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Abstract: The present paper aims to study the Wachau Valley in Austria as a representative Cultural
Landscape under threat from extreme hydrometeorological hazards linked to climate change. The
primary objective is to investigate the impacts and assess the vulnerability associated with the events
of heavy rain and flooding. The methodology employed consists of an investigation of recorded past
events impacting the Wachau; a vulnerability ranking system; a climate time series analysis based
on earth observation products; and future hazard maps at territorial level, developed with outputs
from regional and global climate models. The investigation we carried out provides a vulnerability
assessment of two terraced areas with a surface of about 10,000 m2 in total, characterized by the
presence of dry stone walls, with different state of conservation in the Municipality of Krems (Wachau).
In addition, climate projections at territorial level for the extreme climate indices R20mm, R95pTOT,
and R×5day—selected for investigating the likelihood of increases/decreases in events of heavy rain
and large basin flooding—are provided, with a spatial resolution of ~12 km for the near and far future
(2021–2050; 2071–2100) under stabilizing (RCP 4.5) and pessimistic (RCP 8.5) scenarios. The results
indicate a general increase for the three indices in the studied areas during the far future under the
pessimistic scenario, suggesting a heightened risk of heavy rain and flooding. These findings aim to
inform policymakers and decision-makers in their development of strategies for safeguarding cultural
heritage. Furthermore, they serve to assist local stakeholders in enhancing their understanding of
prioritizing interventions related to preparedness, emergency response, and recovery.

Keywords: dry stone walls; terraces; heavy rain; flooding; hazards; exposure; susceptibility;
resilience; protection

1. Introduction

Climate change is widely acknowledged to be posing ongoing and emerging chal-
lenges to safeguarding and preserving cultural heritage in its broadest sense. Cultural
heritage encompasses resources inherited from the past in various manifestations (tangible
and intangible), intended for transmission to future generations. Monumental complexes,
archaeological sites, underwater ruins, historical buildings with related collections, land-
scapes, natural areas, and the entirety of cultural assets are under threat because of the
impacts of both slow and extreme climate changes [1–5].
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It is foreseen that extreme events such as heavy precipitation, flooding, and drought pe-
riods will happen more frequently and with a greater intensity across most land regions, as
highlighted in the latest Sixth Assessment Report (AR6) of the Intergovernmental Panel on
Climate Change (IPCC) [6]. In particular, the main findings from the contributions of Work-
ing Group II regarding hydrometeorological hazards and related impacts in Western and
Central Europe (WCE), where Austria is located, are the following: precipitation extremes
have increased during recent decades, varying spatially (with medium confidence—level of
evidence and agreement); precipitation has increased river flood hazards by 11% per decade
from 1960 to 2010; and the most recent three decades had the highest number of floods
in the past 500 years, with increases in summer. Moreover, the intensity and frequency
of heavy rainfall events is projected to increase in WCE (high confidence); projections
indicate a continuation of the observed trend of river flood hazard increases in WCE (high
confidence), with increases of 10% at a 2 ◦C global warming level (GWL) and 18% at 4.4 ◦C
GWL, making Europe one of the regions with the largest projected increase in flood risk.
On this basis, without adaptation measures, increases in extreme rainfall will substantially
increase direct flood damage; with low adaptation, damage from river flooding is projected
to be three times higher at 1.5 ◦C GWL, four times at 2 ◦C GWL, and six times at 3 ◦C
GWL [7].

In this context, it is expected that cultural heritage will encounter unprecedented
multi-risk scenarios, presenting novel challenges for its protection [8]. Certainly, the effects
of extreme climate on cultural heritage are significant, emphasizing the need for additional
research and improved methods to assist decision-makers and governmental bodies in
developing plans to handle and mitigate the associated risks, as well as to encourage the
incorporation of dedicated measures into national disaster risk-reduction plans from a
transnational standpoint [9,10].

The present paper is focused on the study of the Wachau Valley in Austria, as an
illustrative case of a cultural landscape facing challenges linked to climate change. Cultural
landscapes enrich society with their aesthetic values by blending intrinsic natural qualities
with inherited cultural elements. Although climate change has been recognized as a threat
to cultural landscapes, the extent and quantification of its impacts, as well as their future
projections, have to be clarified. It should be noted that most of the existing research focuses
on a qualitative assessment and especially on the study of current climate change impacts
on cultural landscapes. In fact, the works that attempt to provide quantitative data, and
that use high-spatial resolution future projections of extreme climate indices on this type of
cultural heritage, are still sporadic [8,11–14].

