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1. Abstract 
The term óAnthropoceneô is increasingly used to define the current geological era, characterised by large-scale 

human-induced environmental changes that are driving biodiversity loss at an unprecedented rate, comparable 

to the Earthôs previous five mass extinctions. Among the various ecosystems impacted, oceans are particularly 

significant due to their vast extent, the exceptionally high biodiversity they harbor, and the crucial ecosystem 

services they provide to humanity. However, much of the marine realm remains unexplored, raising concerns 

that species are disappearing before they can even be discovered.  

Within marine ecosystems, marine molluscs represent one of the most hyperdiverse groups of invertebrates 

that play key roles in marine ecosystems and provide important services to humans. Despite this, their 

biodiversity is increasingly under threat due to multiple human-induced pressures. Coastal development, 

bottom trawling and dredging disrupt critical benthic habitats for molluscs, while pollution from industrial 

waste, oil spills, agricultural runoff and microplastics introduces harmful substances that affect their survival 

and reproduction. Unsustainable harvesting for commercial purposes further depletes wild populations of 

commercially relevant species, while invasive species introduce competition and predation pressures. Climate 

change poses additional challenges, particularly through ocean warming and acidification. Rising sea 

temperatures alter mollusc metabolism, phenology and reproductive cycles, while forcing some species to 

modify their ranges in search of suitable conditions. Ocean acidification, resulting from increased atmospheric 

CO  absorption, reduces carbonate ion availability, making it difficult for molluscs to build and maintain their 

calcium carbonate shells, especially during their larval development, leading to lower survival rates. Extreme 

weather events, such as prolonged drought, can further disrupt molluscan assemblage persistence. Moreover, 

marine molluscs remain underrepresented in conservation efforts. Many species suffer from data deficiency, 

with little information available on their population trends, ecological requirements, or threats. Conservation 

funding and policy initiatives often prioritise charismatic or economically important species, leaving many 

molluscs overlooked.  

Italy holds a particularly rich marine malacofauna, with 1,777 recorded species, of which 133 are endemic, 

representing approximately 71.5% of the Mediterranean Seaôs mollusc diversity (Renda et al., 2022). Of these, 

only 0.2% are currently protected by the Habitats Directive (1992/43/EEC) and a further 0.6% of species are 

protected exclusively by the Bern and Barcelona Conventions, painting a concerning picture for the 

conservation status of this taxonomic group. More generally, the entire Mediterranean marine malacofauna is 

somewhat neglected, considering that only 2% has been evaluated according to the IUCN Red List criteria 

and, of this percentage, 43% of the species are still considered Data Deficient. This situation underscores the 

urgent need to improve both the quality and quantity of knowledge about species distributions over space and 

time, which is essential for effective conservation decisions at a national level. 

Italy has a long tradition of malacological research, and, over time, significant data has been collected and 

stored in public and private Natural History Collections (NHCs), and published in literature, where the 

Bollettino Malacologico of the Italian Society of Malacology stands out, accumulating from 1979 a large 

amount of valuable taxonomic, ecological and biodiversity data. However, much of this information is ófrozenô 

in non-usable formats: only a little part of the Italian malacological NHCs are digitised, while published data 

is often shared in human-readable formats, hindering their reuse. To make this information usable for 

biodiversity conservation and research, it must go through a mobilisation process to be transformed into a 

standardised, georeferenced and integrable format. To date, the Checklist of the Italian Fauna is the only 

comprehensive effort to mobilise geographic and taxonomic knowledge about marine molluscs in Italy by 

integrating data from various sources (e.g. literature, NHCs, expert knowledge) at a national scale. While the 

taxonomic information it provides is highly reliable ï carefully examined and refined by specialists, making it 
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a crucial taxonomic reference for Italy ï the geographical information ï although of high quality, for the same 

reasons described above ï is generalised at the level of biogeographical sectors. 

The present thesis aims to develop a pipeline to mobilise data from ófrozenô sources, making them accessible 

in a standardised and integrable format, and to demonstrate their application in biodiversity research and 

conservation. This overarching goal is divided into three specific objectives, which form the three core chapters 

of this study: 

1. To produce a standardised and georeferenced dataset by creating a databasing pipeline that mobilises 

pre-existing data on Italian marine malacofauna, integrating information from NHCs and literature. 

2. To analyse biases and knowledge gaps affecting currently available opportunistic biodiversity data of 

marine gastropods in Italy, integrating the mobilised dataset with existing open-access repositories. 

3. To model past, present, and future species distributions under different climate scenarios for selected 

species of conservation interest occurring in Italy, leveraging mobilised data to project potential 

biodiversity shifts. 

To compile a comprehensive dataset on Italian marine molluscs, data were gathered from two main sources: 

NHCs and literature. While data from NHCs were obtained through direct requests to both private collectors 

and institutions, a systematic search for literature data was conducted using the public databases Scopus and 

Web of Science, ensuring a broad retrieval of relevant scientific publications. Additionally, targeted searches 

were performed in the specialised journals Iberus, Bollettino Malacologico and Alleryana. Once collected, 

data from both sources were merged and formatted following the Darwin Core schema (Darwin Core Task 

Group, 2009), a widely adopted standard for biodiversity data exchange. The Biodiversity Data Cleaning R 

package was used to ensure correct formatting. To ensure taxonomic consistency across sources, species names 

were aligned with the authoritative classification provided by the World Register of Marine Species, using the 

taxon-match Life Watch web service. Georeferencing was performed following the point-radius method with 

GEOLocate web-based collaborative client. To harmonise dates, the R package ólubridateô was employed, 

allowing for efficient date parsing and conversion to the ISO 8601 format, ensuring consistency in temporal 

representation across the dataset.  

Subsequently, we used the occurrences for the class Gastropoda of the mobilised dataset, integrated with those 

from GBIF to assess: 1) the cumulative contribution of new areas documented by data from NHCs, literature 

and citizen science over time; 2) data representativeness of Italian environments, habitat types and  network of 

Marine Protected Areas (MPAs); 3) the main drivers of spatial biases; and 4) data usability in long-term 

biodiversity research and monitoring. We divided the entire dataset into the three main data sources (i.e. NHCs, 

literature and citizen science) based on the dwc:basisOfRecord field. We divided the study area into a 10 km 

x 10 km square grid and computed how much each source contributed to cover the cells and the cumulative 

number of cells covered over time. Since the data mobilisation effort could be unequally distributed among 

sources, we produced two cumulative curves: one considering the contribution of the data as it is, and the other 

weighting each type of data on the mobilisation effort. An equivalent number of random background points 

were generated using QGIS software to serve as a comparison to the actual occurrences to assess whether they 

are representative of Italy and to identify knowledge gaps. To test whether random background data and real 

occurrences are located in significantly different environments, we performed Chi-square and t-tests. We used 

an ensemble modeling approach to study which environmental variables are predictors of where opportunistic 

occurrences of marine gastropods are located in Italy, considering bathymetry, density of coastal roads, 

proximity to harbour areas, proximity to diving spots and whether each point were inside or outside a MPA as 

variables. In this framework, people who make observations or collect specimens are therefore our óspeciesô 

of which we want to model the probability of occurrence. Lastly, to identify locations with a consistent baseline 
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of samplings over time, all presence coordinates were clustered using a density-based clustering algorithm 

(Ester et al., 1996) with the R package ódbscanô (Hahsler et al., 2019). The outliers were removed from the 

results and in the remaining clusters, the temporal coverage was assessed by calculating the minimum mean 

time between each record and the next temporally closest one. 

