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Abstract

:

Cultural heritage sites can be affected by landslides, often causing damage to their integrity, value, and accessibility. Several studies worldwide were focused on the assessment of the potential threats that landslides can pose to the preservation of cultural heritage sites. This article aims to review landslide studies at cultural heritage sites worldwide, analyzing the publications’ temporal distribution, selected methods, geographical and climate contexts, and investigated landslide types. We analyzed a database of 331 publications from 2000 to 2023 in study areas distributed across 47 countries, compiled through systematic queries of the Web of Science and Scopus catalogs. The results show an increase in the number of publications from 2012 onwards, with most studies performing landslide susceptibility analyses on cultural heritage sites. The majority of the studies deployed a geomorphological approach address slope instability mechanisms that threaten site integrity, with a significant number of publications presenting model-based, multidisciplinary and engineering geological approaches. Europe, North America, and Asia and the Pacific concentrate the majority of studies, with Italy and China having the highest number of case studies. The threats to cultural heritage sites located in Latin America and the Caribbean, and Africa are the least studied. Block slides, earth slides, and rock falls are the most studied processes, with fewer studies dealing with other landslide types.
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1. Introduction


Landslides are a widespread natural process that plays an important role in the evolution of mountainous landscapes [1], being driven by gravity and triggered by climatic factors (rainfall, snowmelt, etc.) and tectonic factors (earthquakes, volcanic eruptions, etc.) [2,3,4,5,6]. As a function of landslide frequency and magnitude, built infrastructure and populations can be seriously threatened if they are exposed to landslides [3,5,7]. The occurrence of natural hazards, including landslides, has increased in the last few decades, and further increases are expected due to the effects of climate change on temperature patterns and rainfall intensity and frequency [8].



Cultural heritage can be defined as the oral and material registers inherited from past generations that document the development and way of life of the populations that created them [9,10]. According to UNESCO, cultural heritage comprises artifacts, monuments, groups of buildings, and sites that can have a multiplicity of values (scientific, ethnological, anthropological, symbolic, historic, artistic, aesthetic, etc.) [10]. Cultural heritage can be tangible or intangible, and tangible heritage can be further subdivided into immovable cultural heritage (archaeological sites, historical buildings, etc.) and movable cultural heritage (artworks, artifacts, documents, etc.) [11].



UNESCO maintains the World Heritage List (WHL) of natural, cultural, and mixed World Heritage Sites (WHS) whose value transcends national borders, thus being considered a heritage of the present and future generations of all humanity [10]. The Outstanding Universal Value (OUV) of those sites is derived from their unique scenic beauty, their importance as registers of Earth’s geological history and of the evolution of life, and their outstanding architectural features [10,12]. Currently, 1199 properties are inscribed in the UNESCO WHL in 168 countries, with 48 transnational heritage properties (https://whc.unesco.org/en/list/, accessed on 28 September 2023). Some UN countries also maintain their own list of heritage properties considered of national importance, with different regulations on the management and protection of those assets from country to country.



In the 1972 World Heritage Convention, UNESCO established the List of World Heritage in Danger (currently with 56 UNESCO WHS), aiming to raise international awareness and efforts to protect endangered sites [10,13]. As a consequence of their exposure to changing environmental conditions, cultural heritages can be subject to natural and human-induced processes that can threaten their integrity, accessibility, and value, and their protection plays a central role in the United Nations’ 2030 Agenda for Sustainable Development (Goal #11) [14,15,16,17,18,19]. Landslides are among the most significant natural threats to the integrity of the UNESCO WHS [20], and the increase in landslide frequency and magnitude can seriously threaten the integrity of archaeological sites, buildings, and architectonic complexes, and cultural landscapes [12,18].



In 2007, a UNESCO report outlined the alterations in precipitation and temperature regimes, sea-level variations, and the intensification of human-induced threats (e.g., pollution) due to climate change as threats to cultural heritage sites [12]. Shortly after the report’s publication, UNESCO issued a policy document with guiding principles for the management, monitoring, and reporting of threats to WHS aimed at raising the awareness of decision-makers, scientists, and stakeholders on the effects of climate change on WHS preservation [21]. Previous reviews summarized the state of knowledge, methodologies, and publication temporal distribution for the analysis of the effects of climate change and geohazards on cultural heritage sites, including topics on potential landslide threats. Daly [22] reviewed the impacts of climate change on archaeological sites, indicating that an increase in landslide frequency due to intense rainfall and increased ice and snow melt is a significant threat to the conservation of archaeological sites in temperate regions. Zhou et al. [23] reviewed the applications of space-borne and ground-based differential radar interferometry for deformation monitoring in cultural heritage sites and discussed the perspectives for those techniques. Nicu [9] presented a review of hydrological, geomorphological, climatic, and biotic processes that can negatively impact immovable cultural heritage. The review by Cigna et al. [24] explored the suitability of the existing datasets at global, continental, and national scales for the quantitative evaluation of geological and mining-related hazards at the UNESCO WHS of the United Kingdom.



