include:

• CR1.5a bedrock properties;

Fig. 2  Susceptibility criteria 
and subcriteria. RQ Require-
ment, CR Criterion
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• CR1.5b soil properties (for example, sand, gravel, 
clay);

• CR1.5c geomorphologic features of the site (geologi-
cal formation, and so on).

• CR1.6) Hydrosphere. Subcriteria include:

• CR1.6a groundwater;
• CR1.6b surface water;
• CR1.6c sea.

Table 1 presents the selected susceptibility variables 
referred to as criteria and subcriteria and factors γRQ1, γc, and 
γsc indicating the weight assigned to respectively RQ1 (sus-
ceptibility), criteria, and subcriteria, adjusted from available 
literature (for example, Gandini et al. (2018); Papathoma-
Köhle et al. (2019), and Malgwi et al. (2020)).

Susceptibility can be calculated as the weighted sum of 
all subcriteria factorized by the criterion’s coefficient γc, 
using the formula:

where n is the number of subcriteria belonging to the spe-
cific criterion and value is the score assigned to each subcri-
terion according to evaluation scales set in Table 4.

2.2  Exposure

The criteria taken into consideration for the assessment of 
the exposure of cultural heritage include the cultural sig-
nificance criterion, evaluating identifiable tangible and 
intangible attributes of the asset, as well as socioeconomic 
criteria, which are essential in the vulnerability assessment 
of cultural heritage (Fig. 3).

The criteria proposed for the modeling of the exposure 
are:

• CR2.1) Cultural significance, which involves the charac-
terization of the subcriteria:

• CR2.1a built systems and features (for example, 
small-scale features such as benches, fences, monu-
ments, road markers, flagpoles, signs, foot bridges, 
curbstones, trail ruts, culverts, and foundations);

• CR2.1b natural systems and features (for example, 
views and vistas such as a lookout structure or a view 
framed by vegetation);

• CR2.1c cultural traditions, which involves those 
practices that have impacted the development of land 

(2)RQ1 =
∑6

i=1
�
c,i

(

n
∑

m=1

(value)�
sc,m

)

use, building forms, stylistic preferences, and the use 
of materials;

• CR2.1d cultural acknowledgments (for example, for-
mal legal protection status).

Movable heritage assets, such as paintings, books, and 
artworks, often found in heritage buildings and sites, can be 
modeled in the presented framework as exposure (that is, 
additional value), which should be considered in the evalu-
ation of CR2.1.

• CR2.2) Population (for example, livelihoods, density, 
demographic properties).

• CR2.3) Economic (for example, real estate value, com-
mercial value, income production).

• CR2.4) Infrastructure (for example, communication or 
transport networks).

Table 2 presents the selected exposure criteria and subcri-
teria. Factors γRQ2, γc, and γsc refer to the weight assigned to 
respectively RQ2 (exposure), criteria, and subcriteria, deter-
mined by adjusting existing knowledge available in the lit-
erature (Roders 2013; Proag 2014; Melnick and Kerr 2018).

Similar to susceptibility, exposure can be calculated as 
the weighted sum of all subcriteria factorized by the crite-
rion’s coefficient γc, as follows:

where n is the number of the subcriteria belonging to the 
specific criterion and value is the score assigned to each 
subcriterion according to evaluation scales set in Table 5.

2.3  Resilience

Resilience is modeled by considering those aspects of cul-
tural heritage systems that characterize their coping, adapt-
ing, and restoring ability (Fig. 4). The criteria proposed for 
resilience include:

• CR3.1) Preparedness capacity considers the measures 
taken to prepare for and reduce the effects of disasters. 
That is, to predict and—where possible—prevent them, 
mitigate their impact, and respond to and effectively cope 
with their consequences. It includes:

• CR3.1a maintenance: periodic inspection and main-
tenance of the site is crucial to ensure an optimal 
performance of the assets in disaster (for example, 
maintenance plans or schemes);

• CR3.1b warning: it refers to adequate warning of 
impending disasters such as sensors to record or 

(3)RQ2 =
∑4

i=1
�
c,i

(

n
∑

m=1

(value)�
sc,m

)
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Table 4  Evaluation scale related to the subcriteria of susceptibility (RQ1)

Criterion and subcriterion Value meaning Value

CR1.1a Constructions and materials Structurally sound constructions made of resistant materials 0.00
Structurally sound constructions made of materials prone to degradation or impact damage 0.5
Structurally weak constructions made of material prone to degradation or impact damage 1.00

CR1.1b Use In continuous use 0.10
Occasional use 0.40
Abandoned 1.00

CR1.1c State of conservation Good 0.00
Fair 0.18
Poor 0.73
Very bad 1.00

CR1.1d Previous harming interventions Yes, previous interventions 1.00
No interventions made 0.00

CR1.2a Built elements of decoration Absence of elements of decoration 0.00
Presence of elements of decoration 1.00

CR1.2b Water features Absence of water features 0.00
Presence of water features 1.00

CR1.2c Circulation features Absence of circulation features 0.00
Presence of circulation features 1.00

CR1.2d State of conservation Good 0.00
Fair 0.18
Poor 0.73
Very bad 1.00

CR1.3a1 Species Presence of species tolerant to local natural and climate threats 0.00
Presence of species not tolerant to local natural and climate threats 0.30
Prevalence of species not tolerant to local natural and climate threats 1.00

CR1.3a2 Age Absence of mature/veteran trees 0.00
Presence of some mature/veteran trees 0.30
Prevalence of mature/veteran trees 1.00

CR1.3a3 Slenderness ratio h/d < 70 0.00
Presence of trees with h/d > 70 0.30
Prevalence of tress with h/d > 70 1.00

CR1.3b Grass/shrub cover Presence of species tolerant to local natural and climate threats 0.00
Presence of species not tolerant to local natural and climate threats 0.30
Prevalence of species not tolerant to local natural and climate threats 1.00

CR 1.3c Use Intensive land use (including urban-sprawl, without natural elements 0.00
Intensive land use with natural elements 0.30
Extensive land use 1.00

CR1.3d State of conservation Good 0.00
Fair 0.18
Poor 0.73
Very bad 1.00

CR1.4 Topography No surrounding slopes 0.00
Stable slopes with inclination less than 15 degrees 0.15
Stable slopes with slope inclination higher than 30 degrees 0.30
Unstable slopes with inclination of 15–30 degrees 1.00

