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Introduction: Paleontological heritage rarely receives the same legislative attention as archeological heritage. Part of the problem seems to be, at least in some contexts (e.g., Italy), the difficulty of acknowledging fossils as distinct assets from other cultural heritage objects and the lack of expertise among the administrative functionaries. This study aims to describe and test an objective analytic operational procedure that could allow for the assessment of the relevance of any fossiliferous site and its potential vulnerability in its present state.
Methods: The estimations were obtained using several quantitative and qualitative parameters that could describe the probability of fossil recovery for each site (Pr) and the scientific and cultural interest of the locality (In). Each parameter has subcategories for better defining. The product of probability and interest results in the scientific value (S), generally expressed as a percentage (S*). The vulnerability index (V) of productive and active sites considers the use of the land (U) and the natural erosion (E). The parameters were thought to apply to any type of fossil locality. We tested the indexes on 22 localities (7 of which were with paleoichnological records and 15 with direct body-fossil evidence), all different from one another.
Results: The results show that the proposed indexes well describe and characterize each locality. Most of the sites are moderately vulnerable (V between 1 and 3) except for large quarry sites (e.g., Pirro Nord, Italy and Solnhofen, Germany) whose vulnerability indexes fell in the maximum degree of risk.
Discussion: The operational procedure presented here is a simple, objective, and remotely applicable method allowing paleontologists and non-expert personnel to categorize localities and, therefore, act as a base to plan actions in paleontological heritage management relative to territorial development and land use.
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1 INTRODUCTION
Every year, around the world, thousands of square kilometers of land are affected by development projects such as quarries, highways, and new agricultural fields (Hurtt et al., 2011; Merril and Leatherby, 2018; Ellis, 2021). Cultural heritage managers and administrative personnel, thus, must deal with the complex process of overseeing heritage asset spread (e.g., archeological, paleontological, or environmental ones) across the territory and safeguard and protect possible new findings. With the 1992 European Convention on the Protection of the Archaeological Heritage (also known as the “Valletta Treaty” or “Malta Convention”), most European countries have set the protection, preservation, and scientific research of archaeological heritage on top of their political agenda. One major consequence has been the flourishing of collaborative preventive archeology projects (Hofman and Hoogland, 2016), the designing of numerous archeological site evaluation tools (Ólafsdóttir and Dowling, 2009; Kavčič and Peljhan, 2010; Bujok et al., 2015; Goemaere et al., 2015; Sellier, 2016; Lukić et al., 2021), and the theorization of predictive models (Anschuetz et al., 2001; Stančič et al., 2001; Kamermans et al., 2009; Danese et al., 2013; Danese et al., 2014). The effort is not limited to Europe but is also applied globally in extra-European countries (Nikami, 2007; Hadjimitsis et al., 2013).
Unlike archeological patrimony, the paleontological heritage is often overlooked by the legislation of many countries. The main reason for this neglect is strictly linked to the complex dichotomous nature of paleontological heritage. According to the 1970 UNESCO Convention of the Means of Prohibiting the Illicit Import, Export, and Transfer of Ownership of Cultural Property (UNESCO, 1970), the term cultural heritage encompasses several main categories of heritage, such as “rare collections and specimens of fauna, flora, minerals, anatomy, and objects of paleontological interest.” On the other hand, the term “natural heritage” includes “natural sites with cultural aspects such as cultural landscapes and physical, biological, or geological formations” (UNESCO, 2022). Since the fossil record is tightly connected and inseparable from the geological environment, it can be argued that the protection of fossil resources could be framed as part of the natural heritage because fossils are natural objects, and not created by humans (Prado, 2008). Nevertheless, based on the statements within the 1970 UNESCO convention (UNESCO, 1970), many countries’ legislations consider paleontological heritage as included under the definition of “cultural heritage.” For this reason, in legal terms, paleontological resources are equated to objects with different origins and nature, like archeological and historical artifacts (Alcalà and Morales, 1994; Prado, 2008; Guerrero-Arenas et al., 2020).
In addition to the complex nature of fossils and the old-fashioned legislation of many countries (e.g., Italy), we need to add that among the administrative personnel and the heritage managers, professional experts in paleontology are missing (and in most cases, there are not even experts in biological or Earth sciences), thus, the personnel responsible for the site is often unable to manage the paleontological heritage with the appropriate attention and scientific background. All these factors contribute to hindering the proper tutelage of the “immovable” paleontological heritage, both historically known fossil sites or newly discovered fossiliferous localities.
