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Abstract

Over the past twenty years, significant efforts have been made to digitize natural collections.
This process represents a crucial step in preserving and enhancing biodiversity data. In
this context, the phycology team from the Institute for Water Research (CNR-IRSA) in
Taranto (southern Italy), as a partner of the NRRP Project ITINERIS, and within the nascent
European Research Infrastructure “Distributed System of Scientific Collections” (DiSSCo),
answered to the challenge of digitizing and sharing the extensive biodiversity data pre-
served in the marine macrophyte collection Herbarium TAR. This herbarium includes over
500 species collected between 1982 and 2025. Digitization was carried out in accordance
with international standards for imaging and in compliance with FAIR principles for meta-
data curation. A total of 353 digital specimens were produced, including 152 species of
seaweeds (76 Rhodophyta, 47 Heterokontophyta, and 29 Chlorophyta) and 3 species of
Tracheophyta. Notably, 15 non-indigenous species were documented. Part of the metadata,
structured using the Darwin Core standard, has been published on GBIF. This initiative,
carried out within the ITINERIS framework, highlights the value of both long-term biodi-
versity monitoring and digital data in supporting research on climate change, biological
invasions, and the conservation of marine ecosystems.

Keywords: digital resources; DiSSCo; FAIR principles; GBIF; ITINERIS; Natural Science
Collections; seaweeds

1. Introduction
Over the past twenty years, efforts have been made to digitize natural collections

through databasing and imaging projects to make specimen data available. Natural science
collections (NSCs) represent essential research tools and a potential source of data for
biodiversity studies and conservation actions [1]. They are the repositories of vital refer-
ence specimens and provide useful information about species distribution and ecology [2],
against which modern observations and collections can be compared, but they are also very
useful to obtain information on species phenology, phylogeny, and taxonomy [3–5]. More-
over, they are important for ecological studies aiming to understand the long-term effects
of environmental alterations due to pollution and/or climate change and can represent the
basis for taxonomic studies and understanding of the life cycle of species [6–11].

Among NSCs, herbaria represent a collection of catalogued plant samples, often
pressed and dried on paper sheets, with associated information, preserved for different
purposes. According to Thiers [12], there are about 4000 herbaria collections worldwide.
Starting from the early 2000’s, the first projects for the creation of digital repositories,
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aiming to share images of this natural heritage, were initiated [13–17]. One of the main
benefits of digitization is preserving the physical sample from potential damage caused
by handling and transport, as well as reducing the relative costs arising from these op-
erations [18]. Moreover, thanks to new technologies, other advantages include greater
accessibility, searchability, promotion of collaboration among researchers, and integration
with other collections or observations [19–22]. Digitization of a natural collection is the cru-
cial first step in transforming data connected to physical specimens into digitally accessible
representations [23]. This process can occur at varying levels, depending on the purpose,
available technology, resources, and budget constraints [24,25]. To date, the digitization
of herbaria has become an essential step in ensuring the contemporary relevance and
functionality of natural collections in an increasingly digital socio-economic landscape [26].

Currently, there is a considerable variability in the extent to which specimen data are
potentially acquired, both within individual collections and across institutions [27]. To
address this inconsistency and make possible the re-use and interoperability of data, the
Minimum Information about a Digital Specimen (MIDS) specifications have been devel-
oped [28]. This is a standard including the minimum information required to improve
discoverability, research use, and cross-linking of data. This provides a structured frame-
work for assessing the completeness of transcribed specimen data and the availability of
associated media files, supporting a standardized and consistent methodology for quan-
tifying the level of digitization of specimens within a collection. Four levels have been
defined between 0 and 3, each representing a more complete and interconnected digital
representation of the specimen. Level 0 (bare) establishes a basic link between the physical
specimen and its digital representation, providing a unique identifier and allowing for
further information to be attached. Level 1 (basic) adds at level 0 higher-level taxonomic
and geographic information (e.g., family and country). Level 2 (regular) adds data about
collection locality, collector, and date. Level 3 (extended) adds external data not directly
retrievable by the label (e.g., bibliographic references, data sets) [29]. The MIDS can differ
based on whether the stored specimen is a land or aquatic plant or a macroalga. Even
within species, the MIDS can vary. For example, a seaweed specimen’s information may
include the benthic zone where it was found (e.g., littoral or sublittoral), its habitus (e.g.,
attached or floating), and its life stage (e.g., gametophyte or sporophyte).