Using the mobilised data, we modeled the past, present and future potential distribution of four species of 

conservation interest with different degrees of thermophily occurring in Italy (Luria lurida, Zonaria pyrum, 

Naria spurca and Talisman scrobilator), producing two sets of ensemble Species Distribution Models (SDMs). 

In the first set we used a classic modeling approach, pooling all available data with four environmental 

variables (i.e. acidity, primary productivity, salinity and temperature) under current conditions, using 

environmental layers from the BioOracle online database. Environmental layers for the decade 2010-2020 

were used as present-day conditions, while the layers from the decades 2050-2060 and 2090-2100 were chosen 

as future conditions, both in the most optimistic and pessimistic scenarios. 

We then reprocessed the data in a second SDM using a multitemporal approach, selecting only occurrences 

with temporal information and associating each of them with the environmental condition of the same decade. 

This method emerged as more capable in capturing the entire environmental niche of the species in various 

studies, but due to limited access to historical marine environmental data, is often impossible to perform. Since 

the output of the classical model identified temperature as the most important variable for all species, we used 

temperature (interpolated from historical coastal land temperatures of the CHELSAcruts database) in 

combination with bathymetry ï selected as the only potentially important time-stable variable for molluscs to 

reduce the model's dependence on temperature ï as variables for the multitemporal model. This method is 

based on the premise that sea surface temperatures are correlated with air temperatures but has the rough 

assumption that the thermocline has remained constant from 1900 until today. Using this approach, it was also 

possible to model the past distribution of the species using temperature conditions simulated for the 1900-

1910, 1930-1940 and 1970-1980 decades. All variables were tested for collinearity problems based on the 

Variance Inflation Factor and all modeling analyses were performed with the óbiomod2ô R package, using an 

ensemble of three non-parametric algorithms: Maxent, Random Forest and Generalized Boosted Model.  

The two sets of models were, then, compared by fitting a linear model for each pair of probabilistic projections 

and mapping the residuals to observe where one prediction deviates from the other and by computing similarity 

indices. 

With our effort we mobilised 44,096 records of 1,513 marine mollusc species in Italy, producing a quality 

checked, standard dataset that is currently accessible at Zenodo and Global Biodiversity Information Facility. 

During the databasing process it was possible to highlight the main problems and mistakes that affect 

taxonomic, temporal and geographical information in frozen data, producing guidelines for institutions and 

individuals who want to start databasing their data to limit management problems and to create datasets that 

can be effectively shared and reused. Problems common to all three dimensions are the presence of multiple 

pieces of information within the same cell (e.g. location + date of occurrence; scientific name + author + 

uncertainty of identification), the use of special characters and punctuation, and inconsistent formatting within 

the same column. We therefore recommend entering only one piece of information per cell, avoiding special 

characters and punctuation as much as possible, choosing a format for each column and following it 

consistently ï preferably one that follows a pre-formulated standard such as Darwin Core. At least for the 

personnel that work on databasing on behalf of institutions (such as museums and universities), training and 

study on the use of standards for sharing biodiversity data, on standardisation and georeferencing 

tools/methods/protocols and, eventually, on the correct use of Excel is necessary. 
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NHCs and literature are the sources that contribute the most in documenting Italian seas, with a marginal role 

of citizen science data. We noted that the available open-access distributional data on marine gastropods are 

still not representative of Italian marine environments, with deep-sea habitats and unprotected sites being 

underrepresented. Bathymetry appears to be the main driver of spatial bias for marine gastropod data in Italy, 

but proximity to diving spots and the presence of MPAs also play an important role, with biased occurrences 

towards areas of diving interest and within MPAs. Moreover, the data appears to be clustered near research 

centres, universities and natural history museums.  Most of these high-density locations show a very 

fragmented coverage over time, with a given record at least one decade away from the nearest one for 79% of 

the locations, indicating limited use in long term ecological studies. 

Lastly, we identified a continuous but slight expansion of the potential range of L. lurida, Z. pyrum, N. spurca 

and T. scrobilator from 1900 to 1970, and a sharper expansion into higher latitudes between 1970 and today, 

aligning with historical records of sea warming and therefore congruently with a certain degree of thermophily 

in all species. Potential range centroids of all species showed a tendency to shift northward caused by local 

expansions, contractions, or fragmentation of potential suitable areas. All fossil-fueled projections revealed a 

drastic reduction in suitable areas, with the complete disappearance of Z. pyrum in 2090-2100 scenarios. This 

result indicates that, although thermophilous species can thrive under mild temperature increases (like those 

that have taken place from the beginning of 1900 to the present day), they may undergo drastic range 

contractions under severe climate change (like those predicted in future scenarios). 

In conclusion, although the opportunistic data on Italian marine malacological biodiversity are affected by 

various spatio-temporal knowledge gaps, understanding bias patterns and drivers helps us to better direct future 

sampling efforts. In addition to new data collections, a greater effort in mobilising data from NHCs and 

literature following standard pipelines and guidelines can fill in the gaps, providing insights for the 

conservation of neglected and data-deficient species. 
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2. Introduction 

2.1 The óbig data revolutionô in the field of life sciences 

We have always been interested in collecting information, studying it, linking it together and later reconsulting 

it. This strong predisposition to collect and exploit batches of information has guided humans first in the 

writing of documents ï traditionally the smallest unit containing collected and interconnected information ï 

and then in the construction of libraries, actual buildings for archiving information. The Great Library of 

Alexandria is one of the earliest and most iconic examples of the human desire to collect and preserve 

information, constituting one of the largest repositories of knowledge in the ancient world. Estimates of the 

total number of scrolls that were contained therein vary widely, and although we will probably never know the 

truth; probably the library contained between 40,000 and half a million scrolls (Jochum, 1999). During a 

podcast in 2013, Professor of Logic and Philosophy of Science James Owen Weatherall said that, at that time, 

for every individual in America there were ó200 Alexandria Libraries of informationô (BBC Radio 4, 2013). 

Despite the rough estimate that can be made, this comparison is an eye-opening measure of how much, over 

the centuries, the need/desire to collect, catalogue and preserve information has evolved, and technological 

development has certainly been the main means of growth and transformation (Meesad and Mingkhwan, 

2024). With the development of the first computers, a migration of data from analog to digital could begin. 

Nevertheless, the storage capacity of the first machines was very limited, also considering the space they 

occupied. But, over time, digital data storage devices became smaller in size, but the digital space they provided 

became larger and larger, opening the door to the possibility of managing huge datasets and thus giving rise to 

the term óbig dataô.  

Today, óbig dataô refers to datasets that are exceptionally large and complex, making it challenging to utilise 

traditional data management and analysis tools to efficiently extract meaningful information. Therefore, big 

data is typically characterised by the ó3Vsô: volume, velocity, and variety. Volume denotes the huge amount 

of data generated, Velocity refers to the rapid rate at which this data is produced and shared, and Variety 

highlights the emergence of diverse data types originating from novel sources and devices. Beyond the 3Vs, 

big data is often conceptualised as the outcome of several interconnected factors: (1) the maximisation of 

computer power, (2) the aggregation, analysis, and integration of extensive datasets, (3) the identification of 

relevant patterns, and (4) the possibility to yield novel objective knowledge (Boyd and Crawford, 2012).  