In this sense, it is fundamental to provide government agencies with an operational procedure capable of operatively categorizing sites according to their paleontological relevance and thus offering protection for proper conservation and management in a cost-effective way.
In the past, several models concerning the evaluation of the paleontological heritage have been proposed (Alcalá and Morales, 1994; Morales, 1996; Morales et al., 1999; Oheim, 2007; Hayward, 2009; Mampel et al., 2009; Endere and Prado, 2015; Canudo et al., 2021; Morey and Pons, 2021; García-Ávila et al., 2022). However, they were all designed to be applied to specific countries or specific fossil-rich regions, thus resulting in them often being too specific and/or not useful to be extended to a broader set of different situations/conditions.
This research paper describes a new and innovative analytic operational procedure to measure the potentiality of fossil recovery in one site and, at the same time, assess the risk to which such a site is, or might be, subject. Furthermore, this operational procedure could promote paleontological heritage, raising awareness of its relevance and value and, by doing so, favoring its protection. To define the analytic operational procedure, we selected a number of significant parameters that allow the synthetic yet objective description and estimation of the importance of the paleontological heritage (specifically the scientific, educational, and historical values). Furthermore, the parameters were subdivided into data categories easily retrievable by consulting relevant bibliography and through the use of GIS software. Two sets of parameters were defined to differentiate between track sites (indirect fossil evidence) and localities with body-fossil remains (direct evidence). A value was assigned to each parameter based on predefined categories to characterize the selected fossiliferous locality. The parameters were then merged to calculate four different indexes to make a quick, objective, and comprehensive evaluation of the relevance and vulnerability of the site.
The aim of this project was to define an operational procedure applicable to any fossil locality from anywhere in the world; the parameters were adjusted to be easily evaluated by paleontologists as well as non-specialized technical personnel, thus minimizing the subjective component in the evaluation process. With this operational procedure, it is possible to have a simple and objective starting base to evaluate a site’s relevance and take actions on paleontological heritage management relative to territorial development.
2 MATERIALS AND METHODS
2.1 Experimental base
The necessity of designing an analytic operational procedure to evaluate the importance and vulnerability of each fossil locality arose within a larger project granted by the Regione Toscana and the Università degli Studi di Firenze aiming at the valorization of the Tuscan paleontological heritage and, in particular, the Grosseto province, selected as a test case for its diversity of sites in a single, limited area.
Managing a sizable database to obtain direct information on paleontological aspects of the various fossil localities required the definition of a series of parameters capable of arranging and analyzing the increasing amount of available data and geographical information. The parameters for the scientific value index were selected (Tables 1, 2) taking into consideration the previous experiences of inventory and classification of archeological and paleontological heritage (Alcalá and Morales, 1994; Morales, 1996; Morales et al., 1999; Hayward, 2009; Mampel et al., 2009; Ólafsdóttir and Dowling, 2009; Kavčič and Peljhan, 2010; Bujok et al., 2015; Endere and Prado, 2015; Goemaere et al., 2015; Sellier, 2016; Canudo et al., 2021; Lukić et al., 2021; Morey and Pons, 2021; García-Ávila et al., 2022) but were also based on the requirements identified during the data collection and the survey carried out for this study.
TABLE 1 | Variables for the calculation of the site relevance index (R) of sites with fossil remains.
[image: Table 1]TABLE 2 | Variables for the calculation of the site relevance index (R) of sites with footprints.
[image: Table 2]2.2 Proposed methodology
The proposed methodology for the estimation of the scientific value and vulnerability of fossil sites (Figure 1) is composed of 13 different parameters grouped into three different categories (Tables 1–3): discovery probability (Pr), site interest (In), and vulnerability (V). These parameters were combined to calculate four different indexes.
[image: Figure 1]FIGURE 1 | Schematic representation of the methodological proposal to assess the scientific value and vulnerability of paleontological sites. For abbreviations, see the text. Caption: in normal characters - the conceptual objectives of the estimations (i.e., the relevance and the vulnerability of each site); in italics - parameters and discriminants (ovals) and indexes (double-lined rectangles); and the rhombus represents a decision affecting the estimation of vulnerability, i.e., depending on the parameters active/inactive (a) and productivity (p). “˅” and “˄” represent logical connectors. The scale below vulnerability (V) schematically expresses the intensity of the vulnerability index, from 0–1 (low concern) to 4–5 (extreme vulnerability).