After digitization, the publication of data in a searchable database, such as the bioin-
formatic portal Global Biodiversity Information Facility (GBIF; www.gbif.org accessed on
11 March 2025), is another important step of the entire process, ensuring compliance with
the FAIR principles, namely, Findable, Accessible, Interoperable, and Reusable [30]. GBIF is
a worldwide collaboration and data platform that manages the Global Registry of Scientific
Collections (GRSciColl) and ensures open availability of biodiversity information to aid
scientific research, inform policy, and guide decision making [31]. Through this platform,
researchers worldwide can access collections remotely to carry out the analysis of broad
biogeographic and cross-taxa patterns [5,32–35].

In this context, the nascent European Research Infrastructure “Distributed System of
Scientific Collections“ (DiSSCo—www.dissco.eu) has its primary goal in the digital inte-
gration, harmonization, and unification of all European NSCs, creating a comprehensive
and accessible knowledge base for research and other purposes, that is a “digital twin” of
physical specimens, making them accessible through a unified digital platform. DiSSCo
will ensure all data adhere to the FAIR principles [36]. To this end, the Italian network of
NSCs hosted at the natural history museums, botanical gardens, and research institutes
across Italy, which will become one of the nodes of DiSSCo, has accomplished the collection
digitization within the framework of the NRRP Project “Italian Integrated Environmental
Research Infrastructures System”-ITINERIS (https://itineris.cnr.it). The marine macro-
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phyte collection TAR, stored at the Institute for Water Research (CNR-IRSA), formerly
Istituto Talassografico “A. Cerruti” of Taranto, was one of the collections involved in this
project. A high-quality, digitized seaweed collection offers scientists an essential tool for
studying various aspects of marine biology, such as ecology, biodiversity, invasive species,
and the effects of global climate change [37]. Recently, at the University of California in
Santa Barbara, a collaborative project has been launched, which aims to build a growing
data set with several seaweed herbaria, useful to deal with inquiries concerning climate
change, ocean currents, invasive species, and biodiversity on the Pacific Coast of North
America [38]. Until now, only a few European seaweed herbaria have been digitized and
made available online [37].

Here, we report the results of the digitization process of the marine Herbarium TAR,
which allowed the creation of a digital repository of seaweeds and phanerogams collected
over forty years, mainly along the coasts of the Mar Grande and Mar Piccolo of Taranto
(Ionian Sea, southern Italy), but also in other Italian localities and abroad. Moreover, the
possible indication about the usefulness of this NSC in the study of biodiversity change
is highlighted.

2. Materials and Methods
The Herbarium of the Istituto Talassografico “A. Cerruti” of Taranto (CNR) TAR (https:

//sweetgum.nybg.org/science/ih/herbarium-list/?NamOrganisationAcronym=tar accessed
on 30 January 2025) preserves marine macrophytes, mainly collected from the Taranto seas
and identified during floristic and ecological studies, performed within the framework of
various institutional activities and financed projects that allowed the long-term study of the
biodiversity of the investigated areas. It can be considered a young herbarium, since the first
collected specimens date back to 1982, and it is continuously updated.

The physical objects of the herbarium occur in dried and pressed form, mounted on a
paper sheet (exsiccata), and preserved in a protective cover. These herbarium sheets are stored
in five cabinets divided according to the different species’ phylum. Two dressers include all
Rhodophyta species, other two include the Heterokontophyta, and the last one includes the
Chlorophyta sheets, except for one drawer containing a few Tracheophyta samples.