The origin of the term óbig dataô dates back to the period between the 1960s and 1970s (Scholz, 2017), first 

appearing in various academic and non-academic publications. However, the term evolved into the meaning 

we know today through the business sector, where big data are used for monitoring trends and consequently 

improving trade performance (McAfee and Brynjolfsson, 2012). From there, the concept spread to several 

other areas, including politics, the social sector, the healthcare industry, agriculture, education, media and 

entertainment, science, nature and biodiversity management.  

In Life Sciences, the fields of óbioinformaticsô, óbiodiversity informaticsô and óeco-informaticsô have emerged 

as a direct consequence of the big data revolution, dealing with the storage and processing of large databases 

with different types of bio-ecological information (e.g. genetic, taxonomic, distributional and environmental 

data) (Michener and Jones, 2012). Those professionals have the technical competence of managing bio-

ecological databases, even ï sometimes ï in the absence of knowledge of ecological theory or field experience 

(Soberón and Peterson, 2004). Here, the ability to obtain, store, and manage large datasets triggered the 

opportunity to capitalise on the value of so-called óopportunistic dataô (Giraud et al., 2016), that are information 

collected and reported without adherence to a systematic method or protocol (Di Cecco et al., 2021). It is 

precisely the absence of a systematic collection structure that frees them from the need to have personnel with 

the actual technical skills and materials to do so, making opportunistic data much easier to collect. A simpler 

collection method allows information to accumulate at a rate not otherwise possible, creating huge datasets in 
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a short time. This is the case with citizen science programmes, where non-experts help collect data, for 

example, using dedicated smartphone applications or online platforms (e.g. iNaturalist: 

https://www.inaturalist.org/; Observation.org: https://observation.org/). Although ï as already mentioned ï the 

world of óbig dataô in life sciences can cover various types of data ï for example, data about genetic or 

taxonomic information, about environmental conditions, or ecological interactions between organisms ï one 

of the simplest and at the same time most widespread types of data is certainly distributional data. The 

occurrence of a taxon at a given place and time (hereafter referred to only as óoccurrenceô) is the smallest unit 

constituting a distributional dataset. The three dimensions of which this type of data is composed (taxonomic, 

spatial and temporal) represent the minimal information on, for example, museum specimen labels, or in an 

observation reported through a citizen science app. If we think of a dataset that contains molecular sequences 

or a taxonomic revision of a taxon, we see that, apart from the genetic and taxonomic information, each 

analysed record will have an associated identification, location and often also a collection date. The occurrence, 

in fact, is not only the smallest unit in distributional datasets, but, even before that, it is the essential, most 

important unit that a naturalist, ecologist or field biologist collects during his/her study. Consequently, any 

type of data consists of an occurrence as a base, associated with information ï genetic, taxonomic, ecological 

ï that enriches it. In conclusion, any data collected for any other purpose is also an occurrence, making it the 

opportunistic data par excellence. In fact, we use óbiodiversity big dataô to refer to óthe intensive data 

accumulation of digitised information on biodiversity, corresponding to a spatial and temporal description of 

species distributionô (Devictor and Bensaude-Vincent, 2016). 

A further turning point for big data came at the end of the 20th century with the birth of the Internet, which 

offered the possibility of making data accessible to anyone, anywhere in the world. Bisby (2000) stated that 

the needs of biodiversity science and the opportunities for globalisation offered by the Internet are 

interconnected by three concepts: (1) biodiversity practitioners are distributed all over the world; (2) our 

interdependence, where every phenomenon that occurs needs to be studied as a whole and not only locally in 

order to be fully understood; and (3) global biodiversity studies are closely linked to high-level concepts ï 

such as biomes, ecosystems, phyla, flora, fauna ï abstractions composed by synthesising a myriad of local 

observations, derived from local researchers and institutions. 

óCertainly there are those who expect the Internet, as seen by biologists, to become one giant global 

biodiversity information system. Even biologists who spend a lifetime of travel and fieldwork cannot observe 

the whole. But as an abstraction, could global biodiversity come to exist, modeled and visualized, on the 

Internet as nowhere else?ô 

(Bisby 2000) 

The opening of these data to the world via the Internet represented an essential change in the development of 

biodiversity information systems. The sustainable management of biodiversity requires, in fact, that 

information on it be available when and where it is needed. At first glance, this may seem a trivial 

consideration, but if we look at where biodiversity and information on biodiversity are distributed, we realise 

that this is a crucial issue. Indeed, Edwards et al. (2000) pointed out that while biodiversity is distributed across 

the globe, with hotspots mostly in tropical areas, in many developing countries, and in the oceans, information 

on biodiversity is concentrated mainly where more funds are allocated for its collection, management and 

analysis, hence in developed countries. One example provided by the authors illustrates that information about 

plants from a specific region in Africa is more likely to be preserved in a European herbarium than in the 

country of origin; thus, before the Internet, the only way a stakeholder could access data was to physically 

travel to the place where the specimen was stored, a situation that was often difficult, if not impossible. Hence, 

the Global Biodiversity Information Facility (GBIF) was born, an ambitious international open data 

infrastructure that seeks to link databases between countries:  
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óIt allows anyone, anywhere to access data about all types of life on Earth, shared across national boundaries 

via the Internet.ô 

(www.gbif.org) 

GBIF was first presented in 1999 during the Megascience Forum of the Council of the Organization for 

Economic Co-operation and Development, but has roots going back after World War II, with the International 

Geophysical Year (1957-1958) and the International Biological Programme (1964-1974), affirming the óbig 

scienceô model in ecology (Aronova et al., 2010), partly driven by strategic imperatives and military objectives 

(Hamblin, 2013). The development of GBIF significantly highlighted the crucial yet previously overlooked 

role of policy advisors in biodiversity management, profoundly changing biodiversity research. Devictor and 

Bensaude-Vincent (2016) argued that the concept of óglobal biodiversityô is a techno-political instrument, 

partly shaped by GBIF and similar initiatives, aiming to align the life sciences with the big science model, by 

addressing the mutual dependence of science, technology, and politics (Bromley, 2002). It is in this context 

that the spasmodic accumulation of data began, trying to embrace as many fields as possible, including biology 

and biodiversity. 

Despite the novelties and benefits gained with the advent of this new type of science, various concerns were 

raised. In 2008, the magazine Wired announced on its cover óthe end of scienceô, as previously óthe quest for 

knowledge used to begin with grand theoriesô, whereas ónow it begins with massive amounts of dataô 

(Anderson, 2008). Many epistemic issues about the big data revolution in the life sciences were analysed by 

various authors during the years, starting from the historical context in which this new type of science was 

born and the role of the World War II in its development (Aronova et al., 2010; Hamblin, 2013), and about the 

apparent shift from óhypothesis-drivenô to ódata-drivenô science, where the accumulation of data has never 

been a novelty, but has been the basis of naturalistic studies since the Renaissance (Strasser, 2012). However, 

Callebaut (2012) stressed that the accumulated data are not objects in themselves, but are anchored in theories. 