TABLE 3 | Variables for the calculation of the vulnerability index.
[image: Table 3]Despite applying a similar methodology to evaluate track and body-fossil sites, the variable list (Tables 1 and 2) shows some differences in parameters between the two types of fossiliferous localities. Sites yielding skeletal remains differ from those with trace fossils in terms of some of the discovery probability and site interest parameters. Each parameter is, in turn, characterized by a number, usually an integer, that defines the characteristics of the selected fossil site. The parameters that make up the discovery probability (Pr) are the numerical consistency of fossils recovered (P1) and the site extension (P2). For localities with fossil traces, the P1 parameter is modified as the numerical consistency of traces recovered (Pt1).
As the name implies, numerical consistency (P1) is simply the number of single fossil elements or traces recovered from a site. Unidentifiable bone fragments and unidentifiable plant matter are not included in the calculation. The threshold values established to separate the different categories of this parameter were defined in previously published studies (Mampel et al., 2009; Endere and Prado, 2015). In the case of a fossiliferous locality bearing solely invertebrate remains, doubling the threshold values of each category (P1i) was deemed better, thus avoiding giving too much value to the common shell beds we can often find in marine/lacustrine formations while not belittling truly important invertebrate sites.
The site extension (P2) parameter defines the areal extension of the fossiliferous locality. Since it is often difficult to truly quantify the area covered by a site, we did not define the categories using areal units, but we preferred giving a brief and easy-to-interpret description of the different types of fossil localities that can be normally found. Therefore, we described punctual sites as very small outcrops not extending over a few square meters; very small caves also fall into this definition. Medium-sized outcrops, small quarry fronts, and big cave complexes belong to the second category, the medium areal site. We included mines in this second category. The third category, called areal site, includes only very large fossiliferous localities that can be easily mapped in large-scale maps, such as huge quarries or extensive outcrops.
These two parameters add up to calculate the discovery probability index (Pr):
[image: image]
For localities with fossil tracks, the equation simply becomes
[image: image]
Through the discovery probability (Pr), investigators can easily elaborate on the richness and extension of the fossiliferous locality.
The site interest (In) category is composed of seven different parameters (Table 1): total taxa diversity (I1), relative taxa diversity (I2), citation frequency (I3), knowledge level (I4), taxa rarity (I5), presence of valid and/or historic types (the site is a type locality of some taxa) (I6), and tourist and educational potential (I7). For localities with fossil traces, the parameters are (Table 2) variety of ichnogroups and/or ichnotypes (It1), number of trackways (It2), citation frequency (I3), knowledge level (I4), length of trackways (It5), presence of valid and/or historic types (I6), and tourist and educational potential (I7).
The total taxa diversity (I1) defines the number of different taxa identified in a site. Less-specific identifications (e.g., “Cheloniidae index”) are also included in the count. Similarly, the variety of ichnogroups and/or ichnotypes (It1) defines the number of ichnotaxa identified on the site.
For the parameter relative taxa diversity (I2), we divided the fossil remains into invertebrates, vertebrates, and plants and considered their relative abundance in each site. We decided to attribute higher values to localities that present two or more of these groups as they can offer a better ecological insight into the paleoenvironment and, thus, have a higher scientific relevance.
The citation frequency (I3) was used to define how relevant a site is for the scientific community. To do so, a simple and effective way is to use the Google Scholar database. Launched in 2004, this search engine is a useful tool, helping researchers locate in seconds relevant research papers from billions of pages across the Web and in many cases directly retrieve the full text of those studies (Hightower, 2010; Giustini and Kamel Boulos, 2013). A reliable objective figure of the number of studies focused on the site was obtained using online article repositories (e.g., Google Scholar, Web of Science, and Scopus). These websites report the number of references citing each paper; here, we used the first and/or most representative published research paper on the selected locality, divided by the number of years that have passed since the publication of that paper. The obtained estimation is the frequency of citation of that paper and, as a result, how much the scientific interest for a specific locality fluctuated through time. Using a ratio instead of the sheer citation number, we avoided the clear “advantage” that renowned fossiliferous localities have over recently discovered localities. When the study is too old to be found correctly cited in Google Scholar or Scopus (e.g., Solnhofen fauna was described in the 19th century), the most cited research paper or the most representative one can be used instead.