Extending over 36 km in length, the Wachau comprises the Danube River Valley,
enclosed by steep hilly terrain on both sides. Renowned for its exceptional visual and
landscape attributes, it earned the designation of “Wachau Cultural Landscape” on the
UNESCO List of World Heritage Sites in December 2000. It displays numerous intact
and visible traces of its continuous, organic evolution since prehistoric times, whether in
the form of architectural elements (monasteries, castles, ruins), urban planning (towns
and villages featuring fundamental layouts dating back to the 11th and 12th centuries),
or agricultural practices (primarily focused on cultivating vines and apricot trees) [15,16].
Steep terraces delimited by dry stone walls, mainly used to cultivate vines, are a peculiar
feature of the Wachau landscape, and the interest in them has recently been increased due
to the inclusion of the “Art of dry-stone walling, knowledge and technique” in UNESCO’s
Intangible Cultural Heritage list in 2018 [17].

Generally, terraces have been recognized as an important element—both for the land-
scape and for their cultural/historical value—and they are considered to be among the
most relevant and characteristic anthropological imprints on reliefs [18]. Throughout his-
tory, constructing terraces has been regarded as the most effective method for enabling
agricultural and forestry activities in mountainous and hilly areas globally. Terraces have
facilitated the cultivation of a diverse range of crops, not only expanding productive zones,
but also enhancing the quality of landscapes [19]. Terraces are renowned for their impor-
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tance in preventing landslides, particularly on steep slopes, as their flat areas decrease slope
length and gradient, which significantly reduces runoff. Reshaped slopes also contribute
to mitigating flooding by creating enlarged catchment areas that intercept rainfall and by
delaying runoff [20,21]. Moreover, terraces enhance biodiversity, create favorable microcli-
matic conditions for agriculture, and serve as effective measures against soil erosion and
desertification of the land, as they increase water infiltration [17].

In spite of the unquestionable ecological benefits of terraces, they unfortunately con-
tinue to be subjected to abandonment, resulting in a gradual or abrupt deterioration [22].

Most of the existing research and publications focus on the effects of the terraces’
abandonment, so there is still a lack of research involving assessments of the impact of
climate change on this type of landscape, as well as risk management to mitigate this
impact. Therefore, the present paper aims to enhance knowledge in this field and may
represent a starting point for future scientific studies and for setting further steps.

Our specific objectives are hazard analysis at a regional scale in relation to extreme
hydrometeorological events (heavy rain and flooding) by using regional climate models and
selected extreme indices, and the vulnerability evaluation at a local level of two terraced
areas in the Wachau Valley. To do that, the methodological approaches and tools developed
within two Interreg Central Europe projects, ProteCHt2save (Risk assessment and sustain-
able protection of Cultural Heritage in changing environments; 2017–2020) and STRENCH
(STRENgthening resilience of Cultural Heritage at risk in a changing environment, 2020–2022),
were utilized [23,24]. Consequently, the present contribution has also been useful for testing
those methods and developing a series of practical information for the best conservation
over time of the assets in question. Results obtained from both hazard and vulnerability
evaluations constitute a prerequisite for an adequate risk assessment [2–4,9].

2. Materials and Methods
2.1. The Wachau Cultural Landscape and Its Terraces

The Wachau Valley, situated in the Federal Province of Lower Austria at about 80 km
west of Vienna, is a UNESCO-listed World Heritage Cultural Landscape that spans 36 km
along the Danube River between the towns of Melk and Krems [25] (Figure 1). Designated
as the “Wachau Cultural Landscape” in December 2000, it earned recognition for its riverine
landscape (UNESCO category ii) and for its medieval landscape (UNESCO category iv),
showcasing architectural monuments, human settlements, and agricultural land use [15].
The inscribed property has an area of 18,387 ha, with a buffer zone of 2942 ha [15,25]. The
region is regarded as a so-called “Continuing Landscape”, which goes on to be shaped by a
culture and the traditional way of life in the region [16]. The Wachau has been inhabited
since Paleolithic times and several important artefacts, like sculptures of women found
in Stratzing and Willendorf, document the early human habitation that led to continuous
development until today. Along the valley historical buildings from Roman times, the
Middle Ages, the Renaissance, and the Baroque period can be found.