Fatorić and Seekamp [25] performed a systematic review of the effects of climate change on cultural resources, concluding that little research was carried out in Asia, Africa, and South America and emphasizing the need for more multidisciplinary, interdisciplinary, and transdisciplinary methods in the field. Orr et al. [26] updated the review by Fatorić and Seekamp [25], showing a significant growth in interest in the topic and the inclusion of cultural heritage in climate change adaptation and mitigation strategies. However, the authors outlined that most research was performed in Europe and North America, with few instances of international cooperation between institutions located in different geopolitical regions. Sesana et al. [16] outlined that major impacts on cultural heritage can result from changes in the frequency and magnitude of natural hazards due to climate change, including landslides. The authors also highlighted a paucity of research in Asia, Africa, and Latin America.



Quesada-Ganuza et al. [27] presented a critical review of climate change risk evaluation methodologies for urban cultural heritage. The authors conclude that most research on the topic was focused on assessing the physical vulnerability of urban heritage sites to floods, indicating a gap in studies capable of integrating different dimensions of vulnerability. They also indicate the need for reviews focused on cultural heritage and individual hazards, such as wildfires, cold and heat waves, and landslides.



This article aims to review landslide studies in cultural heritage sites worldwide, analyzing the publications’ temporal distribution, selected methods, geographical and climate contexts, and landslide types. The review is focused both on the UNESCO WHS and on heritage properties not inscribed in the WHL but considered relevant at national levels. Therefore, the article is intended to provide the scientific community, policy-makers, and stakeholders with a review of landslide studies at cultural heritage sites, hence filling the gap brought forward by Quesada-Ganuza et al. [27].




2. Materials and Methods


The review process encompassed four main steps (Figure 1). First, databases were queried using a restricted set of terms to identify the most recurrent keywords used by studies focused on the analysis of landslide susceptibility, hazard, vulnerability, and risk performed at cultural heritage sites. This was carried out by trial and error using international bibliographical databases and analyzing the most frequent keywords displayed in the keywords filter. Afterward, we defined a set of synonyms for those terms based on our knowledge of the landslide science literature. Being aware of the search field constraints of each platform, the search query was focused on the publication Title, Keywords and Abstract. Database management comprised the removal of duplicated registers, the removal of non-eligible papers, and the manual inclusion of eligible publications cited in previous reviews. Next, publications were reviewed and categorized according to the study scope, approach-based categories regarding the applied methods, geographic distribution, climatic context, and analyzed landslide types.



2.1. Definition of the Search Criteria, Catalog Querying, and Database Management


The Web of Science and Scopus catalogs were consulted to create the bibliographic database comprising articles, conference proceedings, and book chapters using the following search query: ({Landslid*} OR {slope deformati*} OR {slope movemen*} OR {slope instabilit*} OR {slope stabilit*} OR {mass movement*} OR {landslid* susceptibility} OR {landslid* hazard} OR {landslid* vulnerability} OR {landslid* risk} AND {Cultural heritag*} OR {Cultural-heritag*} OR {UNESCO World Heritag*} OR {archaeological heritag*}). We have considered only indexed publications in the English language. The variations of the term cultural heritage were included in the search query, aiming to identify studies in sites of cultural and historical significance that fit the scope of this review. All publications were checked for their eligibility to ensure database consistency, and Zotero performed the duplicate detection and database management.



A publication was considered eligible and included in this review if it was written in English and described a case study regarding one or more cultural heritage sites applying quantitative, qualitative, or integrated methods to analyze landslide susceptibility, hazard, vulnerability, and/or risk. To assess publication eligibility, we combined an initial screening of the title, keywords, and abstract, followed by a full-text screening for the publications that did not display enough information in their titles, abstracts, and keywords. Aiming to broaden the bibliographic database, references cited in previous reviews were thoroughly checked. Eligible references that were not detected by the search query were manually added to the database.




2.2. Publication Review and Classification


Publication review and classification was carried out by qualitative content analysis of the full text [28], aiming to outline the selected methods, scope of the case studies, geographical and climatic contexts, and the analyzed landslide type. To analyze the selected methods for landslide studies in cultural heritage sites, we defined six approach-based categories (Table 1), aiming to assemble publications that applied similar methods. This categorization mode follows the approach used by Seuring and Gold [28] for publication content analysis and that of Sarkar et al. [29] for the analysis of selected methods for the assessment of climate-related coastal risks.