CR1.5a Bedrock Presence of stable bedrock 0.00
Presence of unstable bedrock 1.00

CR1.5b Soil Coarse-grained soil (sand, gravel) 0.00
Fine-grained soil (silt, clay) 0.30
Highly organic soil (peat) 1.00
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predict the onset or likelihood of disaster. Exam-
ples include early warning systems for disasters 
(for example, fire alarms, seismographs), weather 
alert systems, media or social media alerts by local 
authorities, and so on;

• CR3.1c knowledge and awareness: gathering, eval-
uating, and disseminating best practice examples 
as well as bad ones are also fundamental in order 
to exploit the full potential of experiences in the 
perspective of defining an appropriate cultural her-
itage protection strategy. Awareness, public edu-
cation, systems, and facilities that provide advice 
are proven methods for reducing cultural heritage 
losses. Examples include research funding, train-

ing for practitioners, the introduction of technical 
standards, knowledge-sharing platforms based on 
digital technologies, regional, national, and trans-
national programs for knowledge sharing among 
neighboring areas, dissemination via seminars and 
lectures or media campaign, on-site disaster simu-
lations and drills, and so on;

• CR3.1d information: understanding and know-
ing the characteristics of cultural heritage assets 
and their components represents a fundamental 
prerequisite for appropriate preparedness. This 
information enables to establish priorities for the 
protection of property and for example to guide 
fire brigades and civil defense officials to handle 
sensitive areas with care in responding to emer-
gencies. The assessment of cultural heritage values 
can also help clarify property losses and priority 
needs for stabilizing and securing the property and 
its constituent elements during post-disaster pro-
cesses. Examples include schemes for identifying 
and marking stock at risk through mapping, condi-
tion assessment, and evaluation, the existence of 
inventories and databases, records, and registers 
of heritage sites;

• CR3.1e policy and regulation: policies and regu-
lations dictate the capacity of a system to be pre-
pared for the occurrence of disasters. In particular, 
policies should be tailor-made for risk management 
of cultural heritage assets. Also, responsibilities 
among stakeholders must be clearly identified as 
well as the communication flows in emergencies. 
Examples include the existence of technical codes 
for the management of risk (for example, build-
ing codes, manuals for parks and gardens, zoning 
plans, cultural heritage regulations, and so on.

• CR3.2) Coping capacity and adaptive capacity or the 
ability of a system to adapt to the event without under-
going major transformations and changes. It involves:

Table 4  (continued)

Criterion and subcriterion Value meaning Value

CR1.5c Geomorphology Presence of stable geological formation 0.00

Presence of unstable geological formation 1.00
CR1.6a Groundwater Stable water table 0.00

Water table prone to sudden fluctuations 1.00
CR1.6b Surface water Far from permanent, seasonal, and human-made water course 0.00

Close to permanent, seasonal, and human-made water course 1.00
CR1.6c Sea Far from sea 0.00

Close to sea 1.00

Fig. 3  Exposure criteria and subcriteria. RQ Requirement, CR Crite-
rion
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• CR3.2a Emergency measures, including emergency 
management actions such as the activation of the 
coordinating team and the operative one, rescue 
teams, emergency management committee, emer-
gency plans, evacuation routes, and so on;

• CR3.2b Mitigating systems/measures, including 
water damage prevention devices such as drain-
age ditches, dams, flood gates, spillways, overflow 
channels;

• CR3.2c Physical strengthening and protection, 
including defense systems such as barriers, retrofit-
ting of building components, anchoring, strapping, 
and propping of trees, moveable objects, or built 
components.

• CR3.3) Restorative capacity, that is, the ability of the 
system to recover from the initial shock. It includes:

• CR3.3a financial recovery, including measures for 
ensuring the recovery of the financial dimension, 
the existence of specific funds at different admin-
istrative levels, and tax relief measures;

• CR3.3b social recovery, including plans for recov-
ery of livelihoods, health support schemes, emer-
gency accommodation plans, and so on;

• CR3.3c physical recovery, including reconstruction 
plans, cleaning and disposal plans, and so on.

Table 5  Evaluation scale related to the subcriteria of exposure (RQ2)

Criterion and subcriterion Value meaning Value

CR2.1a Built systems and features Absence of built systems and features 0.00
Presence of built systems and features 1.00

CR2.1b Natural systems and biodiversity Absence of natural systems and features 0.00
Presence of natural systems and features with low/medium value for biodiversity 0.50
Presence of natural systems and features with high value for biodiversity 1.00

CR2.1c Cultural traditions Absence of cultural traditions 0.00
Presence of cultural traditions 1.00

CR2.1d Cultural acknowledgments (to be adjusted 
according to the national adopted scale)

None 0.00
Grade IV 0.27
Grade III 0.61
Grade II 0.86
Grade I 1.00

CR2.2 Population No population 0.00
With population but no fragility 0.30
Presence of fragile population 1.00

CR2.3 Economic No economic value 0.00
Livelihoods of local residents 0.50
Presence of stable and ramified system with high economic value 1.00

CR2.4 Infrastructure Absence of relevant infrastructure 0.00
Presence of relevant infrastructure 1.00

Fig. 4  Resilience criteria and subcriteria. RQ Requirement, CR Cri-
terion
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Table 3 presents the selected resilience criteria and 
subcriteria. Factors γRQ3, γc, and γsc refer to the weight 
assigned to respectively RQ3 (resilience), criteria, and 
subcriteria, following adjustments of existing knowledge 
(Hahn et al. 2009; Daly 2014; Gandini et al. 2018; Bosher 
et al. 2019).

Resilience can be calculated as the weighted sum of all 
subcriteria factorized by the criterion’s coefficient γc, using 
the formula:

where n is the number of subcriteria belonging to the spe-
cific criterion and value is the score assigned to each subcri-
terion according to evaluation scales set in Table 6.

(4)RQ3 =
∑6

i=1
�
c,i

(

n
∑

m=1

(value)�
sc,m

)

2.4  Evaluation Scales

Indicators or subcriteria can be transformed into compa-
rable and dimensionless units through the use of value 
functions, resulting in a value between 0 and 1 (Gandini 
et al. 2018). For each subcriterion, a value function has 
been created, to evaluate the different alternatives com-
piled in evaluation scales. In cases where the value func-
tion was not available in the literature, it was defined by 
an expert group. Tables 4, 5, and 6 outline the evaluation 
scales related to the susceptibility, exposure, and resil-
ience subcriteria. Each subcriterion is assigned alterna-
tives (ranking) with a corresponding value, which is used 
in Eqs. 2, 3, and 4 for the assessment of requirements RQ1, 
RQ2, and RQ3.