Bowker (2000) noted that the aggregation of biodiversity data tends to blur the specificity of scientific 

disciplines: biodiversity studies working at very different scales may converge their data into the same 

database, even though, for example, traditional ecology may work in 1 m2 patches, while biogeography can 

study the entire globe. The heterogeneity of disciplines pouring their data into databases such as GBIF ï and 

hence, we find again the term óopportunisticô ï is a main point that has led to the evolution of big data in 

biodiversity into what we know today. Therefore, a key objective of biodiversity informatics is to design 

systems that enable interoperability and knowledge synthesis across diverse local cores, while embedding them 

within global knowledge frameworks. And it is precisely here that, in a óquiet revolutionô, biologists and 

computer scientists have begun collaborating more closely to increase the level of coherence and organisation 

in this huge ódataficationô process (Bisby, 2000).  

Data repositories initially tended to be isolated from each other in the absence of data sharing standards and 

communication protocols, as if each dataset spoke its own language. This issue concerned, for example, the 

lack of a unified system for publishing and integrating data and inconsistencies in the meaning and content of 

terms used within the datasets, hindering the integration and use of the data. The first effective tool for enabling 

data integration within the biodiversity domain was the Species Analyst in the 1990s. This prototype, based on 

the Z39.50 protocol (Lynch, 1997) ï which was widely utilised in the field of Library Science at the time ï 

was implemented as part of a pilot initiative, the Z39.50 Biology Implementers Group of the U.S. National 

Science Foundation. During the first meeting of the project, a list of standard terms with their definitions was 

defined and this informal set of terms was named óDarwin Coreô (DwC; Wieczorek et al., 2012). This informal 

standard was later refined in the Mammal Networked Information System (Stein and Wieczorek, 2004) and 

Ornithological Information System (Peterson et al., 2005) projects. Early versions of DwC were limited to 

defining the terms of biological specimens in natural history collections, but over time the standard was adapted 

http://www.gbif.org/
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to the expanding needs defined by the community within the Darwin Core Task Group of the Taxonomic 

Databases Working Group (TDWG ï today named Biodiversity Information Standards). As stated by 

Wieczorek et al. (2012), óDarwin Core is a set of terms having clearly defined semantics that can be understood 

by people or interpreted by machines, making it possible to determine appropriate uses of the data encoded 

thereinô, and has the main aim of creating a common language for sharing biodiversity data that complements 

and re-uses metadata standards from other sectors where possible. The DwC terms are organised into 

categories, some of which concern aspects strictly related to the biodiversity domain (e.g., occurrence, location, 

geological context, occurrence, taxon and identification) and others concerning more generic aspects (e.g., 

relationships with other resources, measurements and generic record information) (Darwin Core Maintenance 

Group, 2021). In some ways, DwC inherits its structure and mission ï as well as some terms ï from Dublin 

Core, a standard vocabulary for describing resources of any type (Weibel et al., 1998), but with biodiversity 

as its sole focus. Parallel to the development of DwC, efforts were underway in Europe to define a standard 

model for sharing information about natural history collection specimens, the Access to Biological Collections 

Data standard (ABCD; Access to Biological Collection Data task group, 2007). Although both initiatives 

aimed to facilitate the sharing of biodiversity data, their underlying philosophies diverged. DwC was designed 

to be minimal and free of relational structures, while ABCD was highly structured, designed to encompass the 

broad variety of biodiversity data and their interconnections. TDWG endorsed both standards (ABCD was 

ratified as a standard by the TDWG in 2005, while DwC in 2009), recognising that the two distinct projects 

and the communities behind their development were committed to their respective approaches and toolsets. 

Moreover, the GBIF implemented the capability to integrate data published using either standard and, since 

2019, the working groups are investigating ways to enable a closer link and integration of these standards 

(Blum et al., 2019). 

The development of standards for the sharing of biodiversity data is only one path within a more complex 

framework, which aims to improve the infrastructure that supports the re-use of scholarly data. In 2016, the 

óFAIR Data Principlesô (Wilkinson et al., 2016) were mentioned for the first time: Findability, Accessibility, 

Interoperability and Reusability. These are a set of measurable principles devised by a multidisciplinary group 

of stakeholders ï representing academia, industry, funding agencies and academic publishers ï aimed at 

guiding data producers and publishers in sharing data that is automatically findable by machines and can be 

reused by individuals. The need to adopt these principles stems from the fact that the current system of 

publishing scientific data prevents it from being exploited to its full potential (Roche et al., 2015), underlining 

the need to improve data management and stewardship. In fact, to date, many repositories still accept a wide 

range of data types in a variety of formats (e.g., Zenodo: https://zenodo.org/), without requirements, restrictions 

and without demanding any harmonisation of the deposited material, creating a data ecosystem that 

decentralises the usability of published data, making it difficult to find, to integrate and consequently to use. 

A key consideration is that óFAIRnessô applies to both human and machine activities, each encountering 

distinct challenges in accessing and processing web data. Humans intuitively understand the ósemanticsô of 

digital objects through contextual cues but lack the speed and capacity required for managing contemporary 

scientific data (velocity, one of the 3Vs of big data), and, consequently, humans increasingly rely on machines 

for data discovery. On the other hand, machines must be capable of operating autonomously, acting 

appropriately across diverse data types, formats, and protocols. For instance, for a dataset to be machine-

readable, it must have globally unique and persistent identifiers assigned to both data and metadata, and be 

indexed in a searchable resource; whereas to be human-readable, it must have an extensive description in the 

metadata, which must be written in a comprehensible manner and in a widely accessible language. 

When an individual or group seeks to maximise the exploitation of a resource (in our case, the data), it 

inevitably raises critical questions regarding the fairness and equity of such actions. Indeed, more recently, the 

focus in the field of open data management has shifted from maximising its findability and usability with the 
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óFAIRnessô, to the neighbouring ethical and social spheres. In 2020, the óCARE Principlesô (Carroll et al., 

2020) were published: Collective benefit, Authority to control, Responsibility, and Ethics. Their origins lie in 

the historical inequity that afflicts the social, economic, environmental, political and rights dimensions of 

indigenous peoples. Globalisation, seen as an ongoing Western colonisation of the ideas and values of 

indigenous cultures, has led to the suppression of indigenous knowledge and data systems, with loss of control 

over their own data, about their peoples, communities, cultures, territories and environments (Kukutai and 

Taylor, 2016; Reyes-García et al., 2022). Synergies between the FAIR and CARE Principles are currently 

being articulated (Carroll et al., 2021): the FAIR Principles certainly need to be applied in existing and new 

indigenous data, while a collective effort of dissemination and education in the research communities regarding 

the CARE Principles needs to take place. 

The óopeningô of scientific data on biodiversity to a new globalised worldview must cross many dimensions, 

and not only the scientific one. Data today are the basis on which new policies and decision-making, 

administration and management processes are identified. Consequently, open data must be based on an 

ideology of ethics and social equality. The CARE Principles represent a pioneering framework for integrating 

collective rights within openness, and ï although they are centered on Indigenous communities ï their 

implementation may yield substantial benefits in other contexts, such as among minoritised groups or 

geographically located communities. 

2.2 Different sources of biodiversity opportunistic data 

2.2.1 Natural History Collections 

Natural History Collections (NHCs) represent perhaps one of the oldest forms of collecting and archiving data 

on biodiversity. Traditionally, NHCs were used for taxonomic studies, and both academic and óamateurô (i.e. 

individuals who were not formally employed as scientists, but were nevertheless experts) taxonomists 

assembled collections consisting of a huge number of preserved specimens. The role of these collections has 

evolved in time, being recognised today into the largest repositories of biodiversity data.  