Subsequently, publications were sorted by year and classified according to their scope in non-exclusive groups as susceptibility, hazard, vulnerability, or risk studies. For comparison purposes, we opted to interpret the results presented in each publication and categorize them using the following standard nomenclature for susceptibility, hazard, vulnerability, and risk:




	
Susceptibility is the spatial probability of occurrence of a given landslide type based on terrain conditions that are static over time and without considering landslide frequency and magnitude [3,30,31,32];



	
hazard is the spatiotemporal probability of the occurrence of a landslide of a given size and magnitude in a specified time frame and area, considering the probable trajectories of the landslide [3,32,33,34];



	
vulnerability is the expected degree of loss of an element or set of elements in the area affected by a specific landslide type with a given magnitude, usually obtained by analyzing the physical or socioeconomic characteristics of the exposed elements [7,32,35];



	
risk is the expected damage and loss derived from the adverse consequences of the occurrence of a landslide. For example, damages comprise casualties, damage to properties, infrastructures, cultural heritage, and the interruption of services [32]. Risk assessments result from the joint analysis of hazards and the value of the exposed elements, given by the element vulnerability [3].








Afterwards, the case studies presented in each publication were classified according to the geographical distribution, the climatic context based on the Köppen–Geiger classification, and the landslide types according to Cruden and Varnes [2]. The only addition to the latter landslide classification was the deep-seated gravitational slope deformation (DGSD) [36], which we opted to include since its occurrence was explicitly reported by some authors.



We opted to consider each case study since some publications presented one or more case studies, and the consideration of only one geographical location and climatic context per publication would be misleading. Therefore, for the geographical and climatic classifications, the reported percentages refer to the total number of case studies and not to the total number of publications. For the geographical distribution classification, we indicated the country and the UNESCO regional group of the study areas.





3. Results


In this section, the main results from the review process are presented. First, an overview of the publications by year, the study scope, and the approach-based category are provided, along with the presentation of a set of publications that are illustrative of each approach. Furthermore, the geographical distribution, the climatic context, and the landslide type of each case study are presented.



3.1. Publications by Year, Study Scope and Approach-Based Categories


The bibliographical database comprises a total of 331 papers published between 2000 and 2023. Considering the 111 papers reviewed by Nicu [9] (which also comprised hazards other than landslides), this represents an increase in the number of publications from 2017 to 2023 and indicates a substantial growth in the interest of the international scientific community on the natural threats to immovable cultural heritage.



The years with the highest number of publications are 2013 and 2015, with 33 publications each (Figure 2). This can be related to the publishing of a volume of Landslide Science and Practice in 2013 as outlined by Nicu [9] and a volume of Engineering Geology for Society and Territory in 2015. Both volumes presented a series of studies focused on the interface between natural hazards and cultural heritage sites. Up to the date we queried the publication catalogs (28 June 2023), there were 17 landslide studies in cultural heritage sites published in 2023.



The majority of publications fit the geomorphological approach (80) (Figure 2), comprising studies that applied geomorphological methods such as extensive field surveys, empirical instability mapping, and geomorphological mapping. This category displays a regular growth tendency from 2000 to 2023 (Figure 2), highlighting its importance to landslide studies in cultural heritage sites, both as final products and to subsidize future studies. This approach is the most recurrent for susceptibility analysis (31%) (Figure 3).



The first published papers in the database fit this category [37,38]. Those early works took advantage of GIS applications to integrate geological and geomorphological information, aiming to investigate the mechanisms and causative factors of landslides in the Tharos, Capo San Marco, and San Giovanni di Sinis areas (Sardinia, Italy) that could represent risks to the preservation of Roman and Phoenician heritage sites. This fundamental role of the geomorphological approach is also exemplified by the geomorphological investigations by Frodella et al. [39] in the High City of Antananarivo (Madagascar), a UNESCO WHL candidate site, which provided information for subsequent research deploying a multidisciplinary approach [40].



Model-based approaches (71) have shown consistent growth since 2013 (Figure 2), and studies in this category applied numerical simulations, semiquantitative analysis, and statistically and physically based models to assess the landslide susceptibility, hazard, and risk that cultural heritage can be faced with. Model-based approaches were extensively used in all study scopes, being deployed mainly for hazard (26%) assessments (Figure 3). Aiming to analyze the information contained in the Periodic Reports of the state of conservation of Europe’s UNESCO WHS, Valagussa et al. [41] performed a multi-hazard assessment with the analytical hierarchy process (AHP) using detailed information on different geo-hazards from Italy. The authors indicate that the Periodic Reports are a useful starting point for hazard assessments on a continental scale, with limitations such as the underestimation of threats to cultural heritage in the specific case of landslide hazards.



Nicu [42] used three different model-based approaches (AHP, frequency ratio, and statistical index) to map the landslide susceptibility in a basin of the Moldavian Plateau (NE Romania) that hosts several Neolithic archaeological sites. Expanding this study in terms of territorial coverage and understanding of landslide threats on a site-specific scale, Nicu and Asandulesei [43] employed the same methods and LiDAR, total stations, and TLS to monitor the landslide threats and validate the models’ results. They showed that nearly 70% of the sites are located in high- or very-high-susceptibility areas. Further knowledge of the landslide threats to the Neolithic sites of the Moldavian Plateau was provided by Lombardo et al. [44]. The authors employed a binomial generalized additive model to independently assess landslide and gully erosion susceptibility, applying a further procedure to create a multi-hazard map that revealed 12 sites with a high probability of the occurrence of both processes.