Table 6  Evaluation scale related to the subcriteria of resilience (RQ3)

Criterion and Subcriterion Value Meaning Value
CR3.1a Maintenance No maintenance 0.00

Irregular maintenance 0.50
Regular maintenance 1.00

CR3.1b Warning Absence of early warning systems 0.00
Presence of early warning systems 1.00

CR3.1c Knowledge and awareness Lack of technical knowledge 0.00
No knowledge sharing among stakeholders 0.50
Lack of awareness 0.80
Knowledge and awareness ensured 1.00

CR3.1d Information No information 0.00
Partial, not up-to-date, or incomplete information exist 0.30
Partial or complete information exist but not available 0.50
Complete information is available 1.00

CR3.1e Policy and regulation Lack of regulations for cultural heritage 0.00
Unclear responsibilities 0.30
Ownership status issues 0.50
Regulated cultural heritage protection 1.00

CR3.2a Emergency resources Absence of emergency human and economic resources 0.00
Existence of emergency human and economic resources 1.00

CR3.2b Mitigating systems/measures Absence of mitigating systems 0.00
Existence of mitigating system 1.00

CR3.2c Physical strengthening/protection Absence of physical protection 0.00
Existence of physical protection 1.00

CR3.3a Financial recovery No funds available 0.00
Funds available but not accessible 0.10
Funds available but insufficient 0.30
Funds available and accessible 1.00

CR3.3b Social recovery Absence of social recovery plan 0.00
Existence of social recovery plan 1.00

CR3.3c Physical recovery No risk management plan 0.00
Risk management plan without specific emergency measures 0.30
Risk management plan exists and up to date 1.00
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Following the vulnerability definition provided in Sect. 2 
and the aggregation method presented in Eq. 1, vulnerability 
is computed as follows:

The computed values allow vulnerability ranking for dif-
ferent cultural heritage assets. The application of this meth-
odology in the field of cultural heritage protection allows 
drafting vulnerability maps that, in turn, could support 
adequate decision making in disaster situations.

3  Case Study Applications

The proposed vulnerability assessment methodology has 
been applied to 15 case studies located in seven European 
countries (Italy, Austria, Hungary, Slovenia, Czechia, 

(5)V =
(

�RQ1RQ1 + �RQ2RQ2
)

− �RQ3RQ3

Croatia, and Germany). These represent a wide range of 
different cultural and natural heritage categories, such as 
cultural landscape, historic garden and park, archaeological 
site, small ruined village, and historic building, in different 
geographical and environmental context (urban and remote 
sites in mountainous, hilly, and coastal areas). Key to the 
selection of the most appropriate sites for the vulnerability 
assessments is the exposure of the sites to hazards influenced 
by climate change: heavy rains, flash floods, flood events in 
large basins, windstorms, and fires due to drought periods 
(Table 7 and Fig. 5). Detailed descriptions of the case stud-
ies are available on the website of the STRENCH Project.2

Table 7  Description of the different testing sites, specifying the geographical location and their peculiar heritage categories and relevance, high-
lighting elements under threat and main hazards impacting the site

CL cultural landscape, CNH cultural and natural heritage, H hamlets, HB historic buildings, HPG historic parks and gardens, M mansions, R 
ruins

Place Assessed site CNH Cultural relevance Elements under threat Impacting hazards

Troja Hamlet
Troja-Praha
(CZ)

Troja Château H
HPG
M

Historic landscape
Historic buildings
Architectural heritage

Landscape
Building materials
Flora and fauna

Flood  
Windstorm
Fire

Franconian Switzerland 
Bavaria (DE)

Cherry fields
Walberia

CL
H

Mountain and hill CNH, high den-
sity of castles and ruins

Landscape
Building materials
Fruit growing
Rural settlements

Flash flood
Storm
Drought
Heat

Kolici
Split-Dalmatia (HR)

Kolici H Mountain hamlets with preserved 
authentic stone construction 
methods, typical for Dalmatian 
architecture

Stone constructions 
(building, walls, ele-
ments)

Landslide
Drought
Fire

Parco Villa Ghigi
Bologna, (IT)

Parco Villa Ghigi CL
HPG

Protected natural and semirural hill 
area including a seventeenth-cen-
tury manor and centuries-old trees 
including monumental specimen 
protected at the national level

Landscape
Flora and fauna
Building materials

Heavy rain
Flash flood
Landslide
Windstorm

Wachau Valley
Krems, Stein, Melk (AT)

Melk Abbey landscape
Dürnstein
Krems Stejn

CL
H
R

Multitude of CNH: historic city cent-
ers, monasteries, ruins, hamlets, 
terraced vineyards, apricot trees

Landscape
Dry stone walls
Building materials
Fruit growing

Heavy rain
River flood
Flash flood
Landslide
Fire

Lake Balaton (HU) Zichy Mansion CL
HB
HPG
M

Significant historical, cultural, and 
ecological values: 81 settlements 
involved in geoparks, Natura 2000 
sites, 116 locally protected nature 
areas, 2,935 historic buildings, 
historic gardens

Landscape
Flora and fauna
Building materials

Lake flood
Flash flood
Windstorm
Erosion
Landslide
Fire due to drought

Vipava Valley (SI) Lanthieri Manor
House Miren 114 & 137
Linden tree line
Rence Church
Rence School

CL
HB
M
R

Built cultural heritage: many monu-
ments with a status of national or 
local importance

Landscape
Building materials

Heavy rain
River flood
Landslide
Windstorm

2 https:// progr amme2 014- 20. inter reg- centr al. eu/ Conte nt. Node/ 
STREN CH. html

https://programme2014-20.interreg-central.eu/Content.Node/STRENCH.html
https://programme2014-20.interreg-central.eu/Content.Node/STRENCH.html
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3.1  Ranking of Susceptibility, Exposure, 
and Resilience

This section summarizes the results of the final evaluation 
of susceptibility, exposure, and resilience performed in each 
case study. The assessment was carried out with the sup-
port of the local stakeholders, following the methodology 
described in Sect. 2. Professionals, managers of cultural 
and natural heritage resources, and members of local public 
authorities have been involved during the whole process to 
define the most appropriate indicators and assign the correct 
weights, as reported in Sect. 2.4 (Tables 1, 2, and 3). Fol-
lowing an iterative process, feedback obtained after the first 
consultation had a pivotal role in the adaptation and adjust-
ment of the methodology and in the correct assignment of 
the evaluation to the subcriteria. The final result was a fine-
tuned procedure for specific cultural and natural heritage 
categories in different environmental contexts affected by 
diverse hazards (Table 7 and Fig. 5).