Knowledge level (I4) considers the scientific and public outreach of a fossil site, factoring in the number of articles in national and/or international journals, documentaries, books, or articles in local newspapers.
Taxa rarity (I5) is used to report the occurrence of rare and/or very rare taxa, supporting the cultural and scientific value of the site. Similarly, the presence of valid and/or historic types (I6) allows giving credit to localities that have produced type specimens and are, therefore, historically relevant.
Finally, tourist and educational potential (I7) evaluates the tourist attractiveness of the site, factoring in the accessibility to the site, the presence of guided tours, and the overall public interest in the locality.
In the case of localities with fossil traces, relative taxa diversity (I2) and taxa rarity (I5) are substituted by the number of trackways (It2) and length of trackways (It5). This choice was made following specific scientific literature: the wider the representation and the variety of trackways, the easier it is to establish comparative trends and reach more solid and proven conclusions (Mampel et al., 2009; Falkingham et al., 2016). This, in turn, reflects the scientific and cultural value of the site.
The length of trackways (It5) is calculated differently according to the nature of the organism that has produced the tracks, following common practices of ichnologists (among others, Melchor and Cardonatto, 2014; Moreau et al., 2021). For vertebrate trackways, the length is based on the number of steps preserved, whereas for invertebrates, the length is based on the metric length of the track. The threshold values for the vertebrate trackways were taken from the work of Mampel et al. (2009), while the quantitative evaluation of the invertebrate trackway length was based on extensive related literature (Buta et al., 2005; Minter et al., 2007; Melchor and Cardonatto, 2014; Moreau et al., 2021).
The sum of these seven parameters produces the site interest index:
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For localities with fossil tracks, the equation becomes
[image: image]
The site interest index could summarize the characteristics of a fossiliferous locality with a few simple and easy-to-answer questions.
The combination of the discovery probability index and the site interest index defines the scientific value index as a more comprehensive and exhaustive parameter to evaluate the significance of a site. The maximum value obtainable with the scientific value (S) in our method is 156, but it is usually expressed as a percentage (S*):
[image: image]
The final category contains all the parameters that contribute to defining, together with the indexes defined above, the vulnerability index (Table 3). The parameters included in this index are productivity (p), active/inactive (a), site use (U), and natural erosion (E). These parameters do not change between sites with body-fossil remains and those with fossil traces.
Productivity (p) and active/inactive (a) are discriminants as they can only assume values of 0 or 1. They are needed in the final calculation of the vulnerability index score cases as sites that are no longer productive or accessible. In the case of fossil localities that were completely exploited, while they still maintain historical and scientific value, they do not require any specific protection. Similarly, a fossiliferous locality that, for an anthropic or natural cause, can no longer be reached (e.g., a disused and collapsed mine, an outcrop covered by a landslide, and/or a site already lost due to an urban development project) does not require protection.
Site use (U) defines the actual use of the land where fossiliferous remains or traces have been found and how much its use could affect the integrity and preservation of the fossil remains contained in the site. The value of this parameter varies from 0, in the case of a site completely musealized, to 5 for sites subjected to high anthropic use, such as quarrying or urbanization. Intermediate values refer to sites located in areas with different degrees of anthropization (see Table 3 for the complete list).