In Slovakia, a series of studies were performed at the Spis Castle UNESCO WHS and other cultural heritage properties [45,46]. Numerical simulations performed by Vlcko et al. [46] showed that block spreading is a significant cause of the deformations observed with instrumentation and field surveys at the Spis Castle, resulting in a modeling approach with minimal intervention on the property’s structure that can be used in stabilization plans. Among others, examples of model-based approaches are provided by studies at the Rupestrian Churches of Matera (Italy) [47,48], the Zelve Open-Air Museum (Türkiye) [49], the Chinese heritage sites of the Fortified Manors of Yongtai [50] and Mogao Caves [51], Alhambra [52], and 12 churches considered Assets of Cultural Interest of Spain [53].



Survey and monitoring using geomatic techniques (59) display a sharp increase in the number of landslide studies in cultural heritage sites after 2014 (Figure 2), being the most selected approach for hazard (29%) and vulnerability studies (25%) (Figure 3). The increase in publications that fit this approach can be related to the growing availability and affordability of geomatic survey technologies in the last decade, such as synthetic aperture radars (SAR) [54], uncrewed aerial vehicles (UAVs) [55], terrestrial laser scanners (TLS) [56], and other instruments that allow for accurate representation of slopes and buildings, aiming to identify the instability mechanisms and model the response of the endangered heritage.



We highlight the growing use of SAR technologies to monitor the interaction of landslides and cultural heritage. Under the framework of the PROTection of European Heritage from GeO-hazards (PROTEGHO) project, Themistocleous et al. [57,58] used UAV surveys and Interferometric SAR data (InSAR) to monitor landslides, presenting case studies on UNESCO WHS in different countries (United Kingdom, Spain, Italy, and Cyprus) and establishing a low-impact monitoring methodology whose application is feasible to the totality of the European UNESCO properties. Also employing InSAR techniques, Pastonchi et al. [59] presented a fast and simple regional-scale procedure with Sentinel-1 data to assess deformations caused by slow-moving landslides on the UNESCO WHS in the Tuscany region (Italy) that can be replicated on cultural heritage sites worldwide.



Combining InSAR and direct monitoring techniques in the Siq of Petra (Jordan), Delmonaco et al. [60] contributed to the establishment of a risk mitigation strategy and highlighted that the wireless network of automated crack gauges was the most reliable of the tested techniques. Other studies in this category were also performed in cultural heritage sites in Greater London (United Kingdom) [61], for the Choirokoitia UNESCO WHS (Cyprus) [62], and in Greece at the site of Delphi [63] and the Kipinas Monastery in Epirus [64], among others.



Multidisciplinary approaches (51) (Figure 2) encompass strategies to assess risk and potential damages to cultural heritage sites due to landslides, combining different scientific knowledge fields. This approach was most frequently applied to assess vulnerability (23%) and risk (24%) (Figure 3), which can be related to the necessity of assessing both the physical and social aspects to properly estimate landslide risk. The combination of different questionnaire survey techniques and geomorphological knowledge [65,66], geomorphological and geomatic information with crowdsourcing to engage the general public for cultural heritage preservation [67], and dendrogeomorphological and traditional monitoring techniques [68] are examples of the necessity to integrate several scientific disciplines to assess landslide threats on cultural heritage sites.



Combining survey techniques and crowdsourcing, Marra et al. [67] showed the potential of engaging the public and managers of cultural heritage sites at the Samnite complex of Pietrabbondante (Molise, Italy). The proposal of the SUNDAE 1.0 catalog integrates national document databases, geological and geomorphological information, and cloud-based photos and videos collected by the public that can be used to update virtual models of the sites to assess the heritage’s state of conservation while engaging the public on the preservation efforts.



Using questionnaires, Santoro et al. [66] investigated the landscape perception of two social groups (residents/workers, and farmers) about diverse threats (including hydrogeological risks) in the Islands, Cinque Terre, and Porto Venere UNESCO WHS (Italy). Land abandonment is reported by both groups as the most relevant landscape change, while landslides are frequently indicated by residents as one of the major problems. Both risk perceptions are intertwined since the lack of maintenance of terraced landscapes due to land abandonment can lead to the development of landslides [69].