For Table 7’s case studies, the value assigned to each sub-
criterion is reported for the three requirements of susceptibil-
ity (Table 8), exposure (Table 9), and resilience (Table 10). 
The values assigned to each subcriterion, ranging from 0.00 
to 1.00, are also represented as a proportional color bar in 
red in Tables 8 and 9, to highlight that increasing relative 

values of susceptibility and exposure account for an increase 
of vulnerability, and in green in Table 10 to emphasize that 
increasing relative values of resilience imply a decrease of 
vulnerability.

3.2  Ranking of Vulnerability for Each Case Study

Vulnerability (V), computed using Eq. 5, ranges between 
0.00 and 1.00 and can be ranked in five different categories 
(Balica et al. 2012), as follows:

Very low:0.0 ≤ V < 0.2 slightly susceptible assets with 
high level of protection
Low:0.2 ≤ V < 0.4 moderately susceptible assets with 
moderate level of protection
Moderate:0.4 ≤ V < 0.6 highly susceptible assets with 
moderate level of protection
High:0.6 ≤ V < 0.8 very highly susceptible assets with 
low level of protection
Very high:0.8 ≤ V < 1.0 very highly susceptible assets 
with no protection

Table 11 reports the values of vulnerability obtained for 
each site, alongside the values of susceptibility (RQ1), expo-
sure (RQ2), and resilience (RQ3) from Tables 8, 9, and 10.

Fig. 5  Representative pictures 
(©STRENCH Project) of the 
case study sites evaluated: Five 
places for cultural landscape; 
four places for hamlets; one 
place for historic buildings/
complex; three for historic parks 
and gardens; three for mansions; 
and two places for ruins. CNH 
cultural and natural heritage
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In 13 out of 15 of the sites considered, susceptibility 
(RQ1) ranges from very low to low, with a moderate level 
recorded only for two cases representing diverse cultural 
heritage categories: 0.54 for Kolici (hamlet) and 0.48 for 
Parco Villa Ghigi (historic park and garden). Subcrite-
ria related to the built and natural environment (Fig. 2, 
Sect. 2.1) play a driving role in determining the higher val-
ues of susceptibility. In particular, these subcriteria include 
the use and state of conservation of the heritage site and 
surrounding environment, the presence/absence of water 
circulation features at the site, and the hydrogeological and 

geomorphological conditions of the area in which the sites 
are located. For both sites a key subcriterion is also given 
by the presence of mature/veteran trees (Criteria CR1.3 
“Vegetation”). Generally, susceptibility for the majority of 
the investigated sites, particularly built heritage, is highly 
influenced by the hydrogeological conditions of the area 
(Subcriteria CR1.6a “Groundwater” and CR1.6b “Surface 
water”). Previous harming interventions influence the 
value of susceptibility of a significant number of analyzed 
sites (Troja Château, Walberia, Zichy Mansion, House 
Miren, Rence Church), as well as the added architectural 

Table 8  The assigned value for each subcriterion of the requirement susceptibility (RQ1) in vulnerability assessment of specific cultural heritage 
categories considered for the 15 case studies

Troja 
Hamlet 

(CZ)

Kolici 
(HR)

Parco 
Villa 

Ghigi (IT)

Lake 
Balaton 

(HU) 

Subcriteria Troja 
Château

Cherry 
fields Walberia Kolici Parco 

Villa Ghigi

Melk 
Abbey 

landscape
Dürnstein Krems 

Stejn
Zichy 

Mansion
Lanthieri 

Manor
House 

Miren 114
House 

Miren 137
Linden 

tree line

Vipava 
Rence 

Church

Rence 
School

CR1.1a 0.50 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.50 0.00 1.00
CR1.1b 0.10 0.00 0.40 1.00 0.00 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
CR1.1c 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.18 0.18 0.00 0.73 0.00 0.00 0.00 0.00
CR1.1d 1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.00 1.00 1 1.00 0.00
CR1.2a 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 1.00 0.00
CR1.2b 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00
CR1.2c 1.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00
CR1.2d 0.18 0.00 0.18 1.00 0.18 0.00 0.00 0.18 0.18 0.00 0.00 0.00 0.00 0.00 0.00
CR1.3a1 0.00 1.00 0.00 1.00 0.30 0.00 0.30 0.00 0.30 0.00 0.00 0.00 0.00 0.00 0.00
CR1.3a2 0.00 0.30 0.00 1.00 1.00 0.30 0.30 0.30 0.30 0.00 0.00 0.00 0.00 0.00 0.00
CR1.3a3 0.00 0.00 0.00 0.30 0.30 0.30 0.30 0.30 0.30 0.00 0.00 0.00 0.00 0.00 0.00
CR1.3b 0.30 0.30 0.00 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CR 1.3c 0.30 0.30 1.00 1.00 1.00 0.30 0.30 0.30 1.00 0.00 0.00 0.00 0.30 0.00 0.00
CR1.3d 0.00 0.00 0.18 1.00 0.18 0.00 0.00 0.18 0.18 0.00 0.00 0.00 0.00 0.00 0.00
CR1.4 0.15 0.15 0.15 0.30 1.00 0.30 0.30 0.15 0.15 0.30 0.00 0.15 0.00 0.00 0.00
CR1.5a 0.00 0.00 1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CR1.5b 0.00 0.30 0.30 0.00 0.30 0.30 0.30 0.00 0.30 0.30 0.30 0.30 0.30 0.30 0.00
CR1.5c 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CR1.6a 1.00 1.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.80 1.00 1.00
CR1.6b 1.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00
CR1.6c 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

RQ1 0.33 0.16 0.25 0.54 0.48 0.22 0.23 0.22 0.33 0.21 0.22 0.14 0.20 0.16 0.20

Franconian 
Switzerland  (DE) Wachau Valley (AT) Vipava Valley (SI)

The value ranging from 0.00 to 1.00 is also represented as a proportional color bar in red in order to emphasize that increasing relative values of 
susceptibility account for an increase of vulnerability
RQ requirement, CR criterion

Table 9  The assigned value for each subcriterion of the requirement exposure (RQ2) in the vulnerability assessment of specific cultural heritage 
categories considered for the 15 case studies

Troja 
Hamlet 

(CZ)

Kolici 
(HR)

Parco 
Villa 

Ghigi (IT)

Lake 
Balaton 

(HU) 