Natural erosion (E) is used to describe the intensity of erosion to which the site is subject. Land erosion is often influenced by many different contributing factors, such as lithology, land cover, soil susceptivity, topography, etc.) (Zachar, 1982; Renschler and Harbor, 2002), often resulting in peculiar local effects. In the last decades, several models were developed to assess erosion in different parts of the world, even at different spatial and temporal scales (Tangestani, 2006; Sheik Mujabar and Chandrasekar, 2013; Panagos et al., 2015; Borrelli et al., 2017; Nearing et al., 2017; Uddin et al., 2018; Alewell et al., 2019; Bhattacharya et al., 2019; Ciampalini et al., 2020; Wuepper et al., 2020; Ferreira et al., 2022), especially considering its profound socio-economic impact (Panagos et al., 2018; Tsegaye, 2019). Such evaluation procedures are based on the possibility of retrieving reliable data from third-party, official, and often institutional services. One example is the United Nations Inter-Governmental Technical Panel on Soils of the Global Soil Partnership (https://www.fao.org/global-soil-partnership/itps/en/), a working group made of top experts representing all the regions of the world. Despite the challenges, advantages, and distinctions of the various models, data on factors controlling land erosion are often readily available for many geographic regions (Canuti et al., 2000; Borrelli et al., 2021; Poggio et al., 2021), thus enabling such estimations even for decision-making personnel (Renschler and Harbor, 2002; Borrelli et al., 2021; Ferreira et al., 2022). Models even manage to make predictions of future erosion at different scales (Catani et al., 2010; Borrelli et al., 2020; Panagos et al., 2021). Therefore, despite the well-known issues of the methodologies (Batista et al., 2019), the quantification of erosion remains a key calculable parameter for land-managing and development programs. Even in the vulnerability assessment of a paleontological site, erosion should not be disregarded. Although, compared to the aforementioned methods, simpler categorization could suffice. Indeed, previous studies in paleontology (Oheim, 2007; Mampel et al., 2009) used data available from local institutional administrations and geologic services reporting erosive potentiality at a local or regional scale (Aragón Territorial Centre of Information and Documentation; Mampel et al., 2009). Such estimations include all different sources of erosion, e.g., water, wind, biological, and anthropogenic. This information was converted by these authors into simple qualitative categories.
In our analysis, we directly surveyed some of the sites considered (e.g., Cornate di Gerfalco, Pirro Nord, Dmanisi) and qualitatively evaluated the degree of potential erosion on some considerations (e.g., formation type and climate). Second, we compared our evaluation with institutional data of the area to refine them. Finally, we contrasted our assessment with that of scientific literature and established discrete qualitative categories to be used for the gross assessment of the vulnerability of each site. Non-numerical variables defining erosion also allow adapting different and non-comparable records: the same amount of erosion per year can be considered as a “moderately low” degree of erosion in some regions, while in others, it could be “moderate” or high. For instance, in the central and southern regions of the Italian Peninsula, we have this discrepancy: 5–10 tons per acre per year is a “low” erosion potential in Tuscany, while the same amount is a “moderate” one in Apulia (Montanarella et al., 2000). This being considered, a qualitative definition of natural erosion (E) prevents this incompatibility. The values of parameter E here adopted range from 0 if the site is protected from natural erosion to 3 for sites affected by severe weathering. In the absence of any data for the considered locality, we followed Mampel et al. (2009), defining a minimum value of weathering equal to 0.5.
Based on all the aforementioned and defined parameters and indexes, the vulnerability index (V) can be computed as follows:
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The vulnerability scale is subdivided into five different intervals (Table 4) and ranges from 0 for protected and musealized sites to 5 in the case of highly vulnerable sites. The vulnerability index equation can produce values slightly higher than 5, but they are all reconducted to the maximum range of the vulnerability scale, as all values higher than 4 represent high-risk situations that require immediate intervention.
TABLE 4 | Ranges of vulnerability calculated with Eq. 6.
[image: Table 4]2.3 Case studies
To prove the simplicity and effectiveness of the indexes, we tested them on a variety of different fossiliferous localities. We selected 15 localities with fossil remains and seven localities with fossil traces, ranging from the Early Paleozoic to the Late Cenozoic (Figure 2; Tables 5). Seven of the 22 localities considered here were personally visited by the authors and contributed to the definition of the methodology presented. The different localities were selected from all around the world, regardless of their paleontological content, to further test the reliability of the results. All necessary data to compile the previous equations were recovered from bibliographies and through GIS methodologies and, in some of the case studies, direct visits to the sites (Table 5). The complete list of the selected localities is reported in Table 5.
[image: Figure 2]FIGURE 2 | Location of the selected localities used to test the new analytical procedure. Caption: white circles: localities with fossil remains; white triangles: tracksites. Photos of some of the localities: (A) Dohilla tracksite (modified from the work of Stössel et al., 2016); (B) Dmanisi (photo by Saverio Bartolini-Lucenti); (C) Walcott quarry (Mark A. Wilson, Department of Geology, The College of Wooster, Public Domain); (D) Gran Dolina site in Atapuerca (photo by Mario Modesto Mata, own work, CC BY-SA 3.0); (E) Laetoli site during the 1994 conservation project (modified from the work of Agnew and Demas, 1998); and (F) Maotianshan musealized site (Martin Smith, own work, CC BY-SA 4.0).
