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Introduction

Crop Wild Relatives (CWR) have great socioeconomic importance for humans harbouring a broad spectrum of diversity and being important elements of different habitats. Beta vulgaris subsp. maritima ((L.) Arcangeli), also known as sea beet, is an important CWR of cultivated beets (GP-1). The high adaptability of this taxon to different environmental conditions, as well as its tolerance/resistance to different biotic and abiotic stresses, makes it a vital source for sugar beet improvement. Aim of this work was to analyse the in situ and ex situ status of sea beet population conservation in Italy, so as to guide protection activities and new collecting missions.





Methods

Geographical distribution data of populations were that occur in the wild and conserved in genebanks were assembled from different databases and submitted to data quality control. Distribution, habitat characterization, land cover and use of the involved sites were then evaluated to provide insight into the current condition of areas hosting this CWR diversity. The presence of populations within vs. outside Italian protected areas was also evaluated. A density analysis of the records was performed and the adequateness of sea beet ex situ conservation, in terms of number of conserved accessions, was finally estimated.





Results

A collection of 138 B. vulgaris subsp. maritima high quality georeferenced records were obtained, mainly distributed into Mediterranean Biogeographic Region. About 22% of the considered populations occurs in protected sites of the Natura 2000 Network, while about 15% in areas recorded in the Official list of protected natural areas (EUAP). Occurrences within protected areas are founded primarily in natural environments, whereas those outside are mainly located in urban and cultivated areas. The comparison of distribution and density analysis results revealed the presence of several gaps between sites hosting in situ populations and sites where ex situ conserved accessions were originally collected.





Discussion

Here presented data indicates that the protection status for sea beet in Italy can be considered only partially adequate; more proactive protection measures should be foreseen to increase the role of protected areas in safeguarding in situ conservation. “Out of reserve management” for populations outside protected areas should also be developed, as well as new collecting missions carried out.
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Introduction

The domestication process of plant species determined a considerable reduction in the genetic variability of most crops compared to their wild counterparts (Olsen and Gross, 2008; Dempewolf et al., 2014). In the context of plant breeding, this phenomenon, commonly referred to as the “domestication bottleneck,” has raised concerns because breeders need access to the maximum genetic diversity possible to tackle future food production challenges. However, a wide spectrum of diversity for many different traits can still be found in the genomes of wild plant species that are closely related to crops also known as “crop wild relatives” (CWR). Indeed, the inclusion of CWR into breeding programs can significantly widen the source of genetic variation and selection towards the achievement of the different breeding targets. Disease and pest resistance improvement in wheat, rice, potato, tomato, sunflower and lettuce, as well the improvement of yield in wheat and rice and of tolerance to abiotic stress in rice, tomato, barley and chickpea are among the many available examples of successful use of CWR in plant breeding (Hajjar and Hodgkin, 2007 and references therein; Tirnaz et al., 2022 and references therein). Starting in the ‘40s-’50s of the last century, a notable increase in breeding achievements related to CWR use was gained from the ‘60s and ‘70s (Harlan, 1976, 1984; Prescott-Allen and Prescott-Allen, 1981; Hoyt, 1988). Nowadays, genome sequencing, pangenome construction and de novo domestication facilitate traits/gene selection from both closely and remotely wild relatives related to crops (Tirnaz et al., 2022). Finally, CWRs plays a vital role in traditional agro-ecosystems thanks to natural genetic exchange with landraces that also contributed to increasing their diversity after domestication.

With the assumption that any species belonging to the same genus of a given crop is a CWR (Maxted et al., 2006), the number of CWR species could account for about the 20% of the world’s flora corresponding to about 50,000-60,000 species (FAO, 2017); about 11,000 of these species are believed to be valuable for food security at the global level while about 700 are of a high value in terms of their potential use in plant breeding programs (Maxted and Kell, 2009; Engels and Thormann, 2020). An alarming 75% of CWR taxa are under threat in the wild, and climate change is expected to intensify this issue (Jarvis et al., 2008). The significance of preserving CWR is now increasingly recognized as a top priority (IPBES, 2022); noteworthy, conserving these species in their natural habitats is critical to ensure their ongoing evolution (Maxted and Kell, 2009).

B. vulgaris subsp. maritima ((L.) Arcangeli) (“sea beet”, 2n=2x=18) is a highly variable, allogamous, wind pollinated taxon; populations are composed of several genotypes (Andrello et al., 2016) and can have a mixture of annual, biennial, and perennial plants which helps the species to survive in extreme conditions (Letschert and Frese, 1993). The taxon is widely diffused along the coasts of the Mediterranean Sea, the European Atlantic Ocean and the western portion of the Baltic Sea, on sand and pebble beaches, saltmarshes drift-line, sea rocks and cliffs (Becker-Dillingen, 1928; Ulbrich, 1934; Biancardi et al., 2012a; Monteiro et al., 2018).