The digitization and metadata acquisition of the Herbarium TAR started at the end of
February 2024 and finished in mid-June 2024. The digitization process followed different
steps: specimen selection, pre-digitization curation (i.e., cleaning, mounting), sample
labelling, acquisition of a high-resolution digital image, databasing and data enhancement,
publishing, and archiving. To avoid damage, each sheet is taken and handled with cotton
gloves to apply a label with an alphanumeric ID code, called “Specimen ID”, including the
Herbarium code and a progressive number (e.g., TAR-000001). This code has also been
used for naming the scanned sample. Afterwards, a second label has been applied on each
sheet, containing the scientific name of the species, the date and place of collection, the
name of the person who collected it (legit), and the name of the person who identified
the species (determinavit). For each species, the correctness of the scientific name has been
checked, and, when necessary, the nomenclatural update has been performed according to
Algaebase (https://www.algaebase.org/).

After the specimens were organized and nomenclatural verifications were complete,
when possible, before imaging, attention was paid to several important steps. In particular,
the presence of all key elements, i.e., principal label, ID, color reference chart, and supple-
mentary labels. In case of dirt or dust, it was carefully removed with the specially provided
tools (brush and microfiber napkin).

Concerning image acquisition, each herbarium sheet was scanned using a customized
Planetary Scanner unit (BUCAP, Bookeye 5 V2, Monterotondo Scalo, Italy) consisting of a

https://sweetgum.nybg.org/science/ih/herbarium-list/?NamOrganisationAcronym=tar
https://sweetgum.nybg.org/science/ih/herbarium-list/?NamOrganisationAcronym=tar
https://www.algaebase.org/


Diversity 2025, 17, 641 4 of 12

CCD scanner camera and an additional matrix camera for live previews. It was equipped
with a workstation (HP Z2G9, HP, Palo Alto, CA, USA) and the “Batch Scan Wizard”
software (version 5.60.122).

Specimens were scanned using international standards: resolution of 600 dpi, labels
for each specimen, a 24-color scale (color checker), and a paper ruler as scale bar, crucial for
estimation of the sizes of the specimen (Figure 1). The color reference chart (color checker)
ensures the proper adjustment of the colors and white balance in the images.

Figure 1. A digitalized image with 2 labels (below), a color checker, and a paper ruler top-left.

Upon scanning, the image has been stored into the associated workstation in *.TIFF
format and uploaded to a shared folder on Microsoft Teams®.

For herbarium sheets with a size exceeding the flat-bed dimension of the scanner
(460 × 620 mm), a digital camera NIKON Z7 II (NIKON Europe B.V., Amstelveen, The
Netherlands) mounted on a lightened stand was also used. Moreover, a digital hand-
held microscope Dino-Lite Edge 5MP (Dino-Lite Europe, Almere, The Netherlands) was
employed to capture some details.

After scanning, metadata have been collected in a database with fields defined accord-
ing to the Darwin Core Terminology (https://dwc.tdwg.org) and filled according with
the international standards when required. In particular, the ISO standard 8601 [39] and
the ISO 3166 [40] were used for recording the sampling date, the country code, and the
state/province code (see https://www.iso.org/).

To produce a backup copy, all *.TIFF format images have been stored in physical hard
disks preserved at the CNR-IRSA of Taranto for future applications and uses.

Upon completion of the digitization process, metadata publication on the online
database GBIF has been started. This activity is still ongoing.

3. Results
To date, the herbarium TAR consists of 507 physical sheets, 394 of which have been

included in the digitization process, while 113 have not been digitized since they still

https://dwc.tdwg.org
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require a careful revision. Indeed, 33 specimens have been identified only at the genus
level (e.g., Ulva sp., Valonia sp.), 65 specimen have been tentatively identified (e.g., Hypnea
cf. flexicaulis, Porphyra leucosticta?), and 15 sheets do not report any taxonomic indication.
Since more than one sheet shared the same MIDS, they were scanned into the same image.
Thus, 353 digital specimens were obtained at the end of the activities.