Subcriteria Troja 
Château

Cherry 
fields Walberia Kolici Parco 

Villa Ghigi

Melk 
Abbey 

landscape
Dürnstein Krems 

Stejn
Zichy 

Mansion
Lanthieri 

Manor
House 

Miren 114
House 

Miren 137
Linden 

tree line

Vipava 
Rence 

Church

Rence 
School

CR2.1a 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00
CR2.1b 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 0.00 0.50 0.00 1.00 0.00 0.00
CR2.1c 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00
CR2.1d 0.86 0.86 1.00 0.00 0.86 1.00 0.86 0.61 0.61 1.00 0.61 0.86 1.00 0.86 0.61
CR2.2 0.30 0.30 0.00 0.00 1.00 0.30 1.00 0.30 0.30 0.30 0.30 0.30 1.00 0.30 0.30
CR2.3 0.50 0.50 0.50 0.00 0.50 1.00 0.50 0.50 0.50 0.50 0.00 0.00 0.30 0.00 0.50
CR2.4 1.00 0.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00

RQ2 0.69 0.44 0.50 0.48 0.68 0.86 0.83 0.71 0.66 0.66 0.56 0.54 0.48 0.54 0.68

Franconian 
Switzerland  (DE) Wachau Valley (AT) Vipava Valley (SI)

The value ranging from 0.00 to 1.00 is also represented as a proportional color bar in red in order to emphasize that increasing relative values of 
exposure account for an increase of vulnerability
RQ Requirement, CR Criterion
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value given by the presence of decorative elements at all 
sites of the Wachau Valley, in addition to the sites located 
in Czech Republic, Italy, Hungary, and Slovenia.

Exposure (RQ2) varies from moderate to very high, 
with the highest levels for the heritage sites located in 
the Wachau Valley. The subcriteria influencing the cul-
tural significance (Criterion CR2.1) have a key influence 
in determining the higher encountered values, not only 
for the sites of the Wachau Valley, but also in general for 
all the other sites. The presence of relevant infrastructure 
(CR2.4) at almost all sites has also been recognized as 
driving the final value of this requirement. The presence 
of population, as another significant criterion (CR2.2), 

should be considered, particularly for the Italian, Slove-
nian, and Austrian sites.

Resilience (RQ3) generally varies from moderate to 
very high, with only one case study presenting a low 
value (Kolici). The ruined hamlet located in Croatia 
lacks in preparedness capacity (Criterion CR3.1), particu-
larly when referring to maintenance intervention, early 
warning systems, information, and knowledge about the 
characteristics of the cultural heritage assets. The site is 
characterized also by presenting a low value concerning 
subcriterion CR3.1e related to policy and regulation. 
Significant gaps are also recognized for the other two 
criteria: coping capacity (CR3.2) and restorative capacity 

Table 10  The assigned value for each subcriterion of the requirement resilience (RQ3) in the vulnerability assessment of specific cultural herit-
age categories considered for the 15 case studies

Troja 
Hamlet 

(CZ)

Kolici 
(HR)

Parco 
Villa 

Ghigi (IT)

Lake 
Balaton 

(HU) 

Subcriteria Troja 
Château

Cherry 
fields Walberia Kolici Parco 

Villa Ghigi

Melk 
Abbey 

landscape
Dürnstein Krems 

Stejn
Zichy 

Mansion
Lanthieri 

Manor
House 

Miren 114
House 

Miren 137
Linden 

tree line

Vipava 
Rence 

Church

Rence 
School

CR3.1a 0.50 1.00 1.00 0.00 1.00 1.00 1.00 1.00 0.50 1.00 0.50 1.00 1.00 1.00 1.00
CR3.1b 1.00 1.00 1.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00
CR3.1c 1.00 0.80 0.80 0.80 1.00 1.00 1.00 1.00 0.80 1.00 1.00 1.00 1.00 1.00 1.00
CR3.1d 0.50 0.50 0.50 0.00 0.30 1.00 1.00 1.00 0.30 0.50 0.50 1.00 1.00 1.00 0.50
CR3.1e 1.00 0.50 1.00 0.30 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CR3.2a 1.00 0.00 1.00 0.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CR3.2b 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00
CR3.2c 1.00 0.00 1.00 0.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 1.00 - 1.00 1.00
CR3.3a 0.30 0.30 0.10 0.00 0.30 1.00 1.00 0.30 0.30 0.30 0.00 0.30 0.30 1.00 1.00
CR3.3b 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30
CR3.3c 1.00 0.00 0.30 1.00 0.30 1.00 0.00 1.00 0.30 0.30 0.00 1.00 0.30 0.30 0.00

RQ3 0.76 0.43 0.66 0.20 0.63 0.83 0.48 0.87 0.57 0.77 0.44 0.87 0.73 0.86 0.81

Franconian 
Switzerland  (DE) Wachau Valley (AT) Vipava Valley (SI)

The value ranging from 0.00 to 1.00 is also represented as a proportional color bar in green in order to emphasize that increasing relative values 
of resilience implies a decrease of vulnerability
RQ Requirement, CR Criterion

Table 11  Susceptibility (RQ1), 
exposure (RQ2), resilience 
(RQ3), and vulnerability 
assessed for each site

CNH cultural and natural heritage, CL cultural landscape, H hamlets, HB historic buildings, HPG historic 
parks and gardens, M mansion, R ruins

Place Assessed Site CNH class Assessment Results

RQ1 RQ2 RQ3 Vulnerability

Troja Hamlet (CZ) Troja Château HPG, M, H 0.33 0.69 0.76 0.21
Franconian Switzerland (DE) Cherry fields CL 0.15 0.44 0.43 0.11

Walberia CL, H 0.25 0.50 0.66 0.13
Kolici (HR) Kolici H 0.54 0.48 0.20 0.46
Parco Villa Ghigi (IT) Parco Villa Ghigi CL, HPG 0.48 0.68 0.63 0.36
Wachau Valley (AT) Melk Abbey landscape CL, H, R 0.22 0.86 0.83 0.16

Dürnstein CL, H, R 0.23 0.83 0.48 0.28
Krems Stejn CL, H 0.23 0.71 0.87 0.11

Lake Balaton (UR) Zichy Mansion CL, HPG, M 0.33 0.66 0.57 0.26
Vipava Valley (SI) Lanthieri Manor M 0.21 0.66 0.77 0.11

House Miren 114 HB 0.22 0.56 0.44 0.19
House Miren 137 HB 0.14 0.54 0.87 0.00
Linden tree line CL, R 0.20 0.48 0.73 0.06
Rence Church HB 0.16 0.54 0.86 0.02
Rence School HB 0.20 0.66 0.81 0.10
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(CR3.3). Concerning the latter, an existing and updated 
risk management plan (CR3.3.c) positively influences 
the resilience of the site. The highest values of resilience 
are found at the sites located in the Wachau and Vipava 
valleys.