Besides a subspecies of B. vulgaris (Euro+Med DataBase. - the information resource for Euro-Mediterranean plant diversity, available at https://europlusmed.org/cdm_dataportal/taxon/2584ce98-01b2-4344-bc9e-d13f359293c2 [Accessed: 02/05/2023]), this taxon has been considered a synonym of Beta vulgaris L. (e.g. World Flora Online, available at http://www.worldfloraonline.org [Accessed on 02/05/2023]), or a species by other authors (e.g. Biancardi et al., 2012), available at http://dryades.units.it/floritaly [Accessed: 02/05/2023]).

This valuable CWR of cultivated beets belongs to the genus Beta L. (Amaranthaceae, Betoideae) that has been suggested as priority at global level for the economic importance of the related crops and the conservation status (Castañeda-Álvarez et al., 2016). Its remarkable resistance to drought and soil salinity makes it extremely competitive in coastal habitats, when compared to other species (Biancardi et al., 2012a), but, as showed by some studies conducted in central Italy by Pirone (1995), Biondi et al. (2002) and Landucci et al. (2012), it can also colonize the hinterland, with populations occurring in clayey gully systems with marine clay deposits. Indeed, even if its diffusion progressively decreases going inland, where most forms derive from hybridization with cultivated ones, this taxon shows a large environmental adaptability.

This wild taxon is fully sexually compatible and able to give rise to fully fertile progenies when crossed with the many B. vulgaris cultivated forms; as such it is placed in the GP-1 according to Harlan and de Wet (1971). Wild beet has been already successfully used as a source of useful trats in cultivated beet breeding (Biancardi et al., 2012; Capistrano-Gossmann et al., 2017; Dempewolf et al., 2017 and references therein, respectively) as well as for broadening the genetic diversity of the crop (Campbell, 2010). Sugar beet, the most important crop within the genus Beta, was developed in a very short period towards a high productive crop (Biancardi et al., 2012b). To maintain the adaptability of this crop, the continuous and systematic incorporation of genetic variability from close relatives into its gene pool has been proposed (Fénart et al., 2008). It is above all urgent to adapt the cultivation of beet to climate change, especially regarding drought resistance.

The high genetic variability of sea beet, associated with adaptability to different stressing climatic and environmental conditions (e.g. hydric, saline and nutritional stresses) (Hanson and Wyse, 1982; Stevanato et al., 2014) is a vital source of useful traits for beet improvement. Resistance to different biotic stresses, including cercospora (Cercospora beticola Sacc.), downy mildew (Peronospora farinosa (Fr.) Fr.), powdery mildew (Erysiphe betae (Vañha) Weltzien), root-rot (Rhizoctonia solani Kühn) and rhizomania (Beet Necrotic Yellow Vein Virus (BNYVV)) as well salinity tolerance are some of the traits with breeding value present in the wild beets (Biancardi et al., 2012a).

The phenotypic and genotypic variability of B. vulgaris subs. maritima was studied for Madeira’s archipelago populations (Ascarini et al., 2021), while the usefulness of its cytogenetic diversity for breeding and conservation programs was investigated by Monteiro et al. (2018 and reference therein). Furthermore, it is a heritage of evolution and an important component of coastal ecosystems, where it provides food and habitat for native wildlife and contributes to consolidate coastal line, having per se an intrinsic value and as such deserving to be maintained.

In Italy B. vulgaris subs. maritima is quite diffused (Bartolucci et al., 2018) although it is not protected since protection priorities in the country are based on the IUCN status of ‘endangered’ or ‘vulnerable’ (Landucci et al., 2014; Ciancaleoni et al., 2021). However, it is noteworthy that this taxon is at high risk of genetic erosion in those areas where the production of sugar beet seed is carried out and, among others, also due to touristic and agricultural activities. Thus, appropriate long-term conservation strategies should be adopted to protect and maintain B. vulgaris subsp. maritima populations in Italy.