Considering the number of specimens imaged and the amount of time required, we
calculated an average image rate of 30/day, considering a work day of 6 h.

The herbarium has been built over 43 years, from 1982 to 2025. In this period, three
technicians working in the Phycology Laboratory have ruled in the collection of the sea-
weeds; two researchers were involved in their taxonomic identification. Figure 2 shows
two periods in which more samples were collected. The first is the three-year period from
1987 to 1989, in which 84 samples were collected. The second period, from 2009 to 2019,
accounted for a total of 182 samples.

Figure 2. Temporal collection period of specimens preserved at the Herbarium TAR.

The total number of species was 150, comprising 71 Rhodophyta, 29 Chlorophyta,
47 Heterokontophyta, and 3 species of Tracheophyta (Tables 1 and S1).

Table 1. Summary of the results of the Herbarium TAR digitization. The first column reports the
phylum, the second column reports the number of species for each phylum, and the third column
reports the number of digital specimens for each phylum.

Phylum Number of Species Number of Digital Specimens

Rhodophyta 71 217
Chlorophyta 29 54

Heterokontophyta 47 78
Tracheophyta 3 4

Total 150 353

Rhodophyta specimens are represented by 25 families. The dominant family is
Rhodomelaceae, which accounts for 18 species (Table 2). An example is reported in Figure 3.
Eight families of Chlorophyta are present. The most numerous are Ulvaceae, Codiaceae,
and Cladophoraceae, each with 7 species (Table 2). An example is reported in Figure 4a.
Heterokontophyta include 13 families, and among them, the most representative is the
Sargassaceae family, with 12 species (Table 2). An example is reported in Figure 4b.
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Table 2. List of families with the number of species for each phylum.

Rhodophyta Chlorophyta Heterokontophyta Tracheophyta

Ahnfeltiaceae 1 Bryopsidaceae 1 Agaraceae 2 Cymodoceae 1
Bangiaceae 4 Caulerpaceae 2 Alariaceae 4 Posidoniaceae 1

Bonnemaisoniaceae 2 Cladophoraceae 7 Chordariaceae 4 Ruppiaceae 1
Callithamniaceae 4 Codiaceae 7 Cutleriaceae 1
Caulacanthaceae 1 Dasycladaceae 1 Desmarestiaceae 2
Ceramiaceae 2 Halimedaceae 3 Dictyotaceae 6
Champiaceae 1 Polyphysaceae 1 Fucaceae 5
Cystocloniaceae 2 Ulvaceae 7 Himanthaliaceae 1
Delesseriaceae 7 Laminariaceae 4
Gigartinaceae 2 Lessoniaceae 1
Gracilariaceae 5 Sargassaceae 12
Grateloupiaceae 3 Scytosiphonaceae 4
Halymeniaceae 2 Stypocaulaceae 1
Kallymeniaceae 1
Lomentariaceae 1
Nemaliaceae 1
Peyssonneliaceae 3
Phyllophoraceae 2
Plocamiaceae 1
Pterocladiaceae 1
Rhodomelaceae 18
Rhodymeniaceae 1
Solieriaceae 3

Sphaerococcaceae 1
Wrangeliaceae 1

 

Figure 3. A Rhodophyta specimen from the Herbarium TAR. Acanthophora najadiformis (Delile)
Papenfuss (Ceramiales, Rhodomelaceae).
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(a)  (b) 

Figure 4. Chlorophyta and Heterokontophyta samples from the Herbarium TAR: (a) Codium bursa
(Linnaeus) C. Agardh (Chlorophyta, Codiaceae); (b) Sargassum hornschuchii C. Agardh (Heterokonto-
phyta, Sargassaceae).

Most of the species were collected in the Taranto Seas, the Mar Grande, and the Mar
Piccolo (Ionian Sea, southern Italy) (276 samples, 78%). Moreover, several specimens were
sampled in other Italian coastal areas (35 samples, 9.9%) and foreign countries such as the
Svalbard Islands (Norway), western Canada, and New Zealand. The samples collected at
the Italian locations represent 88.1%. There are 19 (5.4%) samples from Canada, 10 (2.8%)
from the UK, and 5 (1.4%) from Norway. Samples from France and Israel accounted for 2
(0.6%) and 3 (0.8%), respectively. Samples from Croatia, Mauritania, Malta, New Zealand,
and Turkey are the remaining 5 (1.4%).