The area encompasses the Danube River valley and the nearby hills of the southern
Waldviertel and Dunkelstein forests. Within the Wachau, the Danube traverses the southern
section of the Austrian granite and gneiss highlands, tectonically belonging to the south-
eastern marginal zone of the Bohemian Massif, which was formed due to tectonic uplift and
river channel incision starting at ca. 5 Ma. The Bohemian Massif is part of the Moldanubian
Superunit which consists of medium- to high-grade metamorphic rocks, which were formed
during the Variscan Orogeny in the Devonian and Carboniferous, at about 400–300 Ma.
Its highest point is the Jauerling peak, reaching 960 m above sea level in the Waldviertel
region, while the Dunkelstein Forest, situated on the right bank of the Danube River, attains
elevations of up to 725 m above sea level. In contrast, the Danube Valley itself ranges in
elevation from 213 m above sea level at Melk to 203 m above sea level at Krems [26].
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Figure 1. Modified Google Earth image showing the area of the core and buffer zones of the World
Heritage Cultural Landscape of Wachau in Lower Austria (area highlighted, respectively, with
continuous yellow and orange lines). The red point marks the location of terraced areas selected for
the vulnerability evaluation (see Section 2.2.1).

The Wachau includes examples of terraced landscapes. The first agricultural terraces
in the Wachau were created by Bavarian and Salzburgian monks who came to the area
and began to cultivate the land, preparing flat areas to plant vineyards [16,26,27]. They
protected these terraces against slippage by building a system of dry stone walls, which are
part of today’s landscape features. The cultivation of the terraces has suffered over periods
of abandonment, starting in the seventeenth century due to labor shortage and continuing
with the appearance of phylloxera at the end of the nineteen century. Consequently, most
of the vineyards turned to dry grass and shrublands. The viticulture advanced again in the
middle of 1950 [16]. Currently, the abandonment is sporadic, and it is mainly due to the
younger generation not continuing vine cultivation.

2.2. Methodological Approach

First of all, an analysis of the past calamitous events affecting Wachau was performed
based on bibliographic research, through data available in the literature and consultation
with local stakeholders, with the aim of gathering information on the areal distribution
of the episodes, the damage estimation, and the consecutive interventions by local au-
thorities [9,28–30]. This step was fundamental for understanding the major extreme hy-
drometeorological hazards which the area has been, and is currently, exposed to. Secondly,
the Risk Mapping Tool for Cultural Heritage Protection (WGT) platform was applied for
(i) the analysis of historic time series of climate extreme indices suitable for investigating
past climate extreme events in the Wachau (see method explained in Section 2.2.2 and
results reported in Section 3.1); (ii) the assessment of the vulnerability of two terraced areas
selected as case studies (see methodology in Section 2.2.1 and results in Section 3.2); (iii) the
investigation of future projections of hazards at territorial level covering the Wachau (see
Section 2.2.2 for the Methodology and Section 3.3 for Results and Discussion). This platform,
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developed within the Interreg Central Europe projects ProteCHt2save and STRENCH, was
created with the aim of providing a support tool to private and public authorities for the
protection and management of cultural heritage sites in Europe at risk from extreme climate
events, and it is accessible at https://www.protecht2save-wgt.eu (accessed on 20 December
2023) [31]. The methodological approach we followed is illustrated in Figure 2.

Figure 2. Overview of the methodological approach.

2.2.1. Methodology for Vulnerability Assessment

Following the methodology available in the Risk Mapping Tool for Cultural Heritage
Protection (WGT) [31] and applied herein, vulnerability results from the combination
of three key factors: susceptibility, exposure, and resilience. Susceptibility “identifies
the fragility, deficiency or predisposition of a system to be adversely affected by the
occurrence of an event; in other words, it defines the degree to which a cultural heritage
asset is affected by an event” [32]. Exposure “refers to the presence of people, livelihoods,
species or ecosystems, environmental functions, services, and resources, infrastructure, or
economic, social, or cultural assets in places and settings that could be adversely affected
by the occurrence of a disaster” [32]. Resilience “identifies the ability of a system to
absorb changes without a transition to a different state” [32]. These represent the main
elements that need to be characterized for the evaluation of vulnerability and therefore
constitute the main requirements. Starting from these requirements, a hierarchy tree is
introduced encompassing diverse branches, designated as criteria and sub-criteria. The
hierarchy tree was developed by using the MIVES method (Integrated Value Model for
Sustainability Assessment) [33] and it is based on Multi-Attribute Utility Theory (MAUT)
and the Analytical Hierarchy Process (AHP). The methodology, fully explained by Cacciotti
and Drdácký, 2021 [32], basically foresees (i) a first definition of criteria and sub-criteria
related to relevant aspects of built and natural heritage vulnerability; (ii) the assignment of
weights to each criterion and sub-criterion; (iii) a subsequent adjustment of the previously