In situ conservation is the most appropriate and effective protection strategy for CWR as it preserves both the population and the evolutionary processes by managing organisms in their natural surroundings (CBD, 1992). Understanding the geographical distribution of CWR populations (i.e. the punctual occurrence of populations in the wild) allows the development of targeted strategies that are crucial for effective in situ conservation. Examining where CWR populations are present in protected areas allows to identify areas where conservation efforts might already be in place or areas that require additional protection measures; moreover it helps to identify the site-based population vulnerability, considering factors such as habitat degradation, human activity, and climate change impacts which undermines taxa in situ survival (Bilz et al., 2011; Dempewolf et al., 2014; Aguirre-Gutiérrez et al., 2017). Indeed, Protected Areas play a crucial role in in situ conservation as they often provide a legal framework and management structures that can help in ensuring the conservation of CWR populations. Without additional data, it is reasonable to presume that populations residing within protected areas are safer than those outside.

Among existing protected areas, it is noteworthy to mention those belonging to the Natura 2000, a network of protected areas covering Europe’s most valuable and threatened species and habitats. Natura 2000 is the largest coordinated network of protected areas in the world, extending across all 27 EU Member States, both on land and at sea. The sites within Natura 2000 are designated under the “Birds Directive” 79/409/EEC (European Commission, 1979) and the “Habitats Directive” 92/43/EEC (European Commission, 1992).

In addition, all the Italian officially recognised National, Regional and Interregional, marine and terrestrial, protected natural areas are listed in the ‘VI Official The official list of Nationally protected natural areas of Italy (EUAP) which is drawn up, and periodically updated, by the Ministry of Ecological Transition (Ministero della Transizione Ecologica, MiTE) — Directorate for the Protection of Nature, which collects National, Regional and Interregional Italian protected natural areas, marine and terrestrial, officially recognised (Repubblica italiana, 1991).

However, the status of a population cannot be exactly defined even if the population falls within a protected area. The information about presence should be completed with other data about the state of the site, to avoid too binary assumptions about the state of protection of the taxon (Langhammer et al., 2007). Therefore, combining the knowledge of population occurring sites, protected areas distribution and level of CWR taxa diversity within protected areas can guide the selection of best areas for implementing CWR in situ protection (Maxted, 2003). Indeed, although the level of protection within protected areas may in general be passive, they still offer essential safeguards against habitat destruction, overexploitation, and other anthropogenic pressures (Maxted et al., 2008).

Mapping taxa distribution in relation to Land Use and Land Cover (LULC) is another way to gain a perspective on the state of the sites hosting CWR diversity, so to understand which are the most “sensitive” areas where populations may be most at risk due to anthropic or environmental pressures connected to LULC. In this regard, it has been already shown that many populations of CWR of different species of interest are currently occurring outside protected areas (Heywood and Dulloo, 2005; Raggi et al., 2022b, 2024) including road and field edges as well as cultivated fields. Different actions can be put in place to establish a certain level of protection even in these areas by means of the ‘Out of Reserve Management’ approach (Hale and Lamb, 1997) so to reduce the level of risk and the related threats.

As part of comprehensive CWR conservation planning, also the ex situ conservation plays an important role; this conservation strategy is complementary to in situ, by securing the preservation of target populations as well as facilitating access to their diversity for both research and breeding activities (Maxted et al., 1997; Brush, 2004; Phillips et al., 2016; Schwartz et al., 2017).

Aims of this work were to explore B. vulgaris subsp. maritima distribution across Italy by means of population distribution data available in different databases. Regarding the potential role of protected areas in advancing CWR in situ conservation, the presence of populations in protected sites was evaluated and discussed, taking into account the land cover and use of the involved sites. A comparison between the distribution of the sites hosting populations in situ and where ex situ conserved accessions were originally collected was also performed to highlight possible gap in the ex situ conservation of this species.





Materials and methods




Data acquisition

We acknowledge for this taxon the rank of subspecies [B. vulgaris L. subsp. maritima (L.) Arcang.], in agreement with the Portal of the Flora of Italy (available at https://dryades.units.it/floritaly/index.php [Accessed: 02/05/2023]). In the first part of this study, we explored the taxon distribution over the whole Italian territory (mainland and islands), employing a methodology similar to the one described by Raggi et al. (2022b). In brief, in situ occurrences were estimated using data from different online databases: the Global Biodiversity Information Facility (GBIF), ‘VegItaly’, ‘Genesys’ and the ‘National Biodiversity Network’ database.