The herbarium also preserves several specimens of 15 non-indigenous species (NIS),
collected in the Mar Piccolo and Mar Grande of Taranto (Table 3; Figure 5).

 
(a)  (b) 

Figure 5. Specimens of non-indigenous species from the Herbarium TAR: (a) Undaria pinnatifida
(Laminariales, Alariaceae); (b) Ascophyllum nodosum (Fucales, Fucaceae).
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Table 3. Seaweed non-indigenous species preserved in the Herbarium TAR.

Species Year of Collection Phylum

Agardhiella subulata (C. Agardh) Kraft & M.J. Wynne 1988, 1989, 2011, 2012, 2013, 2014, 2015,
2016, 2017, 2023 Rhodophyta

Ascophyllum nodosum (Linnaeus) Le Jolis 2009 Heterokontophyta
Asparagopsis taxiformis (Delile) Trevisan 2018 Rhodophyta
Caulacanthus okamurae Yamada 2017, 2018 Rhodophyta
Caulerpa cylindracea Sonder 1999, 2002, 2007, 2012, 2013, 2014, 2016 Chlorophyta
Codium fragile (Suringar) Hariot 2009, 2013, 2016 Chlorophyta
Colpomenia peregrina Sauvageau 2012, 2016, 2018, 2019 Heterokontophyta
Cutleria multifida (Turner) Greville 2010, 2013 Heterokontophyta
Grateloupia minima P.Crouan & H. Crouan 2010, 2011, 2015, 2016, 2019, 2020, 2023 Rhodophyta
Grateloupia turuturu Y. Yamada 2007, 2008, 2009, 2010, 2013, 2015, 2020 Rhodophyta
Hypnea corona Huisman & Petrocelli 2002, 2003, 2004, 2005, 2014, 2019, 2020 Rhodophyta
Osmundea oederi (Gunnerus) G. Furnari 2007, 2021, 2023 Rhodophyta
Polysiphonia morrowii Harvey 2013, 2014, 2015, 2016, 2018, 2019 Rhodophyta
Solieria filiformis (Kützing) P.W. Gabrielson 1986, 1988, 1989, 1994 Rhodophyta
Undaria pinnatifida (Harvey) Suringar 1998, 1999, 2005 Heterokontophyta

The database of the entire collection was made up of 72 metadata elements for each
record and 394 filled records reporting mandatory information (for GBIF standard) (e.g.,
OccurenceID, BasisOfRecord, ScientificName, InstitutionCode, CollectionCode), strongly
recommended information (e.g., EventDate, Country, CatalogueNumber), and recom-
mended if available (e.g., DecimalLatitude, DecimalLongitude). Moreover, other data
such as habitat type, morphotype, floating/sessile habitus, sex, presence of reproduction
structure, life stage, size, and molecular traits were recorded, if available.

The MIDS level was 2 in most cases, with a few exceptions where insufficient data
prevented full compliance with this level. Indeed, information regarding the geographical
coordinates of the collection sites was unavailable for 79 specimens, among which there
were 35 Rhodophyta, 9 Chlorophyta, and 35 Heterokontophyta, which were collected
outside Taranto.

To date, a first data set, as a part of the entire collection, named “The Solieriaceae of
the Herbarium TAR” was published on the GBIF portal [41]. It was prepared, including
17 records of species belonging to the mentioned family.

4. Discussion
Today, it is a known fact that herbaria are important for assessing biodiversity changes

in a specific geographical area [37,38,42]. Furthermore, having digital botanical data with
accurate spatial and temporal positioning is essential for understanding the causes of these
changes (e.g., climate change, acidification, eutrophication) also at a broader level [38,43].
According to Davis [5], the ideal perspective is a digital “global metaherbarium” where
all the botanical data will be accessible to anyone who needs it for all sorts of reasons,
including those not closely related to science, from botanists to ecologists, from chemists
to artists.