NHCs have two very important characteristics that make them extremely valuable: they contain physical 

specimens and, each of them, bears a label with ancillary information, usually concerning the context (time, 

place, environment) in which the specimen was found and/or its identification. These two characteristics allow 

the use of NHCs in numerous individual and integrated research contexts. 

The first research possibility related to NHCs is certainly the taxonomic study of specimen morphology. In 

addition, the morphology of a specimen can be indicative of selection pressures, making NHCs of utility in the 

study of evolutionary change (Holmes et al., 2016), while through the measurement of various anatomical 

parts of a specimen, information on the functional traits of the species and/or individual can be derived. More 

recently, the development of molecular techniques has further expanded the possibilities related to taxonomic 

studies. Unfortunately, genetic analyses of old NHC specimens are technically difficult because of DNA 

degradation (Nakahama, 2021). Despite this, fresh or otherwise recent specimens are extremely useful in 

molecular studies. A particular example is the case of malacological collections: although molecular analyses 

are usually performed on soft tissue, thus requiring the sampling and killing of specimens, molecular analyses 

can also be attempted on shells if they are fresh (Geist et al., 2008). Shells from dead individuals can be easily 

collected, offering a non-invasive method of sampling that avoids any negative impact on populations ï a 

crucial factor when working with threatened species.  

Information about the place of collection of the specimen reported on the labels allows the use of NHCs in 

studies about the geographic distribution of species, and, consequently, they can provide valuable insights 

about species range expansions, reductions and shifts over time (Feeley, 2012), and also about local extinctions 

and community composition changes, as they can provide a long-term temporal coverage (Lister, 2011). Many 
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NHC specimens also have very precise temporal information about when they were collected, providing 

insights on the phenology of the species. Furthermore, specimens often capture incidental ecological data, such 

as information on species interactions, including plant-pollinator relationships (Pauw and Hawkins, 2011), the 

presence of pathogens (Antonovics et al., 2003) or even associations with parasites or parasitoids (Pérez-

Lachaud and Lachaud, 2017), while the analysis of stable isotopes of specimens in NHCs can demonstrate 

changes in speciesô trophic ecology (English et al., 2018). 

Unfortunately, museum NHCs face numerous challenges that threaten their sustainability and continued utility 

as resources for biodiversity research (Miller et al., 2020). A core issue is the persistent lack of adequate 

funding and administrative support, which undermines the long-term stability of these collections (Kemp, 

2015). Many NHCs depend on a combination of permanent and temporary staff, yet limited funding often 

prevents the replacement of retiring personnel or the extension of contracts for project-based staff. This trend 

has contributed to a gradual erosion of natural history expertise, a critical resource for the effective curation 

and utilisation of collections. Furthermore, reduced financial support has resulted in the deterioration of facility 

conditions, with inadequate maintenance leaving specimens vulnerable to damage from environmental factors 

such as humidity, light, and pests. But the lack of funds not only impacts the care and conservation of the 

collections, but also their digitisation (i.e. the databasing of the information reported on the labels, ideally with 

the digital imaging of the specimen) and the acquisition of new specimens. In fact, for many taxonomic groups, 

the rate of specimen collection has reached historic lows (Gardner et al., 2014), hindered by restrictive 

regulations and ï as already said ï limited funding for fieldwork (Malaney and Cook, 2018). On the other 

hand, although we have already seen how important digital resources have become for the study of biodiversity 

since the second half of the last century, and how NHCs play a leading role in this ódataficationô, there is still 

a lot of work to be done for digitising NHCs. Just as collecting and preserving specimens requires funds, 

qualified personnel and material, so does digitisation, as it requires the use of machines and software, for 

example, to convert textual localities into coordinates (i.e. the georeferencing process), or to scan the 

specimens. Furthermore, although many new mobilisation projects are emerging in several institutions and 

countries, many regions remain underrepresented (Nelson and Ellis, 2018), a lot of NHCs, even if digitised, 

do not follow standards (e.g. DwC or ABCD) and guiding principles (FAIR and CARE), and for many hyper-

diverse taxa, the vast majority of specimens have not yet been digitised (Cobb et al., 2019).  

2.2.2 Biodiversity literature 

Besides NHCs, another historical repository of data about species distributions is the literature, where the 

volume of the historical biodiversity literature is estimated to encompass several hundred million pages 

(Thessen et al., 2012). Historical manuscripts suffer from the same problem as NHCs: to be accessible to 

everyone, they must undergo a digitisation process. In this context, the Biodiversity Heritage Library 

(www.biodiversitylibrary.org) is scanning historical texts on biodiversity to make them available online. At 

the same time, every year, new information on biodiversity is published each day in scientific journals and 

bulletins. 

Although a huge effort to digitise historical biodiversity texts is currently underway, and much of the new ones 

are published in digital journals ï and thus, they are technically accessible via Internet ï the information they 

contain about biodiversity often remain stored only in human-readable formats. Occurrence information on 

species can be stored in sentences inside the body of the manuscript, or in non-standard tables. To make this 

information usable, occurrences must be first detected inside the text and then the geographical and temporal 

information they carry must be interpreted and converted in usable formats: a process that requires a huge 

effort when performed manually. Machines can better handle the volume, but have problems in determining 

which elements of the text are important, and innovative algorithms for translating the biological literature into 

machine-readable formats are required. 
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Recently, some efforts have been undertaken to extract distributional data on biodiversity from the literature. 

Some examples are the Plaziôs GoldenGATE project (https://plazi.org/tags/golden-gate), that has developed 

software for annotating and extracting treatment data from text and PDF files, retrieving associated metadata, 

and the COPIOUS text mining project to extract occurrence data of the Philippines biodiversity from literature 

(Nguyen et al., 2019). During the pilot study Mining Georeferences from Biodiversity Literature funded by 

the LIS Education in Data Science grant, some challenges for literature data mobilisation from Biodiversity 

Heritage Library documents have been identified (Stahlman et al., 2018). Since some biodiversity texts are 

based on old documents and handwritten field notes (Heidorn and Zhang, 2013; Paul et al., 2013; Paul and 

Heidorn, 2013), the quality of optical character recognition in the scanned documents can sometimes be very 

low, requiring additional human effort to clean errors. Also, species occurrences can be stored in a huge 

diversity of documents (e.g. taxonomy revisions, species descriptions, ecological studies, checklists, 

fieldnotes), and can be written in a variety of languages, affecting the performance and suitability of machine 

learning algorithms (Shmanina et al., 2013). The interpretation of historical toponyms can also be challenging, 

requiring further studies about the geographical context at the time of the occurrence (DeLozier et al., 2016). 

Lastly, while some texts contain structured and predictable information of species occurrences, geographic 

references can be ambiguous, like, for example, ranges (locations described as a space from a place to another) 

and 3-dimensional spaces (including elevation or depth) are difficult place concepts to capture through a 

machine. 