GBIF (available at http://www.gbif.org/) is an international network and data infrastructure which provides open access to chorological data of all types of life on Earth presents in genebanks, botanic gardens, museums, and universities. Part of the Global Index of Vegetation-Plot Databases, VegItaly is coordinated by the Italian Society of Vegetation Science (https://www.scienzadellavegetazione.it/vegitaly/); it organizes all data derived from the different approaches used in the field of vegetation science into an organic structure. Currently, VegItaly is hosted in the anArchive project (http://www.anarchive.it), a database system dedicated to the archiving of botanical data (taxonomic data, floristic reports, vegetation surveys). Genesys is a database holding information on ex situ accessions conserved worldwide (available at https://www.genesys-pgr.org/). The ‘National Biodiversity Network’ is a database, collated by the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA) accessible on the Italian National Geoportal (available at http://geoviewer.nnb.isprambiente.it/mapreacter) that is promoted by the Ministry of Ecological Transition (Ministero della Transizione Ecologica, MiTE), the Italian Ministry in charge of protecting nature.

All retrieved data were organised and standardized in a unique database. For each record of occurrence (i.e. database entry) the following fields were annotated: i) database origin (DATABASE-ORIGIN), code of the donor (INSTCODE) and accession number (ACCENUMB); ii) taxonomy and nomenclature including genus (GENUS), species (SPECIES) and species author (SPAUTHOR), subtaxa (SUBTAXA) and subtaxa author (SUBTAUTHOR); iii) geographic coordinates: latitude (DECLATITUDE) and longitude (DECLONGITUDE), iv) other information on population collection site including nation (ORIGCTY), administrative region (ADMREGION) and collection site (COLLSITE) and v) acquisition date (ACQDATE). It is here anticipated that only records with sufficiently accurate geographical coordinates (i.e. georeferenced records) were targeted and analysed.

To create high-quality datasets, different filters were applied to the collated raw data in the Quality Control (QC) process as suggested by Rubio Teso and colleagues (2020); in particular, occurrences belonging to the following classes were removed: (i) corresponded to cultivated, (i.e. not wild) materials; (ii) located outside Italian national borders; (iii) characterised by low-quality geographical coordinates (i.e. ≤ 2 decimal digits or stated error > 500 meters) and (iv) dated before 1970. Records from GBIF (v) with major known issues (i.e. invalid basis of record, institution match fuzzy) and (vi) coming from unsupervised sources (i.e. iNaturalist) or from the System-wide Information Network for Genetic Resources (SINGER) were also eliminated. Duplicates were simplified keeping records more recent and with more information available.

Records that survived QC were used to create two databases:

1) “In situ database”, merging records of populations that occur in the wild from GBIF, National Biodiversity Network and Genesys; the inclusion of entries from Genesys among in situ populations is motivated by the fact that ex situ conserved accessions (listed in Genesys) come from collections of populations occurring in the wild (i.e. in situ) (Rubio Teso et al., 2020; Raggi et al., 2024);

2) “Ex situ database”, including records representing the actual ex situ conserved populations (only coming from Genesys). Geographical data here refer to the original geographical coordinates of collection sites (i.e. of sites where ex situ conserved accessions were originally collected).





Populations distribution

Occurrence records stored in the two above mentioned databases were imported into QGIS software 3.16.15-Hannover (QGIS Development Team, 2021) specifying the geographic reference system WGS84 (EPSG: 4326) not projected, compliant with the LAT/LONG DD format.

A spatial consistency verification followed, where B. vulgaris susp. maritima occurrence records with the following characteristics were removed: (i) placed outside Italian national borders, as defined in the polygonal shape file (scale of 1:1 000 000) of the administrative borders of Italy; (ii) in the country centroid or (iii) in the sea. The few records near close the coasts (<1 km) were manually repositioned along the coast (Raggi et al., 2022b).

Occurrence of the considered populations in the different Italian Biogeographic Regions was tested in QGIS according to the “Biogeographical regions, Europe 2016, version 1” geospatial vector retrieved from the European Environment Agency (https://www.eea.europa.eu/en/datahub/datahubitem-view/11db8d14-f167-4cd5-9205-95638dfd9618, v. January 2016).





Protection status of population hosting sites

Two different cartography layers were used to infer the protection status of the sites hosting sea beet occurrences taking advantage of the Vector overlay function in QGIS and using the geographic coordinates of each record in the in situ database.

The status ‘inside’ or ‘outside’ protected area was tested using the geospatial vector of:

i) Natura 2000 Network retrieved from the European Environment Agency web site (available at https://www.eea.europa.eu/data-and-maps/data/natura-14/natura-2000-spatial-data, v. end 2021). The file accounts for delineations of the “Habitats Directive” and of the EMERALD Network, set up under the ‘Convention on the Conservation of European Wildlife and Natural Habitats’ (i.e., Bern Convention) (Council of Europe, 1979);

ii) ’VI Official The official list of Nationally protected natural areas of Italy (EUAP). It is worth noting that EUAP areas and Natura 2000 sites are not necessarily overlapped; indeed, in Italy, about half of Natura 2000 sites fall outside the EUAP network.