In summary, in 93% of the cases, susceptibility is lower 
than 0.5, indicating light to moderate predisposition to 
damage. Similarly, 73% of the sites record an exposure 
higher than 0.5, evidencing the cultural relevance and 
intrinsic values of the selected case studies. Finally, 73% 
of the sites score a resilience higher than 0.5, exposing 
the high level of protection implemented at the sites with 
considerable influence in reducing vulnerability.

Concerning the final vulnerability evaluation, 70% of 
the selected cases scored V < 0.2 (very low), 25% 0.2 ≤ 
V < 0.4 (low), and only 5% attained a vulnerability value 
0.4 ≤ V < 0.6 (moderate). No tested site presents a high 
or very high category of vulnerability (V ≥ 0.6). This 
shows that no significant damage is expected from haz-
ards. Nevertheless, due to the considerable heritage value 
of the assets analyzed, deeper insights into the actual con-
ditions in situ are needed with a quantitative investigation 
of resilience and susceptibility factors.

The testing on 15 case studies represents diverse cul-
tural and natural heritage categories located in diverse 
environmental and climate contexts in Central Europe. 
Characterized by different approaches in managing cul-
tural heritage at risk, it allows the achievement of sig-
nificant steps in the validation of the proposed methodol-
ogy. A key phase was the iterative consultation with local 
stakeholders for the final identification of the criteria and 
subcriteria to adjust the given values. Application to fur-
ther sites in other contexts would contribute to strength-
ening the reliability of the methodological approach.

For the case studies investigated, the meaning of vul-
nerabilities below 0.5 is presented in the discussion of 
the results. Being culturally significant in their countries, 
the selected sites mostly present a high level of protec-
tion and maintenance, that is, resilience, reducing vul-
nerability. Some also present high susceptibility, that is, 
intrinsic predisposition to damage. The in-depth analysis 
of the criteria and subcriteria crucial for the final value of 
each requirement permits tracking down the weaknesses 
and strengths of the site from the environmental (natural 
and built), cultural, social, and managerial perspectives. 
Therefore, it permits the identification of the priorities for 
safeguarding the site. The development of a standardized 
methodology of vulnerability assessment going beyond 
merely qualitative evaluations is needed to support herit-
age managers and decision makers to undertake suitable 
actions of preparedness and preventive conservation.

4  Concluding Remarks and Future 
Directions

The proposed methodology represents a valid tool for tar-
geted users, including non-technical ones, for the sake of 
vulnerability assessment of cultural and natural heritage in 
conditions of risk linked to hydrometeorological extremes. 
The underlying conceptual framework, based on MCDA 
and on widely accepted representations of vulnerability, 
ensures reliable modeling of the domain with considerable 
adaptability and transferability capacities. Its novelty is 
represented by the possible applicability to diverse cultural 
heritage potentially at risk from various hazards linked to 
climate change.

The validation of the methodology, carried out through 
the investigation of vulnerability at selected case study sites, 
exposes the main advantages of the evaluation tool. First, the 
model is easy to use and intuitive, despite the high complex-
ity of the domain involved. Second, the ease-to-use enables 
better accessibility, optimizing awareness raising and the 
dissemination of results. Finally, the methodology allows 
gathering immediate vulnerability evaluation data, even 
with limited or remote access to the site, thanks to the low-
resource demanding calculation process involved. The tool 
successfully helps to flag critical situations, that is, those 
conditions under which cultural heritage assets are more 
prone to experience damage or loss. It also provides an indi-
cation of which specific factors of susceptibility, exposure, 
and resilience should be addressed. From this perspective, 
the vulnerability methodology constitutes an opportunity for 
managers and decision makers to optimize resource alloca-
tion and prioritize interventions for the protection of cultural 
and natural heritage.

Nevertheless, limitations should be considered. The 
assessment is mostly qualitative. For obtaining a more accu-
rate vulnerability evaluation, a thorough assessment using 
quantitative indicators would be needed. Due to the hetero-
geneity of cultural and natural heritage typologies consid-
ered, the diverse scale of analysis is not distinguished by 
the model. Knowing the strong scale dependency of vulner-
ability, it is recommended that its effects should be factored 
in separately by the evaluator, especially when comparing 
results from different assets. In addition, the partial use of 
the model is not supported. The assessment of only some of 
the criteria or subcriteria, in fact, would result in mis-esti-
mating vulnerability. Similarly, the model does not capture 
cases of lacking, incomplete, or unknown data. Finally, there 
exist synergic effects due to the co-existence of particular 
susceptibility, exposure, and resilience conditions that may 
result in a considerably increased vulnerability of the asset 
under investigation. This should be taken into consideration 
during the evaluation.
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The proposed model results from iterations, adapting it 
to fulfill requirements from the selected case studies. As 
a result, its branches differ in depth with some being par-
ticularly detailed (for example, vegetation) and others being 
strongly simplified (for example, construction and material). 
Nevertheless, a more articulated structure of the criteria can 
be easily integrated for future work.

Future work should primarily consider extending the test-
ing phase at the local level by actively engaging stakeholders 
with a deepened knowledge of the territories under evalua-
tion and their challenges, the value and significance of the 
heritage assets to be protected, and existing risk manage-
ment systems (strategies and plan). This would allow further 
framework validation and adjustments of the requirement 
tree, weights, and evaluation scales. It would also permit 
overcoming or controlling most of the limitations outlined 
above. The gained experience highlights the need to inte-
grate precise indicators, which could allow quantitative vul-
nerability assessment. Moreover, enlarging the stakehold-
ers defining the conceptual framework and its variables will 
benefit the optimization and soundness of the methodology. 
Implementing the methodology in existing tools for risk 
management would contribute to improving its robustness 
and effectiveness as well as its dissemination and outreach.

Acknowledgments This research was funded by the Interreg Central 
Europe Project “STRENgthening resilience of Cultural Heritage at risk 
in a changing environment through proactive transnational cooperation 
– STRENCH, Project index number CE1665”. Authors wish to thank 
all colleagues and partners involved in the consortium for the fruitful 
discussions and active collaboration that ensured the achievement of 
the planned project objectives. Authors also acknowledge support from 
the PNRR MUR project ECS_00000033_ECOSISTER.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Appiotti, F., V. Assumma, M. Bottero, P. Campostrini, G. Datola, P. 
Lombardi, and E. Rinaldi. 2020. Definition of a risk assessment 
model within a European Interoperable Database Platform (EID) 
for cultural heritage. Journal of Cultural Heritage 46: 268–277.