2.2.3 Citizen science programs 

In recent years, citizen science has emerged as a valuable approach for simultaneously achieving two key 

objectives: facilitating the large-scale collection of data with minimal resource investment and actively 

engaging the public in scientific research (Miller-Rushing et al., 2012). While the importance gained by citizen 

science is new, the ónon-professionalsô have always contributed to science. Pre-19th century science was largely 

carried out by ónon-professionalsô, sometimes referred to with the apparent oxymoron of óexpert amateursô 

because of the high quality of the science they produced (Vetter, 2011). As early as the 17th century, amateur 

experts enlisted non-experts to contribute biodiversity observations, in a first attempt to make ócitizen scienceô 

(e.g. Brenna, 2011). Such contributions from non-specialists have played a crucial role in building some of the 

world's most valuable collections of natural history specimens. In the last 150 years, science has become more 

strictly professionalised, while amateurs have often been marginalised (Vetter, 2011). Nevertheless, citizen 

science has continued and even grown in recent years, changing its initial role ï which was mainly to pursue 

an innate interest in a topic ï to what we know today. Its emergence is closely linked to technological 

development, which has led to low-cost mobile devices for data collection and reporting (e.g. smartphones, 

GPS, cameras, drones), the Internet for data sharing, and cloud storage for data hosting. 

Unlike data from NHCs and literature ï which must be digitised to become usable ï data from citizen science 

are usually created directly in digital formats thanks to the many dedicated platforms available today. The 

earliest citizen science platform can be traced back to 2007 (Liu et al., 2021), where the public helped the 

research team of the Department of Astrophysics in Oxford University to classify images of galaxies based on 

their shape using the platform Zooniverse (Simpson et al., 2014) in the project Galaxy Zoo 

(https://www.zooniverse.org/projects/zookeeper/galaxy-zoo/). Over time, participatory science has reached 

many other disciplines including the field of biodiversity studies.  

Citizen science projects can have various degree of structure, from structured monitoring schemes (e.g. 

Butterfly Monitoring Scheme: https://butterfly-monitoring.net) to opportunistic observations that simply link a 

taxonomic entity to a particular point in time and space, the latter making the majority of citizen science data. 

The largest unstructured citizen science project about biodiversity is iNaturalist (www.inaturalist.org/), a joint 

https://www.zooniverse.org/projects/zookeeper/galaxy-zoo/
https://butterfly-monitoring.net/
http://www.inaturalist.org/
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initiative of the California Academy of Sciences and the National Geographic Society, which provides an 

online platform for recording and identifying observations of any species, everywhere. 

Some scholars associate citizen science with a broader movement to democratise science, aiming to bridge the 

gap between the public and the scientific community (Irwin, 1995). This perspective emphasises the potential 

for fostering a more engaged óscientific citizenshipô, wherein the public plays a more active role in dialogue 

and decision-making concerning risk and environmental threats, in a new, transformative way to see science. 

In this context, the role of citizen science can be seen from two perspectives: that of research and that of 

society. From the research point of view, Miller-Rushing et al. (2012) highlighted two important niches that 

modern citizen science has begun to fill within the current scientific context.  

The first niche consists of the possibility to address ecological questions at scales unattainable by professional 

science alone, because of lack of fundings, time and personnel. Participatory programs have generated large-

scale datasets, spanning national or continental levels, that would otherwise be impossible to obtain. The 

second niche involves the fact that through citizen science it is possible to undertake studies that professional 

scientists may not pursue independently, because they are too local, or narrowly focused, or their effort will 

not be rewarded by enough citations. In spite of the benefits, the use of data from ónon-professionalsô in 

research has suffered its own criticism, mainly concerning the reliability and quality of such data (López-

Guillén et al., 2024) and gaps and biases about the information they provide (Geurts et al., 2023): two problems 

that most afflict the less charismatic, hyper-diverse and more difficult to identify taxonomic groups (Barbato 

et al., 2021). 

No less important, however, is the impact that citizen science has on the community, from the social point of 

view. For example, the participation of young people to citizen science programs enhances motivation for out-

of-school learning (Scheuch et al., 2018) and facilitates the acquisition and retention of non-traditional 

knowledge in comparison to classroom-based learning (Hirschenhauser et al., 2019); while citizen science 

projects with a training program for participants influenced their attitude towards pro-environmental activities, 

emphasising the important educational and nature-awareness role of such activities (Crall et al., 2013). 

2.3 Marine biodiversity big data and their challenges 

More and more evidence indicates how human activities over the last few hundred years ï but even more over 

the last few decades ï are changing natural systems. The term óAnthropoceneô is increasingly being used to 

describe the current era, characterised by large-scale human impacts resulting in the loss of biodiversity at such 

a high rate that it presages a veritable sixth mass extinction (Cowie et al., 2022). Among the various ecosystems 

impacted, oceans are particularly important, due to their extent, the high biodiversity they contain (Appeltans 

et al., 2012), and the ecosystem services they provide to humans (Palumbi et al., 2009; Worm et al., 2006). No 

less important is the fact that much of the oceans ï and what they contain ï remains, to this day, unexplored, 

indicating that there may be species that are disappearing without even having been discovered (Appeltans et 

al., 2012). A growing number of anthropogenic stressors are threatening biodiversity and upsetting ecological 

equilibrium in marine habitats. Ocean warming brought on by climate change is one of the most significant 

threats, changing species ranges and interspecies interactions (Brown et al., 2022). The ability of calcifying 

organisms like corals and molluscs to form and maintain carbonate structures is compromised by ocean 

acidification, which is caused by the absorption of excess atmospheric CO  (Caldeira and Wickett, 2005) (Chan 

and Connolly, 2013; Gazeau et al., 2013; Orr et al., 2005). Marine pollution, including plastic waste, heavy 

metals, oil spills and chemical contaminants, introduces hazardous substances into the ocean, negatively 

affecting marine life through bioaccumulation and habitat contamination (Coll et al., 2010; Ivar do Sul and 

Costa, 2014; Larramendy and Soloneski, 2015). Bottom trawling, coastal urbanisation and tourism can all 

contribute to habitat deterioration (Pusceddu et al., 2014). The overexploitation of marine resources, through 

unsustainable fishing practices, depletes fish stocks, disrupts food webs, and reduces the resilience of marine 
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populations (Sempere-Valverde et al., 2023). With these increasing anthropogenic pressures on marine 

ecosystems, understanding spatial and temporal patterns of species distribution is critical for maintaining 

biodiversity. Achieving this requires integrating biodiversity knowledge to assess and monitor marine 

ecosystem health, guiding effective conservation strategies. The first large-scale assessment on marine 

biodiversity was represented by the Census of Marine Life, engaging over 2,700 scientists from 80+ countries 

from 2000 to 2010 (Costello et al., 2010b).  

Since then, the digital revolution has transformed biodiversity assessments, enabling unprecedented spatial, 

temporal, and taxonomic resolutions through digital data and online information systems (Jariĺ et al., 2020). 

The Ocean Biogeographic Information System (OBIS) ï created as the data integration component of the 

Census of Marine Life project ï has played a pivotal role in facilitating the sharing of marine species 

observation data since 1999. Today, it represents the world's most comprehensive database on the diversity, 

distribution, and abundance of marine life, hosting more than one billion observations (OBIS, 2025). In 

addition to the development of platforms focused on sharing marine biodiversity data, an important milestone 

in the history of open data sharing was the creation of the standardised and open-access taxonomic data 

repository World Register of Marine Species (WoRMS; WoRMS Editorial Board, 2025). Biodiversity data 

standards such as DwC and management techniques are increasingly applicable to marine biodiversity data. 

For example, tools to manage taxonomic and geographic resources related to marine species, such as the 

WoRMS ótaxon match toolô (Costello et al., 2013) and R package rOBIS (Provoost et al., 2022), facilitate data 

access and processing.  