Habitat characterization and land use and land cover of population hosting sites

The characterization of the habitats occurring in the sites hosting B. vulgaris subsp. maritima populations was estimated using the Vector overlay function in QGIS according to ‘Carta della Natura’ (1:250.000) (Amadei et al., 2003), provided by ‘Istituto Superiore per la Protezione e la Ricerca Ambientale’, which describes the habitats and ecosystems insisting on the Italian territory.

Land Cover (LC) of the same sites was also estimated using the same QGIS function and according the ESA CCI Land Cover, level 1, v2.0.7 (2015) (ESA, 2017) (spatial resolution 300m). This source gives information on the land cover according to 22 primary and 14 secondary use classifications (maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf).

Land Use and Land Cover (LULC) were also estimated according to the Corine Land Cover (CLC) 2018 (status layer, spatial resolution 100m) that utilize instead 44 different classes at the European scale to give information on territory cover and use (https://land.copernicus.eu/en/products/corine-land-cover/clc2018).

All categorizations were nested within the primary category of ‘inside’ or ‘outside’ protected areas. Results for sites ‘inside’ or ‘outside’ protected areas were graphically summarised using histograms.





In situ vs ex situ conservation

A density analysis of the records from the in situ and ex situ databases was performed in QGIS as described in Raggi et al. (2022a, b). Briefly, a grid of 10×10 km was obtained from the standard ones available at the European Environment Agency website (European Environment Agency, 2017) and the number of CWR records per cell was calculated using the Count Points in Polygon tool. The position of cells containing ≥1 records were shown over the Italian territory and coloured according to a purposely developed colour scale. Finally, the adequateness of sea beet ex situ conservation in terms of number of conserved accessions was estimated by comparing the number of populations occurring in the wild and conserved ex situ across the different Italian regions.






Results




Data acquisition and populations distribution

After the application of QC filters, the query of GBIF, Genesys and National Biodiversity Network databases generated a collection of 138 B. vulgaris subsp. maritima in situ records (Table S1, Supplementary Materials); most of the records came from Genesys (46%) followed by GBIF (33%) while 21% were obtained from the shared data management system of the Italian ‘National Biodiversity Network’ database. As for the ex situ, a total of 63 records from Genesys were kept after QC (Table S2, Supplementary Materials).

With 122 of the total 138 sites (88%), the Mediterranean Biogeographic Region hosts the highest number of B. vulgaris subsp. maritima populations in nature, followed by the Continental one (12%). Geographical distribution of sea beet in situ and ex situ occurrence records across Italy is available in Figure 1.




Figure 1 | Geographical distribution of the 138 in situ and 63 ex situ B. vulgaris subsp. maritima occurrence records, multiple sites with similar geographic coordinates appear as a single locality. Symbols and colours are according to the figure legend. Italian Region perimeters are also shown.







Protection status of population hosting sites

As for the protection status, 30 of the 138 sites hosting Beta vulgaris subsp. maritima populations (22%) are in protected areas of the Natura 2000 Network (Figure 2A pay chart) and 21 populations (15%) in areas listed in the EUAP (Figure 2B pay chart). When Natura 2000 Network and EUAP are considered together, 32 sites (23% of the total) are the object of protection due to extensive overlapping of protected areas.




Figure 2 | Pie graphs showing the proportion of B. vulgaris subsp. maritima in situ records inside (orange) and outside (light grey) protected areas of Natura 2000 Network (A) and of EUAP (B) together with histogram representing records distribution in the different types of protected areas. Letters associated to the Natura 2000 sites histograms are as follows: “A” = designed “Special Protection Area” (SPA); “B” = “Sites of Community Importance” (SCI) or “Special Area of Conservation” (SAC); “C” = SCI/SAC is the same as designated SPA. Acronyms associated to the EUAP areas histograms are as follows: “MAR” = Marine Reserve; “RNR” = Regional Natural Reserves; “PNR” = Regional and Interregional Natural Parks; “SNR” = State Nature Reserves; “PNZ” = National Parks. Geographical distribution of sites hosting Beta vulgaris subsp. maritima populations located inside Natura 2000 Network (C) and inside areas listed in EUAP (D).