Landslides are also a threat to the conservation of the Honghe Hani rice terraces (China), where crop losses are growing among local farmers [65]. In this area, farmers have a high perception of landslide risk but low levels of preparedness to deal with the effects of a landslide event such as the one triggered in 2018. The authors suggest that a stronger information dissemination strategy should be deployed to engage the local communities since they have high trust in the effectiveness of disaster risk prevention and mitigation strategies, as shown by the survey results. In a multidisciplinary study at the region of the Monte Olivetto Maggiore Abbey (Tuscany, Italy), Bollati et al. [68] combined meteorological information, monitoring data on erosion rates and landslides, and dendrochronology to understand the badlands relief morphology evolution, providing a survey that can be useful for the identification of critical areas for the installation of monitoring stations.



In the engineering geological (50 papers) category were included papers that used geophysical methods, traditional geotechnical monitoring instrumentation (piezometers, inclinometers, extensometers, etc.), geotechnical mapping, and other engineering geological methods. For example, Margottini [70] presented an in-depth geotechnical characterization of the siltstones and conglomerates of the Buddha niches in the Great Valley of Bamiyan (Afghanistan), whose giant statues were demolished by the Taliban in 2001, thus subsidizing the stabilization works described by Margottini [71].



Marinos and Tsiambaos [72] proposed a set of protective measures to mitigate rock fall hazards at the hills of Skyros Castle on the homonymous Greek island through geotechnical surveys and a model of the rock fragments probable trajectories. At the Selmun Promontory (Malta), where the Ghajn Hadid Tower ruins stand, Ianucci et al. [73] performed a detailed engineering geological field survey to characterize the joint network of the rock mass, combining this information with the results of a geophysical survey of seismic noise measurements. The results allowed to delimitate zones with different levels of instability due to the ongoing lateral spreading that threatens the stability of the tower ruins. Combining field investigations, geomechanical characterization of joint aperture and persistence, and kinematical analyses, Bozdag [74] was able to identify the zones most prone to rock falls and rock topples at the ancient site of Kilistra (Central Anatolia, Türkiye), suggesting a set of geotechnical remedial measures to improve the stability of the rock slopes.



Papers included in the index-based category (20) (Figure 2) combined data on landslide conditioning and triggering factors using different expert-based weighting strategies. This category is the least applied in all study scopes, with higher contributions to risk studies (21%) (Figure 3). In this category, some studies have analyzed the susceptibility and vulnerability of cultural heritage to multiple natural and man-made hazards. Valagussa et al. [75] applied the UNESCO Risk Index to the European UNESCO WHS properties, presenting a continental-scale multi-risk analysis. Their approach explores the available natural hazard data on the continent, providing guidelines to prioritize areas for more in-depth assessments.



Through a GIS-based approach, Brimblecombe et al. [76] presented cultural heritage susceptibility maps to different natural threats (heavy rainfall, typhoons, floods, landslides, fires, and earthquakes) under a changing climate in the Tokyo Region (Japan) and provide an evaluation of the impacts on the tourists’ experience at the cultural heritage sites. The authors indicate that 11 cultural heritage properties can be faced with negative effects from debris flows and slope failures, recommending slope maintenance and early warning systems to managers and decision-makers. Lollino and Audisio [77] provided an application example of a GIS-based empirical approach to assess cultural heritage site susceptibility to landslides and floods, presenting two case studies on the Val Germanasca Valley (Piedmont, Italy) and Crespi d’Adda (Lombardy, Italy). Their results showed the applicability of this approach for preliminary studies aiming to define priority areas for hazard assessment and monitoring.



An example of a vulnerability study using an index-based approach is brought forward by Bertolin and Sesana [78] for the 28 remaining Norwegian stave churches. Apart from traditional variables considered in vulnerability studies (building material, maintenance condition, number of floors, age, etc.), the authors also considered the susceptibility of the indoor cultural heritage (both movable and immovable) and assessed the exposure based on topographic and building variables. Their study provided an in-depth and innovative vulnerability assessment of the immovable and movable cultural heritage of the stave churches.




3.2. Case Studies Geographical Distribution, Climatic Context and Landslide Types


Some publications have presented more than one case study in areas occasionally located in different UNESCO regional groups, countries, and climatic contexts. Therefore, the percentages reported in this section are relative to the total number of case studies and not to the total number of publications. Overall, the majority of case studies were performed in the Europe and North America group and the Asia and the Pacific group, while the Africa group and the Latin America and the Caribbean group had a smaller fraction of case studies (Figure 4). One publication was performed on a global scale [20]. Pavlova et al. [20] presented a worldwide overview of geological hazards exposure in over 900 UNESCO WHS, concluding that approximately 60% of the properties are exposed to at least one type of geological hazard. Pavlova et al. [20] showed that the most vulnerable regions are Asia and the Pacific and Latin America and the Caribbean, indicating that the most frequent hazards are earthquakes and landslides.