https://www.protecht2save-wgt.eu
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identified criteria and sub-criteria and their related weights by exploiting the knowledge
available in the literature, and an iterative process of consultation with experts and local
stakeholders with experience in the management of the sites to be investigated; (iv) the
final assignment of a ranking of values for each criterion and sub-criterion. Susceptibility
is linked to various physical criteria of the asset, such as the type of materials (whether
resistant or prone to degradation); the use (whether continuous or abandoned); the state of
conservation at the time of evaluation; and also the environmental and geological context in
which the property is inserted, such as the topography of the site and the geomorphological
characteristics [34–36]. Exposure can be evaluated by considering different criteria focused
on the cultural significance of the asset (such as the presence of cultural recognitions or the
existence of cultural traditions), while bearing in mind the social and economic dimensions
that it constitutes [37–39]. Resilience includes preparedness, understood as the existence
of risk management plans or warning systems such as alerts by local authorities; whether
periodic inspections and regular maintenance are provided; and whether knowledge and
awareness are ensured through the involvement of citizens, or through the training of
students, the introduction of technical standards, and the sharing of knowledge. Resilience
then includes coping capacity, comprising the availability of human and economic resources,
the presence of mitigation systems (prevention devices such as drainage ditches), and
physical protection (such as barriers for landslides); resilience also includes restorative
capacity (the system’s ability to recover after a disaster), which concerns aspects regarding
the availability and accessibility of funds for financial recovery or the presence of plans for
physical recovery [34,40–42].

Vulnerability is finally ranked from 0 ≤ V ≤ 1 (low to high vulnerability) with the
following formula [32]:

Vulnerability = (0.70 × Susceptibility) + (0.30 × Exposure) − (0.30 × Resilience) (1)

The ranking of vulnerability is conducted through the active involvement and consul-
tation of local users and stakeholders responsible for the management and maintenance
of the cultural site, who are called upon to provide a qualitative estimate of the crite-
ria and sub-criteria associated with each of the three main requirements. By applying
this approach and following a guided procedure, available through a specially prepared
Excel sheet that can also be used by non-experts in the sector, users can classify the vul-
nerability of the site under examination. The guided procedure is available in the sec-
tion “Vulnerability” of the “Risk Mapping Tool for Cultural Heritage Protection” website
(https://www.protecht2save-wgt.eu/, accessed on 20 December 2023) and is included in
the Supplementary Materials of this paper. The application of this method therefore guar-
antees a full understanding of the crucial factors that influence vulnerability, encompassing
physical, operational, and managerial aspects, having as its ultimate objective the goal of
formulating strategies for the protection of cultural heritage against climate change.

For the investigation conducted in the present paper, a selection of two locations of the
Wachau region where dry stone walls are in danger from heavy rain was performed, and
their vulnerability was ranked thanks to the consultation of local experts in dry stone wall
construction. For simplicity and for better distinction, the two terraces have been given the
names CH1 and CH2 (Figure 3). Both are terraced vineyards located in the Municipality of
Krems, in the buffer zone of the World Heritage Cultural Landscape of Wachau, and are
located at about 1 km from the Danube River; CH1 is located in a steeper part, partly based
on a scarp, and neighboring a rock slope (Figure 4). It also contains pathways and water
channeling elements. CH2 is slightly less steep and is, apart from ramps for small tractors
and old small stairways, lacking additional technical elements (Figure 5). The construction
of CH1 dates back to 1900–1920, whereas the age of the terraces of CH2 is not known. Over
the years, maintenance and some interventions on CH1 and CH2, such as reconstruction
and reparation works, have been performed. Detailed site characteristics of CH1 and CH2
are reported in Table 1.

https://www.protecht2save-wgt.eu/
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Figure 3. Modified Google Earth image showing the two investigated terraced areas CH1 and CH2
in the Municipality of Krems.

Figure 4. Details of the dry stone wall terraced area CH1 (credits to Rainer Vogler).
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Figure 5. Details of the dry stone wall terraced area CH2 (credits to Rainer Vogler).

Table 1. Detailed characteristics of the two terraced areas CH1 and CH2.

CH1
Parcel Nr. 355; 359; 360/1; 358; 360/2;

361/1

CH2
Parcel Nr. 323; 324; 326/2

Vineyard area in ha 0.8478 ha 0.1979 ha

Type of stone Granite Gneiss (strongly eroded in parts,
quite soft)

Steepness approx.