The highest proportion (0.43) of B. vulgaris subsp. maritima in situ occurrences included in the Natura 2000 Network is in sites listed, at the same time, as Special Protection Areas (SPAs, A type) of the “Birds Directive” (European Commission, 1979) and Sites of Community Importance (SCIs, B type) or Special Areas of Conservation (SACs, B type) of the “Habitat directive” (European Commission, 1992) (Figure 2A, histograms). Because of the coastal distribution of this taxon, Marine Reserve (MAR) is the EUAP category hosting the highest proportion of sea beet populations followed by Regional Natural Reserves (RNR) and Regional and Interregional Natural Parks (PNR) (Figure 2B histograms). The distribution of here analysed sites hosting Beta vulgaris subsp. maritima populations, and located inside considered protected areas, well resembles the distribution of this taxon across the Italian territory along the coasts of the Mediterranean Sea and in the major Italian islands Sicily and Sardinia (Figures 2C, D, respectively).

The complete list of Natura 2000 Network sites hosting B. vulgaris subsp. maritima populations is reported in Table 1. The Natura 2000 SAC-B site ‘Capo Caccia (con le Isole Foradada e Piana) e Punta del Giglio’ (ITB010042), hosts the highest number of occurrences (5) distributed across two cells. With an extension of about 7,004 ha, this site is also included in the ‘Parco Naturale Regionale di Porto Conte’ in the municipality Alghero (north Sardinia). Another site of interest is the SCI-SPA-C ‘Arcipelago La Maddalena’(ITB010008), hosting 3 occurrences; it almost completely corresponds to the borders of the homonymous National Park, which in turn coincides with the entire municipality of La Maddalena at the northern end of Sardinia.


Table 1 | Natura 2000 sites holding B. vulgaris subsp. maritima populations.



With 4 and 3 occurrences, respectively, ‘Parco Nazionale dell’Arcipelago di La Maddalena’ and ‘Parco naturale regionale di Porto Conte’ are the two most significant areas listed in the EUAP for the protection of this taxon (Table 2) followed by ‘Parco regionale del Conero’, ‘Riserva naturale della Sentina’ and ‘Riserva naturale statale Torre Guaceto’ each one characterised by the presence of two populations.


Table 2 | Protected areas listed in EUAP holding B. vulgaris subsp. maritima populations.







Habitat characterization and land use and land cover of population hosting sites

When categories of “Carta della Natura” are considered, the landscape of sites hosting B. vulgaris subsp. maritima populations included in sites of the Natura 2000 Network mainly corresponds to coastal plains (0.25), small islands (0.22) and isolated coastal relief (0.16); if coastal plains are also the most common when sites outside protected areas are considered (0.26), frequencies of the other categories are quite different with small islands and isolated coastal reliefs almost only occurring within protected areas (Figure 3A).




Figure 3 | Histograms of the 138 B. vulgaris subsp. maritima in situ records in the different categories of ‘Carta della Natura’ (A), ESA CCI Land Cover (B) and CLC (C); distribution of sites with respect to the Natura 2000 Network are as follows: inside (orange) and outside (light grey).



Results of the LULC analysis based on ESA CCI Land Cover showed that protected sites hosting this taxon mainly belong to the categories water bodies (0.22), bare areas (0.16) and cropland, rainfed -tree or shrub cover (0.13). Outside protected areas, most of the sites correspond to urban areas (0.21) and different categories of rainfed cropland (0.50) accounting together for almost three-quarters of the total (Figure 3B).

Finally, according to the Corine Land Cover categories, sites hosting this taxon, and located within Natura 2000 Network, are mainly characterized by sclerophyllous vegetation (0.25), non-irrigated arable land (0.19) and broad-leaved forest (0.13) while sites outside Natura 2000 mainly correspond to cultivated and urban areas also according to this categorisation (Figure 3C).





In situ vs ex situ conservation

After superimposing the selected grid to the Italian territory, in situ records intercepted a total of 104 cells with number of records per cell ranging from 1 - common to most of the cells (0.79) - to a maximum of 4 only observed in two cells located in Umbria and Basilicata regions (Figure 4A). The application of the same procedure showed that ex situ records intercept 57 cells mainly including 1 record (0.89) or 2 records at maximum (0.11) (Figure 4B). The visual comparison of the density analysis results for the two databases revealed the presence of several gaps between in situ occurrence and sites where ex situ conserved accessions were originally collected (Figures 4A, B).




Figure 4 | Number of populations in each 10 × 10 km square of the grid (density) in situ (A) and of sites where collections of ex situ conserved samples occurred (B). Symbols and colours are according to the figure legend.