Balica, S.F., N.G. Wright, and F. van der Meulen. 2012. A flood vul-
nerability index for coastal cities and its use in assessing climate 
change impacts. Natural Hazards 64: 73–105.

Birkmann, J., ed. 2006. In Measuring vulnerability to natural hazards 
– Towards disaster-resilient societies. Tokyo: UNU Press.

Bohle, H.-G. 2001. Vulnerability and criticality: Perspectives from 
social geography. IHDP Update 2/2001. Newsletter of the Inter-
national Human Dimensions Programme on Global Environ-
mental Change.

Boix-Cots, D., F. Pardo-Bosch, A. Blanco, A. Aguado, and P. Puja-
das. 2022. A systematic review on MIVES: A sustainability-
oriented multi-criteria decision-making method. Building and 
Environment 223: Article 109515.

Bonazza, A., and A. Sardella. 2023. Climate change and cultural her-
itage: Methods and approaches for damage and risk assessment 
addressed to a practical application. Heritage 6(4): 3578–3589.

Bonazza, A., A. Sardella, A. Kaiser, R. Cacciotti, P. De Nuntiis, C. 
Hanus, I. Maxwell, T. Drdácký, and M. Drdácký. 2021. Safe-
guarding cultural heritage from climate change related hydro-
meteorological hazards in Central Europe. International Jour-
nal of Disaster Risk Reduction 63: Article 102455.

Bosher, L., D. Kim, T. Okubo, K. Chmutina, and R. Jigyasu. 2019. 
Dealing with multiple hazards and threats on cultural heritage 
sites: An assessment of 80 case studies. Disaster Prevention and 
Management 29(1): 109–128.

Briz, E., L. Garmendia, I. Marcos, and A. Gandini. 2023. Improving 
the resilience of historic areas coping with natural and climate 
change hazards: Interventions based on multi-criteria methodol-
ogy. International Journal of Architectural Heritage. https:// doi. 
org/ 10. 1080/ 15583 058. 2023. 22183 11.

Cacciotti, R., A. Kaiser, A. Sardella, P. De Nuntiis, M. Drdácký, C. 
Hanus, and A. Bonazza. 2021. Climate change-induced disas-
ters and cultural heritage: Optimizing management strategies in 
Central Europe. Climate Risk Management 32: Article 100301.

Cardona, O.D., M.K. Van Aalst, J. Birkmann, M. Fordham, G. Mc 
Gregor, P. Rosa, R.S. Pulwarty, and E.L.F. Schipper. 2012. 
Determinants of risk: Exposure and vulnerability. In Managing 
the risks of extreme events and disasters to advance climate 
change adaptation: Special report of the Intergovernmental 
Panel on Climate Change, eds. C.B. Field, V. Barros, T.F. 
Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, 
and K.J. Mach et al., 65–108. Cambridge, UK: Cambridge Uni-
versity Press.

Cinelli, M., S.R. Coles, and K. Kirwan. 2014. Analysis of the potentials 
of multi criteria decision analysis methods to conduct sustainabil-
ity assessment. Ecological Indicators 46: 138–148.

Daly, C. 2014. A framework for assessing the vulnerability of archaeo-
logical sites to climate change: Theory, development, and applica-
tion. Conservation and Management of Architectural Sites 16(3): 
268–282.

Egusquiza, A., D. Lückerath, S. Zorita, S. Silverton, G. Garcia, E. Ser-
vera, A. Bonazza, I. Garcia, and A. Kalis. 2023. Paving the way 
for climate neutral and resilient historic districts. Open Research 
Europe 3: Article 42.

European Commission, Directorate-General for Education, Youth, 
Sport and Culture. 2022. Strengthening cultural heritage resil-
ience for climate change: Where the European Green Deal meets 
cultural heritage. Brussels: Publications Office of the European 
Union

Figueiredo, R., X. Romao, and E. Pauperio. 2020. Flood risk assess-
ment of cultural heritage at large spatial scales: Framework and 
application to mainland Portugal. Journal of Cultural Heritage 
43: 163–174.

Figueiredo, R., X. Romao, and E. Pauperio. 2021. Component-based 
flood vulnerability modelling for cultural heritage buildings. Inter-
national Journal of Disaster Risk Reduction 61: Article 102323.

Gaddi, R., C. Cacace, and A.D.M. di Bucchianico. 2022. The risk 
assessment of surface recession damage for architectural build-
ings in Italy. Journal of Cultural Heritage 57: 118–130.

Gandini, A., A. Egusquita, L. Garmendia, and J.T. San-José. 2018. Vul-
nerability assessment of cultural heritage sites towards flooding 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/15583058.2023.2218311
https://doi.org/10.1080/15583058.2023.2218311


International Journal of Disaster Risk Science

events. IOP Conference Series: Materials Science and Engineer-
ing 364: Article 012028.

Gandini, A., L. Garmendia, I. Prieto, I. Álvarez, and J.-T. San José. 
2020. A holistic and multi-stakeholder methodology for vulner-
ability assessment of cities to flooding and extreme precipitation 
events. Sustainable Cities and Society 63: Article 102437.

Hahn, M.B., A.M. Riederer, and S.O. Foster. 2009. The livelihood 
vulnerability index: A pragmatic approach to assessing risks from 
climate variability and change—A case study in Mozambique. 
Global and Environmental Change 19(1): 74–88.

Herva, M., and H. Roca. 2013. Review of combined approaches and 
multi-criteria analysis for corporate environmental evaluation. 
Journal of Cleaner Production 39: 355–371.

Huang, I.B., J. Keisler, and I. Linkov. 2011. Multi-criteria decision 
analysis in environmental sciences: Ten years of applications and 
trends. Science of the Total Environment 409(19): 3578–3594.

IPCC (Intergovernmental Panel on Climate Change). 2022. Climate 
change 2022: Impacts, adaptation and vulnerability. Contribution 
of working group II to the sixth assessment report of the Intergov-
ernmental Panel on Climate Change. Cambridge, UK: Cambridge 
University Press.