5% has over 50% inclination
65% has 35–50%
25% has 25–35%
5% has 18–25%

Less than 3% has over 50% inclination
Approx 17–20% has 35–50%

Approx 20% has 25–35%
20% has 18–25%
15% has 10–18%
25% has 0–10%

Steepness over 50% Over 50% in 5 different spots, 4 of them in
the middle of the vineyards, 1 larger area

Only in 1 spot in the middle, and in the
north-east end

Type of soil Coarse-grained soil with siliceous sand Coarse-grained soil with siliceous sand

Distance to River Danube 930 m 1160 m

Distance to irrigation station 80 m 160 m

Terrace abandonment in the proximity
and main cause

Single vineyard plots west of
CH1—younger generation not continuing

vine cultivation

Single vineyard plots in the vineyards
around, especially east—younger

generation not continuing vine
cultivation

2.2.2. Historic Time Series and Future Projections of Climate Hazards

The Risk Mapping Tool for Cultural Heritage Protection has been used for the elabora-
tion of historic climate time series and the investigation of future projections of hazards at
territorial level likely to have an impact on the Wachau area.

First of all, among the climate variables and climate extreme standard indices available
in the WGT, a selection of the most appropriate ones has been made for the purpose of
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our study. The climate extreme indices present in the WGT are defined by the Expert
Team on Climate Change Detection Indices (ETCCDI) [4,43,44]. Specifically, in the present
study, the ones related to extreme precipitation and flooding events were utilized: R20mm
(very heavy precipitation days), R95pTOT (precipitation due to extremely wet days), and
R×5day (highest 5-day precipitation amount). The R×5day index in particular has been
selected for its known soundness in analyzing the probability of occurrence of large basin
floods more likely to be caused by lengthy periods of heavy precipitation over a large
region. The selected indices are widely employed for the elaboration of future climate
projections at global and regional levels [9,45–47].

For the elaboration of the historic climate time series, the “Open Search Tool Box”
of the WGT has been used, which enables the exploration of selected climate indices re-
computed following the full time series products of Copernicus C3S ERA5 Land (~9 km
resolution, from 1981), Copernicus C3S ERA5 (~31 km resolution, from 1981), and NASA
GPM IMERG (~10 km resolution, from 2000). The “Open Search Tool Box” provides
the possibility to query the database independently, allowing users to select their area
of interest directly on the map or by specifying geographic coordinates. Once the point
or area of interest is identified, users can choose the climate index and the period they
are interested in. Depending on the selections made, the final output may consist of
numeric data (e.g., a time series of values from a specific point), a color scale map, or a
numerical matrix. All information obtained through the “Open Search Tool Box” are always
geocoded. In the current work, it was utilized in order to examine how the picked indices
varied over a specific period of time. In particular, time series were exploited in order to
understand whether there is a relationship between the extreme indices and the recorded
past calamitous events.

For the investigation of future projections of hazards at territorial level, the “Climate
Modelling” function of the WGT was utilized, which allows users to download climate
hazard maps for the identification of areas in Europe and in the Mediterranean Basin that
are susceptible to extreme events associated with climate change.

Specifically, the maps available in the WGT were developed by using 12 different
combinations of 6 forcing global models (GCM) driving 5 regional models (RCM). The
minimum, mean, and maximum values of the model ensembles were also calculated to
overcome the uncertainties of each individual GCM/RCM model. The following future
emission scenarios were selected: RCP4.5 (stabilization scenario) and RCP 8.5 (high path-
way scenario), outlined in the AR5 Intergovernmental Panel on Climate Change (IPCC)
assessment report [48].

For the current study, maps of future changes in R20mm, R×5day, and R95pTOT were
investigated (~12 km resolution). The maps show the differences between the periods
2021–2050 and 1976–2005 (near future projection) and between the periods 2071–2100 and
1976–2005 (far future projection), under both RCP 4.5 and 8.5 scenarios.