TABLE 5 | List of selected localities to test the proposed methodology. The reference paper column reports the studies used to define the historical relevance parameter of each site.
[image: Table 5]3 RESULT AND DISCUSSION
The use of the proposed parameters and the indexes obtained proved consistent and useful to synthesize and organize the relevance and the deterioration risk of each of the selected sites (Tables 6, 7). The results show a wide variety of values, correctly gathering the array of characteristics possessed by each site and expressing them and their influence on the obtained scientific value and vulnerability. On-site observations of some of the localities (Table 5) helped with the calibration of several parameters.
TABLE 6 | Site evaluation matrix of the selected test localities with fossil remains.
[image: Table 6]TABLE 7 | Site evaluation matrix of the selected test localities with fossil tracks.
[image: Table 7]World-renowned localities such as Maotianshan (Chengjiang Biota, Early Cambrian; China), Walcott Quarry (Burgess Shale Biota, Middle Cambrian, Canada), Flat Rocks (Early Cretaceous, Australia), Solnhofen (Late Jurassic, Germany), Dmanisi (Early Pleistocene, Georgia), Laetoli (Plio-Pleistocene, Tanzania), Pirro Nord (Early Pleistocene, Italy), and the four Atapuerca sites (early Middle Pleistocene, Spain) have all produced, as expected, very high scientific value indexes despite being sites with very different characteristics (Barthel et al., 1990; Gould, 1990; Gabunia and Swisher, 2001; Rook, 2013; Hou et al., 2017; Kooland and Lowery, 2020). The variation among the values of these fossiliferous localities is mostly due to the extension of the site and the presence/absence of holotypes. While the musealized site of Maotianshan and the Walcott Quarry are small outcrops, Laetoli, Solnhofen, and Pirro Nord quarries have an area of a few square kilometers. The other sites show a broad range of scientific value indexes (Tables 6-7), from the low values of Cornate di Gerfalco (Early Jurassic, Italy), Al Jissah Caves (Miocene/Pliocene, Oman), Gonnesa (Pleistocene, Italy), and CDUE Locality 10 (Early Triassic, Morocco) to the medium–high values of Padène (Carboniferous, France), Aliveri (Miocene, Greece), Dohilla (Middle Devonian, Ireland), and Galerìa (Pleistocene, Spain). These sites generally have a lower touristic and educational potential, or they have produced a lower variety of fossils/trackways.
The scientific value index partially influences the results of the vulnerability index since a site with a higher relevance must be, in principle, more carefully protected. Nevertheless, each site is subjected to different risk factors, making their vulnerability vary considerably. Musealized sites such as Maotianshan, Dmanisi, and Atapuerca have already been adequately protected. Therefore, their vulnerability index drops to 0. For example, the Pleistocene sites in Sierra de Atapuerca provided exceptional findings for understanding the first steps of human evolution in Europe (Ortega et al., 2014). For this reason, in 2000, the site was included in the UNESCO World Heritage Site list, and, in 2002, the Junta de Castilla y León approved the Guidelines for Using and Managing the property that included specific measures for safeguarding, conservation, research, and promotion of the site (UNESCO, 2021).
The estimation for Aliveri also produced a vulnerability index of 0. Though this is a “positive” figure, this results from the loss of the original fossiliferous outcrop, which was completely covered by the construction of several buildings in the 1990s (Georgalis et al., 2019). Given that the site is no longer active, V, thus, drops to 0.
Other localities such as Cornate di Gerfalco, CDUE Locality 10, Laetoli, and Al Jissah Cave all produced very low vulnerability indexes as they all have low scientific value (except for Laetoli). The Al Jissah site is located in a cave underneath a cliff on the Musandam Peninsula (Oman). According to Schulp et al. (2011), this site is poorly preserved and virtually unreachable if not by a small boat. Even granting the active/inactive parameter to be 1, the vulnerability index remained close to 0 due to the reduced extension of the site and the low touristic and cultural potential of the site. The Cornate di Gerfalco site combines a low scientific value index with the fact that the site is already partially protected, as it is included within a regional natural reserve (the “Riserva Naturale Regionale Cornate e Fosini”), and thus it is characterized by a reduced vulnerability. The on-site observation of the pattern of erosion of this quarry indicates a low but active degree of weathering of the ‘Rosso Ammonitico’ formation (an ammonite-rich limestone). The geological service of Tuscany (Geoscopio, www.regione.toscana.it/-/geoscopio) reports a value of “moderate potential erosion” (∼20 t/ha; 3–4 on a scale of 8). This confirms the qualitative on-field assessment.