Jigyasu, R., M. Murthy, G. Boccardi, C. Marrion, D. Douglas, J. King, 
G. O’Brien, G. Dolcemascolo, et al. 2013. Heritage and resilience: 
Issues and opportunities for reducing disaster risks. Fourth session 
of the Global Platform on Disaster Risk Reduction, ICORP-ICO-
MOS, UNISDR, UNESCO, ICCROM. Mumbai, India: Design 
Flyover.

Kotova, L., J. Leissner, M. Winkler, R. Kilian, S. Bichlmair, F. Antret-
ter, J. Moßgraber, J. Reuter, et al. 2023. Making use of climate 
information for sustainable preservation of cultural heritage: 
Applications to the KERES project. Heritage Sciences 11: Arti-
cle 18.

Malgwi, M.B., S. Fuchs, and M. Keiler. 2020. A generic physical 
vulnerability model for floods: Review and concept for data-
scarce regions. Natural Hazards and Earth System Sciences 20: 
2067–2090.

Melnick, R.Z., and N.P. Kerr. 2018. Climate change impacts on cultural 
landscapes: A preliminary analysis in U.S. national parks across 
the Pacific West. Landscape Architectural Frontiers 6: 112–125.

Moreira, L., M. de Brito, and M. Kobiyama. 2021. Review article: A 
systematic review and future prospects of flood vulnerability indi-
ces. Natural Hazards and Earth System Sciences 21: 1513–1530.

Munyai, R.B., A. Musyoki, and N.S. Nethengwe. 2019. An assessment 
of flood vulnerability and adaptation: A case study of Hamutsha-
Muungamunwe Village, Makhado Municipality. Jamba: Journal 
of Disaster Risk Studies 11(2): Article 692.

Papathoma-Köhle, M., M. Schlögl, and S. Fuchs. 2019. Vulnerability 
indicators for natural hazards: An innovative selection and weight-
ing approach. Scientific Reports 9: 1–14.

Pons, O., A. de la Fuente, and A. Aguado. 2016. The use of MIVES 
as a sustainability assessment MCDM method for architecture 
and civil engineering applications. Sustainability 8: Article 460.

Proag, V. 2014. The concept of vulnerability and resilience. Procedia 
Economics and Finance 18: 369–376.

Ravan, M., M.J. Revez, I.V. Pinto, P. Brum, and J. Birkmann. 2023. 
A vulnerability assessment framework for cultural heritage sites: 

The case of the Roman ruins of Tróia. International Journal of 
Disaster Risk Sciences 14(1): 26–40.

Reimann, L., A.T. Vafeidis, S. Brown, J. Hinkel, and R.S.J. Tol. 2018. 
Mediterranean UNESCO World Heritage at risk from coastal 
flooding and erosion due to sea-level rise. Nature Communica-
tion 9: 1–11.

Roders, A.P. 2013. Monitoring cultural significance and impact assess-
ments. In Proceedings of the 33rd Annual Meeting of the Interna-
tional Association for Impact Assessment (IAIA13), 13–16 May 
2013, Calgary, Alberta, Canada.

Rosa, A., A. Santangelo, and S. Tondelli. 2021. Investigating the inte-
gration of cultural heritage disaster risk management into urban 
planning tools. The Ravenna case study. Sustainability 13: Article 
872.

Saaty, T.L., and K.P. Kearns. 1985. The analytic hierarchy process. In 
Analytical planning: The organization of systems, ed. T.L. Saaty, 
and K.P. Kearns, 19–62. Oxford, UK: Pergamon Press.

Sadok, W., F. Angevin, J.E. Bergez, C. Bockstaller, B. Colomb, L. 
Guichard, R. Reau, and T. Dor´e. 2009. Ex ante assessment of 
the sustainability of alternative cropping systems: Implications 
for using multi-criteria decision-aid methods—A review. In Sus-
tainable agriculture, ed. E. Lichtfouse, M. Navarrete, P. Debaeke, 
S. Véronique, and C. Alberola, 753–767. Dordrecht, Netherland: 
Springer.

Sardella, A., E. Palazzi, J. von Hardenberg, C. Del Grande, P. De Nun-
tiis, C. Sabbioni, and A. Bonazza. 2020. Risk mapping for the 
sustainable protection of cultural heritage in extreme changing 
environments. Atmosphere 11(7): Article 700.

Sesana, E., A.S. Gagnon, A. Bonazza, and J.J. Hughes. 2020. An inte-
grated approach for assessing the vulnerability of World Heritage 
Sites to climate change impacts. Journal of Cultural Heritage 
41: 211–224.

Tapsell, S., S. McCarthy, H. Faulkner, and M. Alexander. 2010. Social 
vulnerability and natural hazards. CapHaz-Net WP4 Report. 
Flood Hazard Research Centre, Middlesex University, London.

Thywissen, K. 2006. Core terminology of disaster reduction: A com-
parative glossary. In Measuring vulnerability to natural hazards—
Towards disaster resilient societies, ed. J. Birkmann, 448–497. 
Tokyo: United Nations University Press

Turner, B.L., R.E. Kasperson, P.A. Matson, J.J. McCarthy, R.W. 
Corell, L. Christensen, N. Eckley, and J.X. Kasperson et al. 2003. 
A framework for vulnerability analysis in sustainability science. 
PNAS 100(14): 8074–8079.

UNDDR (United Nations Office for Disaster Risk Reduction). 2016. 
Report of the open-ended intergovernmental expert working group 
on indicators and terminology relating to disaster risk reduction. 
Geneva: UNDRR.

Valagussa, A., P. Frattini, G. Crosta, D. Spizzichino, G. Leoni, and 
C. Margottini. 2021. Multi-risk analysis on European cultural 
and natural UNESCO heritage sites. Natural Hazards 105: 
2659–2676.

Wang, J., Y.Y. Jing, C.F. Zhang, and J.H. Zhao. 2009. Review on 
multi-criteria decision analysis aid in sustainable energy deci-
sion-making. Renewable and Sustainable Energy Reviews 13(9): 
2263–2278.


	A Methodology for Vulnerability Assessment of Cultural Heritage in Extreme Climate Changes
	Abstract
	1 Introduction
	2 Assessing Vulnerability of Cultural Heritage Under Climate Change Scenarios: Conceptual Framework and Methodological Approach
	2.1 Susceptibility
	2.2 Exposure
	2.3 Resilience
	2.4 Evaluation Scales

	3 Case Study Applications
	3.1 Ranking of Susceptibility, Exposure, and Resilience
	3.2 Ranking of Vulnerability for Each Case Study

	4 Concluding Remarks and Future Directions
	Acknowledgments 
	References