Despite these advances, FAIR data of marine species strongly suffer from knowledge gaps and biases. For 

example, Ramírez et al. (2022) observed severe biases in European open-access marine biodiversity data 

toward the north-western marine regions (particularly around the United Kingdom and the North Sea), the 

most recent years and the most appealing taxa. At the same time, quality issues plague a large proportion of 

marine data in publicly accessible databases (Moudrý and Devillers, 2020). Despite making up almost 65% of 

the Earth's surface, deep-sea ecosystems are still largely unexplored in comparison to shallower areas because 

of their vastness and difficulty of access (Costello et al., 2010a, 2010b). Recent studies suggest that global 

marine species richness follows a bimodal latitudinal gradient, influenced by temperature and habitat 

availability (Chaudhary et al., 2016; Costello and Chaudhary, 2017; Saeedi et al., 2017). Fossil records, which 

demonstrate decreased equatorial species richness during warm eras (Kiessling and Aberhan, 2007; Yasuhara 

et al., 2012), provide additional evidence for this pattern. However, there is still no consensus about this 

bimodal pattern in the deep sea, factors can be more significant than temperature in defining species 

distribution (e.g. Woolley et al., 2016). A major challenge in studying global deep-sea biodiversity patterns is 

the limited availability of publicly accessible distribution records and environmental data: although deep-sea 

expeditions began over a century ago, much of the collected data remains in restricted archives, often in local 

languages, and is not readily accessible to the global scientific community. Furthermore, obtaining new data 

on deep-sea species distributions is hindered by high financial costs and logistical constraints, making large-

scale exploration and monitoring of these remote ecosystems particularly difficult. 

In the field of óbig dataô, citizen science represents a cost-effective means of collecting and analysing extensive 

data sets across vast spatio-temporal scales, but marine citizen science projects are still not as widespread as 

terrestrial ones (Cigliano et al., 2015; Garcia-Soto and van der Meeren, 2017; Roy et al., 2012; Theobald et 

al., 2015). Roy et al. (2012) identified a significant underrepresentation of marine and coastal citizen science, 

accounting for only 14% of their sample. It is possible to explain this pattern simply by thinking about the 

many challenges marine citizen science (and marine science in general) must face compared to land citizen 

science. The main challenges are logistical: the access to marine environments for citizen scientists is more 

challenging than on land, often requiring expensive materials (e.g. boats, diving gear, waterproof devices); 

while safety and liability concerns further complicate participation, particularly when involving children. Other 
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potential factors hypothesised by Cigliano et al. (2015) are unclear rights to resources and a lack of visibility 

and site definition, which may make it more difficult to ótake ownershipô of marine sites without recognisable 

boundaries. Martin et al. (2016) observed that the people who participate most enthusiastically in marine 

citizen science projects tend to already have experience in the field, with, for example, a scientific background 

and education and scuba diving skills, indicating a potential difficulty in involving people totally outside the 

scientific field or with little or no experience in these types of activities. 

2.4 Distributional data of the marine malacological biodiversity in Italy: 

status and knowledge 

The phylum Mollusca represents one of the largest Metazoan groups, comprising about 130,000 described 

extant species and about 70,000 described fossil ones (Haszprunar et al., 2008), mostly marine, with some 

freshwater, brackish and terrestrial lineages (Ponder et al., 2020, 2019). Some estimates suggest that the total 

species diversity of the extant malacofauna approaches 200 000 species, with approximately 70,000 living 

species yet to be formally described (Ponder and Lindberg, 2008).  

The extant species are classified into eight classes ï Solenogastres, Caudofoveata, Polyplacophora, 

Monoplacophora, Cephalopoda, Gastropoda, Scaphopoda, Bivalvia ï which are characterised by a high 

diversity of body plans. All of them are soft-bodied animals, generally composed of a head, a muscular 

locomotory foot and a visceral mass. The coelom is highly reduced forming the pericardium and a small cavity 

surrounding the gonads and kidney. Most of them have a radula, a specialised buccal feeding apparatus ï which 

is absent in bivalves ï, and a carbonatic shell or an external cover of carbonate spicules, both absent in some 

cephalopod and gastropod species. Their development is generally indirect, usually involving a lecithotrophic 

trochophore-like larva, with larval planktotrophy in modern marine gastropods and bivalves, and direct 

development in cephalopods and in several non-marine groups.  

The phylum has undergone extensive evolution, enabling it to adapt to nearly every ecological niche across 

marine, freshwater, and terrestrial environments. This evolutionary history dates back to the terminal Vendianï

early Cambrian, as evidenced by the earliest known fossils. Throughout the entire Phanerozoic, the first 

mollusc classes to appear in mineralised skeletal remains were Polyplacophora, Monoplacophora, and 

Gastropoda (Parkhaev, 2017). 

The evolutionary relationships between the eight classes that compose the phylum are still the subject of 

debate, as are taxonomy and phylogeny at different systematic levels. One of the most endorsed hypotheses 

separates shell-less (i.e. the two aplacophorans, Solenogastres and Caudofoveata) and plate-shelled (i.e. 

Polyplacophora) classes from those with true shells (i.e. Monoplacophora, Cephalopoda, Gastropoda, 

Scaphopoda and Bivalvia) in two clades, respectively Aculifera and Conchifera, a scheme originally proposed 

in the 19th century (Hatschek in Blumrich, 1891). Even today, despite other proposals have been made over 

time (e.g. Giribet et al., 2006; Salvini-Plawen and Steiner, 2014), this scheme has obtained considerable 

support by studies on the early ontogenesis of aplacophorans (Scheltema, 1995, 1993; Scheltema and Ivanov, 

2002), the discovery of fossils of óarmoured aplacophoransô with intermediate characteristics between chitons 

and spinulose aplacophorans (Sutton et al., 2012; Sutton and Sigwart, 2012) and phylogenomic analyses 

(Kocot et al., 2011; Kocot et al., 2020; Smith et al., 2011; Vinther et al., 2011). 

Appeltans et al. (2012) estimated the magnitude of the world's extant marine malacological biodiversity to be 

between 135,887 and 164,107 species. Of these, however, only a fraction is currently known. In their estimates, 

only between 43,689 and 51,689 species are described, indicating that approximately 28%-36% of the worldôs 

marine malacological biodiversity is still unknown to us, representing one of the marine phyla with the highest 

percentage of unknown species (Appeltans et al., 2012). Furthermore, the same authors noted that the number 

of new species of marine molluscs described (4,022 new species described from 1999 to 2008) is much higher 
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than for other phyla; consistently, Bouchet (2006) estimated that an average of 354 new species of marine 

molluscs are described every year. 

These figures certainly reflect the hyperdiversity of the group, but also the fact that they contain many cryptic 

species that are impossible to distinguish using traditional morpho-taxonomic methods, and are slowly being 

unravelled with the help of molecular technologies. A third factor, however, is that malacological studies have 

ancient roots, starting with the first amateurs and collectors, up to the present day, where studies on the 

biodiversity of molluscs are carried out by both researchers and amateurs (Bouchet, 2006). 

Heppell (1995) has indicated that óan interest in molluscs and their shells can truly be said to be old as mankind, 

as shells can be found in southern Europe associated with Mousterian sites of 40,000 years BCô. This penchant 

for collecting shells ï akin to the interest in butterflies and beetles ï has significantly influenced the taxonomy 

of the phylum. In fact, the fascination for this group has led a large number of people to take an interest and 

study its characteristics, including amateurs, expert-amateurs and academics, contributing to a vast 

accumulation of data, specimens and research material. However, this situation has also led to numerous 

subjective assessments, with many new species being defined solely based on shell morphology. 