3. Results and Discussion
3.1. Past Calamitous Events and Main Criticalities Affecting the Site

What emerged from the bibliographic research and consultation with local stake-
holders about past calamitous events is that the main risks posed to the Wachau Cul-
tural Landscape over time occur through flooding from the Danube River and its tribu-
taries, principally due to episodes of extremely heavy rainfall and snowmelt [9,29,30,49].
Figure 6 shows the principal events of flooding in the Wachau Valley from 1500 up to
now. A detailed list of all flooding events, with information on damage in the covered
area, response actions, and main measures adopted, can be found in Blöschl et al., 2013;
Schimek et al., 2020; and Bonazza et al., 2021 [9,29,30]. From the information collected, all
the floods reported occurred due to episodes of extremely heavy rainfall and snowmelt
in the upper Danube Basin. Following Schimek et al., 2020 [29], during the 100-year flood
(a flood that has a 1% chance of occurring in any given year) of 2002, heavy rain was also
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registered over the Wachau, causing severe damage to 150,000 m2 of traditional dry stone
wall wine terraces. In Figure 6 this event is highlighted with a dashed line.

Figure 6. Main flood events recorded in Wachau Valley since 1500. The documented event causing
severe damage to dry stone wall terraces is highlighted with a dashed line.

Concerning the examination of historic extremes of precipitation occurring in the area
under investigation, the trend over time of the climate extreme indices R20mm and R×5day
has been analyzed from 2000 to 2018. Figures 7 and 8, respectively, illustrate the monthly
time series of the two indices elaborated for the cities of Krems and Melk (which delimit
the Wachau Valley along the Danube) by using historic precipitation data derived from C3S
ERA5 Land reanalysis. The graphs clearly show that most of the maximum values of both
indices correlate with the most important past events of flooding and heavy rain registered
in the area under study. In particular, peaks of R20mm and R×5day related to August 2002
and June 2009 in Figures 7 and 8 are certainly representative of the recorded catastrophic
heavy rainfall and floods of the years 2002 and 2009, as listed in Figure 6, showing a higher
value in the city of Melk in August 2002. As shown in Figure 7, the record of the flood
event that occurred in the area of Wachau in 2013 is better represented by the index R20mm
(number of days in a month with precipitation greater than or equal to 20 mm/day) which
shows the higher value at the city of Melk compared to Krems in the same year (2013).
Analyzing the overall trends, it is evident that not all the peaks present in the graphs of
Figures 7 and 8 correspond to the recorded events listed in Figure 6. For a more exhaustive
evaluation, an investigation of the indices’ trends at a larger spatial scale including the
river basin area would be recommended. Nevertheless, this finding supports the choice of
extreme precipitation indexes selected, particularly R20mm and R×5day, for investigating
the past and future trends of the considered hydrometeorological hazards.

3.2. Vulnerability Assessment

By applying the methodology described in Section 2.2.1, the final vulnerability values
for the two terraced areas under investigation, CH1 and CH2, turned out to be, respectively,
0.11 (with susceptibility equal to 0.15; exposure equal to 0.60; resilience equal to 0.60) and
0.16 (with susceptibility equal to 0.20; exposure equal to 0.60; resilience equal to 0.53).
Detailed results obtained for each criterion and sub criterion, thanks to the stakeholders
consultation, are reported in Figure 9.
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Figure 7. Time series (2000–2018) relating to R20mm (number of days in a month with precipitation
greater than or equal to 20 mm/day) values extracted from C3S ERA5 Land monthly scale for Krems
and Melk.

Figure 8. Time series (2000–2018) relating to R × 5 day (monthly maximum of cumulated precipitation
over consecutive 5-day periods) values extracted from C3S ERA5 Land for Krems and Melk.

Figure 9. Values assigned to each sub-criterion of the requirements susceptibility (RQ1), exposure
(RQ2), and resilience (RQ3) during the vulnerability evaluation of the terraced areas CH1 and CH2.
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The Excel spreadsheet reporting in detail the multiple choices of value meaning for
each criterion and sub-criterion, from which the results reported in Figure 9 are derived, is
available in the Supplementary Materials.

Concerning CH1, the fact that the constructions are made of resistant material (granite),
in continuous use, in a good state of conservation, and have not been subjected to previous
harming interventions (besides some minor acts of vandalism), as well as the presence of
stable bedrock, coarse-grained soil (sand, gravel), and stable geological formation, were
identified as the primary factors contributing to a notably low level of susceptibility. Re-
garding CH2, the materials used (gneiss) in constructing the vineyard walls are susceptible
to deterioration or damage from impacts, and the overall conservation state is considered
fair, thus contributing to a higher value of susceptibility. For both areas the presence of
water features and the fact that the walls are close to water courses contribute to increasing
their susceptibility values.

As such, with respect to the exposure requirement, CH1 and CH2 have the same value.
In fact, they both have high cultural significance: there are natural systems and features
with high value for biodiversity, there is the presence of cultural traditions (practices that
have influenced the development of the landscape in terms of land use, terracing technique,
and use of materials), and the cultural acknowledgement is of a high grade, since traditional
terraces in the Wachau region are part of the UNESCO World Heritage list.