Laetoli is probably the most famous tracksite locality in the world (Greshko, 2016; Wei-Haas, 2021). It is best known for the discovery of important fossil remains and ichnological traces of early hominins (White and Suwa, 1987; McNutt et al., 2021), but it has also produced thousands of different vertebrate and invertebrate traces, including several ichnotypes (Meldrum et al., 2011; Genise and Harrison, 2018). The first excavation campaign in Laetoli footprints ended in 1979, and the paleontologist team used the local river sand to rebury the site. The mound of sand was then covered with volcanic boulders to shield it against erosion and the animals. The loose fill and the physical protection and moisture retention provided by the boulders promoted the re-vegetation by acacia trees, which later gave rise to fears over root growth. In 1994, a new conservation project began: the trees and shrubs growing on and near the reburial mound were cut down, and the trackway was re-excavated, stabilized, and reburied with synthetic geotextile materials (Agnew and Demas, 1998). The site is, therefore, well-protected even if not properly musealized yet.
Many localities produced intermediate values of vulnerability, ranging from 1.1 to 2.9 (corresponding to medium–low and medium values of V). These values mark sites that are moderately in danger of destruction. They can be world-renowned localities that are not or cannot be adequately protected (e.g., Walcott Quarry, Flat Rocks, and Dohilla) or less relevant localities that are subjected to stronger natural and/or anthropic erosive phenomena, such as Killerӧd Quarry, Middle Ordovician, Sweden; Boljevici, Triassic, Montenegro; Sainte-Eulalie, Early Eocene, France; Padène Quarry, Late Pennsylvanian, France; and Plješivac, Early Cretaceous, Croatia.
The Walcott Quarry is probably among the most famous Paleozoic fossil localities in the world, having produced the world-renowned Burgess Shale biota, beautifully narrated by the pen of S. J. Gould (Gould, 1990). The site was registered as a World Heritage Site in 1980, and as an IUGS Geological Heritage Site in 2022 (IUGS, 2022). However, the site is still exposed to the strong Canadian atmospheric phenomena. Thus, it could benefit from a covering roof similar to what has been done in the Maotianshan site (Hou et al., 2017), which is also a UNESCO World Heritage Site.
Flat Rocks is another site with a good scientific value index for its abundant and diversified Barremian fauna (Rich et al., 1997; Kooland and Lowery, 2020). The fossiliferous locality is included in the Bunurong Marine National Park (Intergovernmental Committee on Surveying and Mapping, 2014) and consists of a series of ∼1 m deep excavations on the coastal, wave-eroded rock platform (Herne et al., 2019). Due to its peculiar position, the site is subject to continuous erosional forces by tides, and this makes the site very difficult to preserve. For this reason, since its discovery in 1992, every year, Monash University organizes excavation campaigns, which follow a detailed annual field report (Monash University, 2023).
The other localities, such as Killerӧd Quarry, Boljevici, Sainte-Eulalie, Padène Quarry, and Plješivac, all have intermediate scientific value as they all have local or regional relevance, and their touristic and educational potential is quite low. This can produce different situations of risk, especially when combined with the fact that Killerӧd Quarry and Padène Quarry are abandoned quarries (Månsson, 1995; Moreau et al., 2021) while Boljevici and Sainte-Eulalie (Danilo et al., 2013; Ðaković et al., 2015) are outcrops situated on rockwalls. Moreover, these fossiliferous localities are not included in protected areas and, therefore, could be subjected to urbanization projects in the future.
The Albian Plješivac site is located in the southern part of the main Brioni/Brijun Island (southwestern Istria). It is made up of two wide bed surfaces cropping out along the coast and sloping toward the inner part of the island. The site is included in the Brijun Islands National Park and most probably was an ancient quarry (Dalla Vecchia, 1997; Mezga and Bajraktarević, 2004). The footprints are usually submerged during the highest tides, and in summer, the island and its coasts are famous tourist spots. Compared to what happens on the Flat Rock site, due to its peculiar position, the conservation of the site is complicated. However, as Bajraktarević and Mezga (2004) suggested, the Plješivac site and the other sites on the Brioni/Brijun island can become an important destination for scientific tourism.