Italy is the leading country in all approach-based categories with 112 case studies (Figure 5), being the main contributor to the high number of case studies in the Europe and North America regional group. Italy is also the country with the highest diversity of study sites, with several case studies aimed at assessing landslide threats both in UNESCO WHS sites and in Italian heritage sites that are not inscribed in the WHL [79,80,81,82,83,84]. This result suggests a higher awareness among the Italian scientific community of the potential threats to sites of cultural significance on a national level. Romania (16 papers), Greece (16), the United Kingdom (10 papers), Cyprus (9 papers), and Spain (8 papers) have a significant contribution to the higher number of publications in the Europe and North America regional group (Figure 5).



In the Asia and the Pacific regional group, the majority of case studies are from China (25) and Japan (12), with contributions from Afghanistan (8), India (4), and Iran (3) (Figure 5). China is the second country with the most properties inscribed in the UNESCO WHL (57) and also ranks second in the number of case studies in this review. China is one the countries with the highest numbers of papers and study areas where statistically based landslide susceptibility models have been deployed, as shown by Reichenbach et al. [85] in their review of landslide susceptibility using data-driven models. This can be also explicative of both the number of Chinese case studies and the diversity of studied cultural heritage sites. In Japan, the concern with the interaction between landslides and cultural heritage can be a consequence of the strong legal framework for landslide risk mitigation in general, for example, the 2001 Sediment Disaster Prevention Law, the Landslide Prevention Law, and the Law for Prevention of Steep Slope Failure Disaster [86].



The Arab States regional group ranks third with eight countries (Jordan, Algeria, Egypt, Tunisia, Syria, Iraq, Lebanon, and Saudi Arabia), with the majority of case studies from Jordan (15), Algeria (3), and Egypt (3). Only two countries from the Africa group (Ethiopia and Madagascar) and four from Latin America and the Caribbean group (Peru, Chile, Argentina, and Bolivia) have landslide case studies in cultural heritage sites (Figure 5).



Four of the top 10 countries with the most case studies (Figure 5) are not located in the Europe and North America Group (China, Peru, Jordan, and Japan). This result should be analyzed carefully, given that a high number of publications does not necessarily mean a diversity of study areas. Except for China and Japan, most of the studies on the abovementioned countries were conducted on the same heritage sites: Machu Picchu in Peru (15 out of 16 case studies), and the Siq of Petra in Jordan (all case studies in Jordan). This concentration of case studies on the same heritage property can be perceived in other areas, such as the Buddha niches of the Bamiyan Valley UNESCO WHS in Afghanistan (7 of the 8 case studies), Katskhi Pillar and Vardzia Monasteries in Georgia (11 out of 12 case studies), and the High City of Antananarivo in Madagascar (all case studies).



Regarding the climatic context, the category “Not Applicable” (Figure 6) refers to case studies carried out on global, continental, national, or regional scales that do not allow the definition of one single climatic type under the Köppen–Geiger classification. The majority of the reviewed case studies were performed in hot-summer Mediterranean and temperate oceanic climates (23.63% and 18.13%, respectively) (Figure 6). Humid subtropical (14.01%), warm-summer humid continental (9.62%), and warm-summer Mediterranean (7.14%) climates accounted for a relevant share of the amount of landslide case studies in cultural heritage sites. Tropical, arctic, and monsoon-influenced climates figure among the less studied climatic contexts (Figure 6). Only six case studies were performed in areas under a tropical climate and 14 in monsoon-influenced contexts.



For the landslide types, the “Not applicable” class encompasses studies performed at continental and global scales that do not allow for the differentiation of landslide type (Figure 7). A total of 6.8% of the case studies did not indicate the landslide type using common and accepted taxonomies (Figure 7). Case studies that did not indicate the landslide type most frequently deployed a model-based approach.



Translational slide and fall are the most studied types of mass movement in cultural heritage sites (28.9% and 21.8%, respectively) (Figure 7). More specifically, the majority of case studies analyzed the potential threats from block slides, earth slides, and rock falls. The selected methods for assessing translational slide and fall threats to heritage sites were similar, mainly the geomorphological approach and survey and monitoring using geomatic techniques (Figure 7). Examples of selected methods are detailed geomorphological mapping, extensive field campaigns, UAV digital photogrammetry, and TLS surveys to investigate the landslide mechanisms and potential damage to heritage sites [64,87,88,89,90,91,92,93]. A minority of case studies opted for index-based methods.



A total of 12.1% of the case studies were dedicated to debris flow and earth flow, usually assessed by a geomorphological approach and a multidisciplinary approach (Figure 7). Different from other landslide types, several papers aimed to reconstruct past flow events using the abovementioned approaches to understand the reactivation regime and the mobilized material source areas [52,94,95,96].



Soil and rock spreading and deep-seated gravitational slope deformation (DGSD) were analyzed in fewer case studies in comparison to other landslide types (Figure 7). Rock spreading and DGSD have a similar pattern of selected methods, which is associated with the slow to very slow velocity rates of those processes. This characteristic of lateral spreading and DGSD allows scientists to deploy a diversity of monitoring instrumentation, such as inclinometers and piezometers, GNSS networks, and different types of SAR data analysis [62,97,98,99,100].