In particular, according to the collated georeferenced records, in situ occurrences of this taxon are scattered over 13 Italian regions and are mainly located in Sardinia (42 records, mainly in the provinces of Sassari Cagliari), Calabria (27 records, mainly in the province of Reggio Calabria, Cosenza and Crotone) and Sicily (23 records, mainly in the provinces of Trapani, Agrigento and Messina) while ex situ conserved samples were collected in only 10 different Italian regions, especially in Sardinia, Calabria and Sicily; none of the collections regarded Abruzzo, Umbria, or Marche regions where in situ populations do exist (Figure 5). Main gaps, in terms of difference in number of populations recorded in situ and conserved ex situ, exist in Sicily, Sardinia and Calabria (Figure 5). As for ex situ conserved materials, most of the collections were performed during the middle-end of the ‘80s, few during the ‘90s while the others between the end of the ‘90s and the first years of the 2000s (Figure S1, Supplementary Materials).




Figure 5 | Number of in situ and ex situ records of Beta vulgaris subsp. maritima in the different Italian regions.








Discussion

We carried out a population distribution analysis for Beta vulgaris subsp. maritima to thoroughly assess its present distribution and conservation status and offer a data-driven perspective for planning future conservation actions. The applied filtering process was fundamental to provide a trustable dataset; several filters were indeed applied to remove cultivated materials, accessions with low-quality geographical coordinates or invalid basis of records. Thanks to the strict quality control applied, effective databases of sea beet population occurrences in nature (in situ database) and accessions conserved in genebanks (ex situ database) were developed. Results of collated data show that, based on the current knowledge, as many as 138 populations still exist in Italy distributed across a wide area in the country from 36.90 to 45.68 decimal degrees N and from 8.15 to 17.77 decimal degrees E. According to Rubio Teso and colleagues (2021) more than 1000 populations still exist in situ at the European level distribute in 17 different countries with an average value of populations per country lower than what is reported for Italy, herein.

The ecological richness of Italian populations, located across the Italian territory and in two distinct Biogeographic Regions, should, however, be better preserved in situ than it currently is. In fact, only 23% of the populations are currently experiencing a form of in situ protection, occurring in a site within a protected area. Considering the entire European territory, the level of protection of this taxon is slightly lower, with 19% of populations occurring within the Natura 2000 Network, according to a recent work of Rubio Teso et al. (2020).

Higher percentages of protection have been recently reported by Raggi and colleagues (2022b) for some CWR species of Brassica genus (e.g. 86% for B. montana, 75% for B. insularis and 57% for B. rupestris). Wild beet has not been considered by any type of red-list assessment: it results as not evaluated both by the Red list of threatened vascular plants in Italy (Orsenigo et al., 2021) and by the Threatened and extinct policy plants at the European and EU 27 level (Bilz et al., 2011). This exclusion is possibly the consequence of the wider distribution of wild beet and does not underpin the possibility to create new protected areas to safeguard populations of this taxon in our country. Additionally, it is worth highlighting that the protection status resulting from the presence of a population within a protected area leans predominantly towards a passive conservation (Maxted et al., 2008). Notably, discernible population management practices are absent within areas designated under Natura 2000 or EUAP. This underlines the need for a more proactive and comprehensive approach to conservation efforts, including the implementation of effective population management strategies within these designated areas to boost the safeguarding of sea beet in a manner that aligns with sustainable and ecologically sound practices (Maxted et al., 2008; Iriondo et al., 2021). It should be important to carry out some forms of active protection, with population census monitoring at least. This would be particularly important for populations included in National and Regional parks. Indeed, by declaring an active role in safeguarding genetic resources of primary importance, these parks would see their role in protecting nature enforced, and their utility for the community made more relevant and appreciated. In addition, a more thorough assessment of the actual existence and distribution of populations should be carried out in each Region where the species was recorded in the past. Protection of genetic resources, as from Italian laws, is a responsibility of each Region Government which should be made better elicited to carry out this task. Presently most of them have regional laws to protect genetic resources, but funds to implement them are lacking everywhere (Bertacchini et al., 2011).

In general, the vulnerability of a taxon within a particular site strictly depends on the state of the site, and it is a key factor for guiding effective conservation planning and management. Some of the core elements to assess the site-based vulnerability of a species include the degree of human intrusion and disturbance, natural system modifications, presence of invasive species, degree of pollution, geological events, and the effects of climate change and severe weather occurring within the target site (Langhammer et al., 2007). Conducting a site-based vulnerability assessment can assist in prioritizing conservation actions and effectively allocating limited resources to areas where they are most urgently needed.