Finally, only two fossiliferous localities have produced very high values of the vulnerability index: Pirro Nord and Solnhofen. These two sites are characterized by very high scientific value indexes as they are both among the most renowned fossiliferous localities of Europe.
Pirro Nord lies in the municipality of Apricena (Foggia, southern Italy), in one of the quarries exploiting the Mesozoic “Calcare di Bari” formation. The paleontological record is preserved inside a karst network at the top of the Mesozoic limestones and filled with continental sediments (Abbazzi et al., 1996). The gallery and sinkhole fillings have been extensively investigated in the last 30 years, and after the pioneering report by Freudenthal (1971) and the study by Beaumont (1976), more than 100 taxa have been recognized (Pavia et al., 2012), together with lithic artifacts representing the earliest known human occupation of Europe (Arzarello et al., 2007; 2009; Arzarello and Peretto, 2010; Pavia et al., 2012). The direct observation of Pirro Nord quarry pointed out that erosion in the area is fairly low as “Calcare di Bari” Fm. is subject to limited climatic or natural erosive agents except for the anthropogenic one (i.e., the quarrying activity). Therefore, we opted for a value of E of 1 (“active and low”). When we compared our interpretation with the erosion estimation models applied to the area, we found limited erosion potential for the Pirro Nord area (Montanarella et al., 2000). This confirmed our on-site evaluation.
The main quarry area of Solnhofen lies in the surroundings of the town of Eichstätt, between the villages of Solnhofen, Langenaltheim, and Mörnsheim in the district of Weißenburg-Gunzenhausen (Bavaria, Germany). Here, limestone slabs have been quarried for centuries not only because they are a building stone of high quality, but also because of their use as a lithographic stone and the exceptionally well-preserved fossils they contain (Kölbl-Ebert and Cooper, 2020).
The fossils of the Solnhofen Limestone have been the object of numerous investigations. Among them, the celebrated Archaeopteryx lithographica played a major role in research on the evolution of birds, while the preserved flight membranes of pterosaurs have provided clues on their physiology (Bennet, 1995; Bennet, 2002; Erickson et al., 2009; Foth et al., 2014; Vidovic and Martill, 2014, and references therein). For this reason, the International Union of Geological Sciences (IUGS), in 2022, included the “Jurassic Solnhofen-Eichstätt Archaeopteryx Serial Site” in its selection of 100 “geological heritage sites” around the world (IUGS, 2022). Despite this important acknowledgment, Solnhofen is still an active quarry (as well as Pirro Nord). Such an impactful use of the land threatens the paleontological heritage of these sites.
4 CONCLUSION
In the near future, local, regional, and national administrations must increase their attention to paleontological heritage management. Issues to be overcome remain, e.g., the contested attribution of the nature of fossils, which in turn leads to obsolete definitions in regional/national laws. Another unresolved issue is the difficulty of the administrative personnel, lacking proper paleontological expertise, in understanding the value of fossil assets and the need for particular actions of tutelage. Objective indexes capable of synthesizing and categorizing fossiliferous localities would be an effective aid in attenuating these problems.
The proposed parameters were selected to be as simple and objective as possible so that administrative personnel and heritage managers, who cannot always directly visit the fossil localities, could use them, even without geological expertise or background. The criteria and indicators proposed here are adequate to be used both remotely and with direct observations. We found that direct observations of ongoing phenomena, such as natural erosion, are confirmed by bibliographic data. A review of the scientific literature of the interested area would suffice to score all the parameters, estimate the scientific value of each site, and rank them according to their vulnerability.
The stepwise methodology proposed here thus becomes a valuable support tool for the decision-making process to help develop reasonable interventions such as emergency fossil excavations, prospecting works, and detecting sites that could be of greater public interest.
The results obtained for the selected localities help quantify the threats affecting them, hopefully prompting actions by local or public administrations to preserve their integrity. Furthermore, the values obtained for each fossiliferous locality should be constantly updated as the characteristics of a site and its vulnerability can change through time.
This new site characterization sets a number of new challenges and opportunities for paleontological heritage protection. The combination of scientific value and vulnerability indexes with data obtained with GIS methods might produce paleontological vulnerability assessment maps, useful when programming land development projects, or even cultural relevance maps. This could altogether fuel scientific and tourist interest in and to local and regional communities.
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