Most of the exsiccata stored in the Herbarium TAR represent species collected in the
Mar Piccolo and the Mar Grande of Taranto over time, where human activities represent the
main cause of changes in biodiversity [44]. In particular, the Mar Piccolo is a transitional
water system included in the Italian node of the European Research Infrastructure on Long
Term Ecosystem Research (eLTER), where a continuous monitoring of the marine macro-
phyte biodiversity has been carried out for almost forty years, aimed at understanding
ecological changes in the ecosystem structure, as well as the dynamics, variability, and
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resilience of its communities [44]. The differing number of species recorded over time is
due to several reasons. In 1982 and 1984, specimens were collected during single scientific
campaigns in the Gulf of Taranto, before the Phycology Laboratory at the Istituto Talasso-
grafico in Taranto was established in 1986. The increase in specimens from 1987 to 1990 was
a result of the Phycology Laboratory’s new activities and the systematic monthly sampling
campaigns that followed, which were mainly carried out in Mar Piccolo. The decrease in
species richness after 1993 was due to the pollution level of the seawater in 1990–1999 [44]
and field activities due to the start of new applicative research activities [45,46]. During the
digitization process, the filling of the database made available an immediate tool to search
species and make comparisons on the presence/absence of some species in different time
periods. For instance, eight samples of Ulvaceae dated between 1987 and 1989 have been
detected, while only four samples are dated between 2009 and 2019. This gives a prompt
evidence of the considerable reduction in nitrophilous species among the Mar Piccolo
seaweeds, starting from 2000 and linked to the improvement of its seawater quality [44].

The Herbarium TAR counts 15 NIS with a different number of exsiccata for each
species. This is not surprising since the Mar Piccolo is the third hot spot in the Mediter-
ranean for the introduction of NIS seaweeds [47]. Most likely, the introduction of these
species is mainly due to aquaculture activities, as already demonstrated in other transi-
tional water systems [48], while their establishment depends on their tolerance to abiotic
factors, especially warm temperatures [47,49]. At present, some of these species are no
longer present, such as Ascophyllum nodosum and Undaria pinnatifida, due to their lack of
affinity for the basin temperature [47,50]. The open access availability of digital data on
several NIS reported for a particular place, such as the Mar Piccolo, may allow the sharing
of information with other researchers who face the same problem in other transitional
water systems, making possible inferences about the main vectors responsible for their
introduction and the development of good practices and policies to counteract it [51].

5. Conclusions
The collections held in museums, research institutes, and universities around the

world, although created for different purposes, can be considered the depositaries of a
great quantity of biodiversity data.

The Phycological Laboratory of the Istituto Talassografico of Taranto took the challenge
of the project ITINERIS and the DiSSCo Infrastructure to make a macroalgal collection
created by researchers who continue to promote long-term ecological studies in a southern
region of the Italian peninsula available to the scientific community. The digitization of
the Herbarium TAR represents an important initial step toward the enhancement and
dissemination of the biodiversity heritage collected over more than forty years of scientific
activity. By adopting internationally recognized protocols for image acquisition and meta-
data curation, and by adhering to FAIR principles, a high-quality digital archive has been
created, which will be fully accessible to the global scientific community as soon as possible
through platforms such as GBIF. The historical documentation and digital accessibility
of these data will provide crucial support for future studies on biogeography, climate
change, biological invasions, and marine biodiversity conservation. Further efforts will be
focused on implementing the collection in terms of physical samples, digital acquisition,
and data sharing. Furthermore, the integration of currently available data with information
derived from molecular analyses could be considered to complete the digitization of all the
specimens stored in the Herbarium TAR.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d17090641/s1, Table S1: Floristic list in alphabetical order of the
seaweed and seagrass species presents in the Herbarium TAR.
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