Until a few hundred years ago, the study of molluscs focused on the morphologies and properties of shells and 

was in fact called óconchologyô. The term ómalacologyô has a rather recent origin and became common in mid-

19th century handbooks and manuals. Vinarski (2014) analyse the conceptual shift from classical conchology 

to modern malacology (occurred between 1795 and 1825) as a shift in taxonomic ideas, driven by Georges 

Cuvierôs new and revolutionary insights on mollusc systematics, highlighting the importance of the soft parts 

and describing molluscs as organisms which share anatomy and organisation of organs and structures and 

which may or may not have a shell. 

In the study of marine molluscs, European malacology has played an extremely important role in documenting 

and cataloguing the malacofauna of the Mediterranean Sea, providing comprehensive inventories of species 

during the so-called óGolden Ageô between the end of 18th and the beginning of the 19th century (Oliverio, 

2003). This fertile period suffered a rapid decline in the early 20th century, with an absence of new checklists 

and fewer new taxa being described, but increasing again in the last decades of the 20th century, with the first 

new attempts to inventory the European marine malacofauna (Bouchet and Warén, 1993, 1986, 1985, 1980; 

Nordsieck, 1982, 1972, 1968; Parenzan, 1976, 1974, 1970). 

In the 1990s, the Annotated checklist of Mediterranean marine molluscs was published (Sabelli et al., 1990), 

marking an important moment for marine malacology and forming the core of the Check-List of European 

Marine Mollusca (CLEMAM) project, which in turn provided the foundations for the modern taxonomic 

databases MolluscaBase (https://www.molluscabase.org/) and WoRMS (http://www.marinespecies.org/).  

CLEMAM represented an important baseline also for the development of the first Italian checklist of marine 

Mollusca (Bedulli et al., 1995a, 1995b, 1995c; Bello, 2008; Bodon et al., 1995), a project that began in the 

1990s and continues to this day thanks to the various updates produced over time (Bello, 2017; Relini, 2010, 

2008, 2006).  

In 2020, a new project for an updated Checklist of the Italian Fauna started (Bologna et al., 2022) and in 2022, 

The new Checklist of the Italian Fauna: marine Mollusca was published (Renda et al., 2022), providing 

important biogeographical information and serving as a taxonomic backbone for Italy. 

Thanks to this long tradition of marine malacological studies in Italy, we have an enormous amount of data 

that is currently stored in malacological collections, both public and private. Of these NHCs, only a part is 

currently equipped with a publicly accessible digital catalogue (e.g. Appolloni et al., 2018; Tringali et al., 

2021) and the extent of this information is impossible to quantify. 

Since 1979, the Italian Society of Malacology (www.societaitalianadimalacologia.it) publishes the Bollettino 

Malacologico with original articles, short notes and monographs on the taxonomy, ecology and biodiversity 

http://www.societaitalianadimalacologia.it/
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of molluscs. Many Italian malacologists (both researchers and óexpert amateursô) have published their work 

here over time, gathering an important pool of valuable information on the Italian malacological biodiversity. 

Unfortunately, all this information is published as human-readable PDF texts, despite its potential importance 

and reusability in biodiversity research and conservation.  

New data is continuously collected through fieldwork with various methods (e.g. SCUBA and freediving, 

fishing gear, dredging), in some cases with the aim of cataloguing local biodiversity (e.g. Furfaro et al., 2020; 

Furfaro and Mariottini, 2016; Giacobbe and Notaristefano, 2018; Micaroni et al., 2018), but the data that is 

produced almost never follows data sharing standards, if it is shared at all.  

Although NHCs and biodiversity literature represent the largest data pools on marine molluscs in Italy, there 

are very few citizen science programmes focused on marine molluscs (e.g. Ciriaco et al., 2023; Mannino and 

Balistreri, 2018). On the other hand, iNaturalist is the main contributor to GBIF of data on marine molluscs in 

Italy, with over 14,000 observations (GBIF.org, 2024). 

While all these efforts to document Italian marine malacological biodiversity may have local value, taken 

individually they have limited usability for research and conservation on a national scale. However, if 

integrated with each other they can produce information that can be generalised to wider spatial scales and on 

which observations, processes, theories and strategies to mitigate the loss of biodiversity in Italy can be 

developed. 

With 1,777 species, Italy contains about 71.5% of the species of the entire Mediterranean Sea (Renda et al., 

2022) ï an important hotspot of marine biodiversity (Coll et al., 2010) ï, of which 136 are strictly endemic to 

Italian waters and 44 are introduced (Renda et al., 2022). Of these, only 0.2% are currently protected by the 

Habitats Directive (1992/43/EEC) and a further 0.6% of species are protected exclusively by the Bern and 

Barcelona Conventions, painting a concerning picture for the conservation status of this taxonomic group. 

More generally, the entire Mediterranean marine malacofauna is somewhat neglected (Scotti and Chemello, 

2000), considering that only 2% has been evaluated according to the IUCN Red List criteria and, of this 

percentage, 43% of the species are still considered Data Deficient (IUCN, 2024). While the conservation status 

of a part of the few Mediterranean species of conservation interest (according to international agreements) 

have recently been assessed (Schultz et al., 2023), to get a comprehensive overview for the entire Italian marine 

malacofauna is necessary to mobilise pre-existing data stuck in NHCs and literature and to integrate them with 

each other and with newly collected information. 

To date, the Checklist of the Italian Fauna is the only comprehensive effort to mobilise geographic and 

taxonomic knowledge about marine molluscs in Italy by integrating data from various sources (e.g. literature, 

NHCs, expert knowledge) at a national scale. While the taxonomic information it provides is highly reliable ï 

carefully examined and refined by specialists, making it a crucial taxonomic reference for Italy ï the 

geographical information ï although of high quality, for the same reasons described above ï is generalised at 

the level of biogeographical sectors. 

Italyôs Exclusive Economic Zone is divided into eight biogeographical sectors (Bianchi, 2004; Giacobbe and 

Oliverio, 2024), with varying surfaces. While this regionalisation provides valuable insights for national 

biodiversity research and conservation, it results in a loss of fine-scale geographic information, diminishing 

data usability for local biodiversity management or in analyses based on species occurrences (e.g. species 

distribution modeling). 
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2.5 Aim of the work 

A large amount of information about malacological biodiversity in Italy is potentially available, and it is often 

of high quality, originating from reliable sources, such as expert malacologists and researchers. Nevertheless, 

data are fragmented and scattered, each in its own box. Barriers of language, format or concept ï but also of 

availability of funds and personnel ï limit the possibilities of integration and reuse. In this context, the general 

objective of this work is to produce a pipeline for the mobilisation of data from ófrozenô sources, making them 

available in a standardised and integrable format and to propose their use for biodiversity research and 

conservation. The objective can be broken down into three specific objectives, which constitute the three 

chapters of this thesis: 

1) To produce a óFAIRô dataset by creating a databasing pipeline to mobilise pre-existing data on the Italian 

marine malacofauna; 

2) To analyse the biases and knowledge gaps afflicting the currently available opportunistic data, integrating 

the mobilised data and those already available within open-access repositories; 

3) To model the past, present and future potential distribution under different climate scenarios of selected 

species of conservation interest, using the mobilised data. 
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