Additional considerations concerning the vulnerability of the sites can be made,
relating to the resilience requirement. CH1 has a high preparedness capacity, meaning that
periodic inspections and regular maintenance are provided, warning systems such as alerts
by local authorities are present, and knowledge and awareness are ensured by training for
students, the introduction of technical standards, shared knowledge among neighboring
areas, and dissemination via seminars. CH2 has a similar preparedness capacity with the
difference that the maintenance of the terraces is irregular. Moreover, for both of them,
information about cultural heritage assets and their components is partial. Incorporating
this aspect is essential, as comprehensive information allows for the prioritization of
property protection; for instance, it guides fire brigades and civil protection in handling
sensitive areas carefully during emergency responses. Likewise, the policies and regulation
of both cases being examined encounter certain complications related to ownership status.
Policies and regulation dictate the capacity of a system to be prepared for the occurrence
of disasters. Specifically, policies should be customized to manage the risks associated
with cultural heritage assets. Also, responsibilities among stakeholders must be clearly
identified, as well as the communication flow in emergency scenarios. Speaking of coping
capacity, emergency human and economic resources are available for both CH1 and CH2,
but they lack mitigating systems (water damage prevention devices, such as drainage
ditches and overflow channels) and physical protection (such as barriers for landslides),
contributing towards raising their levels of vulnerability. Moreover, regarding restorative
capacity (the ability of a system to recover after a disaster), funds for financial recovery are
available and accessible, but a physical recovery plan specific for the dry stone walls of the
two areas is absent (it is only present for the trees planted for the viticulture).

3.3. Future Projections of Climate Hazards Impacting the Site under Study

The complete set of maps of future changes of R20mm (very heavy precipitation
days), R95pTOT (precipitation due to extremely wet days), and R×5day (highest 5-day
precipitation amount), produced with the model ensemble statistics (minimum, mean, and
maximum) in the near (2021–2050) and far future (2071–2100) under RCP 4.5 (stabilization
scenario) and RCP 8.5 (high pathway scenario), were examined and the outcomes are
reported in Table 2.
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Table 2. Data acquired from the future (near and far) projection hazard maps of R20mm, R95pTOT,
and R×5day, showing the minimum, mean, and maximum variations of the indexes in relation to
RCPs 4.5 and 8.5.

Index (Measurement Units)—
Projection

ENSMIN
RCP4.5

ENSMIN
RCP8.5

ENSMEAN
RCP4.5

ENSMEAN
RCP8.5

ENSMAX
RCP4.5

ENSMAX
RCP8.5

R20mm (days)—Near Future −2/−1 −2/−1 1–2 1–2 3–4 3–4
R20mm (days)—Far Future 1–2 1–2 3–4 3–4 4–5 4–5

R95pTOT (mm)—Near Future −20/−10 −20/−10 30–40 30–40 60–70 70–80
R95pTOT (mm)—Far Future 10–20 10–20 40–50 50–60 80–90 90–100

R×5day (mm)—Near Future −7/−5 −5/−3 3–4 5–6 15–20 15–20
R×5day (mm)—Far Future −3/−1 −2/0 5–7 7–9 20–25 25–35

The outcomes show that under the two examined scenarios (RCP 4.5 and RCP 8.5),
there is a slight decline of R20mm (−2/−1 days) and R95pTOT (−20/−10 mm) observed
in both projections of ensemble minimum (“ENSMIN”) for the near future, while a light
increment of R20 mm (1–2 days) and R95pTOT (10–20 mm) is detectable for the far future.
Considering R × 5day, a decrease is observable for all the ensemble minimum “ENSMIN”
projections, ranging from −7/−5 mm in the near future under RCP 4.5 to −2/0 mm in the
far future under RCP 8.5.

Regarding the ensemble mean “ENSMEAN” projections, an increase in changes of the
three indexes under both RCP scenarios and for both future periods is evident. Precisely,
from 1–2 days to 3–4 days for R20mm; from 30–40 mm to 50–60 mm for R95pTOT; and
from 3–4 mm to 7–9 mm for R×5day.

Similarly, for the ensemble maximum “ENSMAX” projections, a trend with increasing
changes is evident. R20mm events are expected to rise from 3–4 days to 4–5 days; R95pTOT
from 60–70 mm to 90–100 mm; and R×5day from 15–20 mm to 25–35 mm. Figures 10 and 11
show the projections of ensemble maximums for the R20mm and R×5day indexes, in the far
future under the pessimistic scenario, with a focus on the Wachau area.