4. Discussion


Based on the results of the review process, we highlight that important progress has been made in the last few decades, aiming to understand the hazard and vulnerability components of landslide risk in cultural heritage sites. The challenge seems to be the translation of scientific knowledge into public policies to safeguard cultural heritage sites. Engaging the populations that are economically and socially dependent on the conservation of cultural heritage value, tourists, and other stakeholders in the preservation efforts can be a viable option to raise society’s awareness and may reflect in political action.



Concerning the selected methods and approaches, we note an expansion of the use of geomatic survey and monitoring techniques in the last decade, mainly the use of UAV digital photogrammetry, laser survey techniques, and SAR-based methods. However, most of this kind of research is restricted to the more studied countries located in Europe and North America and the Asia and Pacific regional groups. Future studies could benefit from the use of those methods in the least studied regional groups, especially in less favored countries that usually lack an updated environmental database at adequate scales for the analysis of landslide exposure to cultural heritage sites. The method selection and study design should take into consideration the regional context of each cultural heritage site, which kind of landslide is under analysis, the scale and objectives of the landslide assessment, and the financial resources available for the project. Considering the heterogeneity of geomorphological and climatic contexts and the diversity of cultural heritage sites in the selected publications, it is not feasible to suggest a need for one specific approach. Instead, it is necessary to tailor the methods deployed according to the type of cultural heritage under threat and the expertise of each group of scientists.



The leading role of the Europe and North America group can be associated with transnational cooperation projects aimed at safeguarding cultural assets, of which PROTEGHO, HORIZONS, ARCHYTAS, PANOPTIS, HYPERION, and INFRASTRESS projects are examples. Those initiatives resulted in several publications and solid know-how on the geomatic survey, model-based approaches, vulnerability, and risk assessments, as well as strengthening public policies to safeguard the European cultural heritage. The strong transnational cooperation in the European Union to safeguard cultural heritage assets may be explicative of the fact that national- and continental-scale landslide studies were only identified for Europe [24,41,75,101,102].



We note a gap for landslide studies in cultural heritage sites in Africa, Latin America, and the Caribbean, the Arab States UNESCO group of countries, and in areas with tropical and monsoon-dominated climates. Despite the number of case studies in the Arab States regional group, most of the research was aimed at assessing rock-fall threats in the Siq of Petra (Jordan), implying a gap in knowledge of landslide threats to other heritage sites of the Arab States. This scarcity of research in Africa and Latin America and the Caribbean was also noted by Fatorić and Seekamp [25], Sesana et al. [16], and Orr et al. [26] in their reviews on the effects of climate change on cultural heritage sites.



The geological context of the investigated areas was not taken into consideration due to the diversity of study scales and scopes in the reviewed papers. During the study design process, we actually considered the inclusion of the geological and tectonic contexts in the list of determinants to be extracted from each publication. However, it proved very difficult to ascertain the geological context of the study areas due to the highly heterogeneous form in which this information was reported by the authors of the selected articles. Moreover, due to the disparity in the study scale between publications (from single cultural heritage properties up to global-scale studies), reporting a simplified geological context for each case study could have been potentially misleading. The same applies to the tectonic context. In fact, it could have been misleading to provide a differentiation between active tectonic regions and stable platform contexts, especially for areas where both rainfall events and earthquakes can trigger (and have triggered in the past) landslides, such as in the Mediterranean region (the area with the most landslide studies in cultural heritage sites in our review). Nevertheless, we believe that the classification of studies by landslide type presented in the review can provide readers with insights into the most and least studied geological contexts.



A restricted number of studies in our database analyzed the possible impact on cultural heritage sites due to multiple-occurrence regional landslide events (MORLE) [103], none of them in humid tropical environments where MORLE is relatively frequent. Furthermore, high-energy landslides with a long runout, such as debris flow and earth flow, were analyzed in a restricted number of case studies in comparison with rock falls and translational slides, which we associate with the scarcity of studies in cultural heritage sites under tropical and monsoon-dominated climatic contexts.



From the analysis of the results, we note that international cooperation has advanced the understanding of landslide threats to cultural heritage sites located in the less-studied UNESCO regional groups. Therefore, international cooperation between scientists from less favored countries with their pairs based on the more studied countries can be a promising route to overcome the knowledge gap about the threats posed by landslides to cultural heritage sites in less favored countries. Several case studies in the Africa and Arab States regional groups resulted from international cooperation projects with teams from more favored countries. The studies performed on the Lalibela Rock-Hewn Churches UNESCO WHS in Ethiopia [104,105,106,107] and in Tunisia (the Dougga/Thugga site) [108] benefited from the cooperation of local experts with Italian ones under the framework of interdisciplinary projects, mainly coordinated by UNESCO.