Overall, the projections produced and analyzed depict a clear pattern of significant
and progressive increase of climate indexes related to extreme precipitation and flooding
events over time, passing either from the near to far future or from the RCP4.5 to RCP8.5
scenario. In general, the highest variations of the three climate extreme indexes taken into
consideration (R20mm, R95pTOT, and R×5day) in the Wachau area are always foreseen in
the far future (2071–2100) and especially under the pessimistic scenario (RCP 8.5).

The results demonstrate the future high level of risk of the area under study from
precipitation extreme-related hazards. It is expected that areas of the Wachau will be subject
to increasingly frequent and greater flood risks; at the same time, the dry stone wall terraces,
placed higher up, will be more exposed to extreme rain events and consequent landslides.

Increased precipitation and likely higher Danube floods may cause damage to or even
break the mobile barriers installed by the local fire brigades in the Wachau area to protect
the medieval centers. They may no longer withstand the large amount of water, or they
may no longer be high enough. Moreover, severe damage may occur to the traditional
dry stone wall wine terraces: because of the extreme rainfall, thousands of meters of them
could be damaged or even collapse.
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Figure 10. Maps showing the climate projection simulation (ensemble maximum “ENSMAX”) of
R20mm under RCP 8.5 for the far future (2071–2100) (~12 km resolution). A focus on the Wachau
property, showing its core and buffer zones, is provided (on the top right); the asterisk shows the area
where CH1 and CH2 are located.

Figure 11. Maps showing the climate projection simulation (ensemble maximum “ENSMAX”) of
R × 5 day under RCP 8.5 for the far future (2071–2100) (~12 km resolution). A focus on the Wachau
property, showing its core zone and buffer zones, is provided (on the top right); the asterisk shows
the area where CH1 and CH2 are located.
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4. Conclusions

By applying the methodology of the Risk Mapping Tool for Cultural Heritage Pro-
tection to this case study of the Wachau Cultural Landscape, it was possible to obtain a
vulnerability assessment of two terraced areas (CH1 and CH2) located in the Municipality
of Krems, and projections regarding the hydrometeorological hazards likely to have an
impact on the Wachau area in the near and far future.

It emerged that, despite the vulnerability values obtained for the two dry stone wall
terraces being medium-low, and more specifically 0.11 for CH1 and 0.16 for CH2, adequate
plans of action to improve the resilience of the assets should be implemented and fine-tuned
to increase their protection against the impact of heavy precipitation. To overcome all the
criticalities reported for the dry stone terraces of the two locations analyzed, measures and
strategies must be implemented. In particular, a risk management plan should be drawn
up and kept updated, and in addition, mitigating systems and physical protection should
be set up.

The investigation of the recorded past calamitous events in the Wachau Valley high-
lighted that the whole area is undoubtedly at risk from the impacts of heavy rain and
flooding. In addition, the analysis of historic climate time series corroborated the selection
of the climate extreme indexes carried out for the hazard investigation. Furthermore, short
and long-term projections of the hazards impacting the studied site indicate a heightened
future risk level for the Wachau area concerning precipitation-related extremes, such as
heavy rain and flooding, confirming the trend towards higher levels of frequency and
intensity of these climatic phenomena. In fact, the study carried out highlighted that in the
far future (2071–2100) under the pessimistic scenario (RCP 8.5) the highest increases of the
extreme indices taken into consideration are foreseen. Considering the “ENSMAX” maps,
the projections revealed 4–5 day increases of R20mm (very heavy precipitation days), as
well as increases of 90–100 mm for R95pTOT (precipitation due to extremely wet days) and
25–35 mm for R×5day (highest 5-day precipitation amount).

The work done up to now has been useful for testing the proposed tools and method-
ologies and for identifying their advantages and limitations. The measures presented
could serve as a valuable decision support tool for various stakeholders, including political,
governmental, and operational entities, and constitute an initial step for enhancing the
resilience of cultural heritage in the region. Subsequent efforts should focus on refining
and validating the tools, with a specific emphasis on their efficacy in strengthening the
preparedness of cultural heritage assets in facing extreme climate events.

The final aim would be to support evidence-based standardized approaches at the
European level for the integration of protection measures for cultural heritage in national
and regional plans for climate change adaptation and mitigation.
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//www.mdpi.com/article/10.3390/heritage7040091/s1, Excel spreadsheet reporting the Guided
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