The same applies to the publications about the High City of Antananarivo, which benefited from the cooperation between experts from different countries in the framework of the “Project for Enrollment of the High City of Antananarivo in the UNESCO World Heritage Site” of the UNESCO chair on Prevention and Sustainable Management of Geo-Hydrological Hazards [39,40,109]. In Latin America and the Caribbean, international cooperation under the framework of the International Consortium on Landslides and the International Programme on Landslides C101-1 resulted in the already mentioned case studies in the Inca citadel of Machu Picchu [110,111,112,113], involving Peruvian, Japanese, Czechoslovakian, and Italian experts [114].




5. Conclusions


This research was focused on the review of publications dealing with cultural heritage sites affected by landslides worldwide. The analysis of the bibliographical database allowed us to outline the most studied regions and climatic contexts, the most frequently selected methods, and the most analyzed landslide types. The highest number of studies have been carried out in Europe, North America, Asia, and the Pacific—Italy and China being the topmost—while the least studied areas are located in Africa and Latin America and the Caribbean UNESCO regional groups of countries, a picture already depicted by previous reviews. Moreover, we highlight a gap in studies aimed at assessing the potential landslide threat to cultural heritage under tropical and monsoon-dominated climatic contexts. Most of the research conducted in Africa, the Arab States, and in Latin America and the Caribbean groups has the same cultural heritage property as the study area. Therefore, it is necessary to broaden the range of studied properties to properly identify the real landslide exposure of the cultural heritage in Africa, Latin America and the Caribbean, and the Arab States groups. The diversification of study sites may also contribute to understanding how different landslide dynamics can impact cultural heritage, a piece of information that could be useful for adaptation strategies in the more studied regions.



We highlight that the cooperation between scientists from countries with different socioeconomic and academic contexts has already resulted in papers that have provided important contributions to the understanding of landslide threats to heritage sites. As indicated in the United Nations SDG #17, a promising route to overcome the gaps presented in this review may be the strengthening of international cooperation between scientists from less-favored countries and excellence centers in the most studied countries, including the indigenous communities and knowledge in the prevention and adaptation strategies. It should be underlined that the use of virtual technologies (for example, https://www.geovt.eu/, accessed on 28 September 2023) would also be beneficial in enhancing the above-mentioned cooperation by providing the means for virtual field activities and for the training of a new generation of scientists dealing with the potential impact of geohazards on cultural heritage.
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Figure 1. Diagram of the reviewal process and information on retrieved publications. 
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Figure 2. Publications by year and approach-based category, with total publications per year (bars, plotted to the main y-axis) and cumulative totals of publications (lines, plotted to the secondary y-axis). 
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Figure 3. Distribution of the publications based on the study scope. Breakdown of each scope by approach-based category: (a) susceptibility studies; (b) hazard studies; (c) vulnerability studies; and (d) risk studies. 
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Figure 4. Case studies sorted by approach-based category and UNESCO Region of the study areas. (a) Survey and monitoring using geomatic techniques; (b) model-based approach; (c) index-based approach; (d) geomorphological approach; (e) engineering geological approach; (f) multidisciplinary approach. Abbreviations: AFR—Africa; ARB—Arab States; ASA—Asia and the Pacific; EUR—Europe and North America; LAC—Latin America and the Caribbean. 
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Figure 5. Case studies distribution by country. 






Figure 5. Case studies distribution by country.



[image: Heritage 06 00348 g005]







[image: Heritage 06 00348 g006] 





Figure 6. Case studies distribution by study area Köppen–Geiger climate zone. 
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Figure 7. Distribution of landslide case studies in cultural heritage sites by landslide type and approach-based category. DGSD stands for “deep-seated gravitational slope deformation”. 
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Table 1. Approach-based categories regarding the selected methods.
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	Approach-Based Category
	Methods and/or Tools Used





	Survey and monitoring using

geomatic techniques
	Detailed mapping and monitoring of exposed cultural heritage by means of UAV-DP, TLS surveys, SAR interferometry, and related techniques 1



	Model-based
	Statistical-, physically-based, and semiquantitative modeling for the assessment of landslide susceptibility, hazard, vulnerability, and risk



	Index-based
	Indexes elaborated by expert-weighting of variables related to landslide susceptibility, hazard and risk, and exposure of cultural heritage sites



	Geomorphological
	Empirical slope instability mapping, regional and detailed geomorphological mapping, extensive field campaigns



	Engineering geological
	Geophysical methods, geotechnical monitoring and characterization, geotechnical mapping



	Multidisciplinary
	Combined use of two or more of the approach-based categories and/or other methods (questionnaires, dendrochronology, etc.)







1 Abbreviations: UAV-DP: uncrewed aerial vehicle—digital photogrammetry; TLS: terrestrial laser scanner; SAR: synthetic aperture radar.
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