Interesting enough, our data show that B. vulgaris subsp. maritima occurrences within protected areas are primarily in natural environments, whereas those outside protected areas are mainly in anthropic and cultivated areas. Given that most sea beet populations outside protected areas are found in urban and cultivated areas, and that these populations contribute to in situ conservation through their diversity, it is urgently necessary to establish a certain level of protection even in these areas, considering their high level of anthropization. Since the institution of further protected areas might not be feasible or affordable, due to economic and management constraints, and also due to the absence of this species from red lists, positive results in protecting the taxon might be achieved by means of the ‘Out of Reserve Management’ approach (Hale and Lamb, 1997) through the application of management plans to reduce the level of risk and the related threats. It is therefore necessary to develop an approach that integrates agroecosystems and marginal zones, encompassing urban and barren areas. For example, as already suggested by Perrino and Wagensommer (2021) for Beta macrocarpa Guss., an “eco-agricultural-based conservation strategy” could involve the cooperation with farmers to develop the cultivation of this taxon, which is also a valuable food and natural source of bioactive molecules (Bouchmaa et al., 2022). On the other hand, cooperation with farmers needs policy-based measures to become truly viable.

As already suggested for the sustainable conservation of other relevant Italian CWR taxa (Raggi et al., 2022b), agro-ecosystems, as well as other anthropogenic habitats, need to be incorporated into conservation strategies to achieve effective long-term biodiversity conservation and associated ecosystem services (Scherr and McNeely, 2008; Mellink et al., 2017). Solutions can be also proposed involving local botanical gardens and amateur botanists for assessing the populations’ existence, or citizens for taking care of populations located outside protected areas. This, of course, requires an enhancement of awareness and respect for the environment and its biological resources. An eco-agricultural strategy applied to the conservation of Beta vulgaris subsp. maritima could include cooperation with farmers whose lands are characterized by the presence of the taxon, through the realization of protected spots of natural habitat within the farm’s territory.

The ex situ protection level of this taxon seems less concerning, given that 46% of recorded populations have already been collected and stored within gene banks. Indeed, this percentage is relatively high when compared with the ex situ conservation status of other relevant CWR taxa (Castañeda-Álvarez et al., 2016; Zair et al., 2021) and when compared to percentages reported by Raggi et al. (2022b) for other CWR taxa occurring in Italy and characterized by a number of populations similar to those here reported: Brassica villosa Biv (18.91%), Brassica rupestris Raf. (14.75%), Brassica montana Pourr. (7.14%) and Brassica insularis Moris (1.08%). As for B. vulagris subsp. maritima ex situ conservation, however, it should also be noted that many collections have been carried out over two decades ago and meanwhile an astonishing change in the climatic conditions is occurring worldwide with measurable effects on plants (Li et al., 2001; Nevo et al., 2012; Ciancaleoni et al., 2018). It is important to question how past collections adequately represent the diversity needed for present breeding purposes, particularly concerning the urgent need to adapt crops to climate change and unpredictability, along with the associated new biotic and abiotic stresses. Accordingly, populations still existing in situ (both CWR and landraces) would be most probably better suitable to answer the needs of present breeding work being evolved over time in response to climatic and related biotic pressures (Catullo et al., 2019; Lovell et al., 2023 and references therein). In this context, population genetic studies could contribute to determining the presence of valuable unique genetic variation in conserved materials as well as to test how well ex situ conserved accessions cover the diversity existing in situ so also to guide future collection missions. However, CWR genetic analyses are complicated due to the high costs of a comprehensive taxon’s range sampling, the high required number of individual plants per sample (Maxted et al., 2008) and the limited number of specifically developed genotyping facilities (Cortés and Barnaby, 2023). On the other hand, ecogeographic diversity (Korona, 1996) of the sites hosting B. vulgaris subsp. maritima could provide and indirect estimation of population genetic diversity (Parra-Quijano et al., 2012).

Although there is a relatively high number of ex situ conserved accessions for this taxon, particularly the availability of wild beet ex situ resources should be increased. This consideration is warranted due to the overall value of related crops and the fact that less than half of the populations analyzed here have been the target of collecting missions in the past. New collections should be carried out starting from areas more degraded or not target of previous collecting missions, such as the sites located in Umbria, Marche and Abruzzo. In addition to these sites, the results of analyses conducted in the present work also reveal the presence of numerous gaps in ex situ conserved materials for Sicily, Sardinia and Calabria, the three Regions hosting the highest number of populations. In this regard, it is advisable that ex situ accessions adequately reflect this remarkable diversity and abundance of B. vulgaris subsp. maritima still existing in situ.





Conclusions

In this study, we present the findings of a comprehensive analysis concerning the distribution of Beta vulgaris subsp. maritima across Italy. Given that Beta genus is of great relevance at the global levels and that Italy has a central position within the Mediterranean biodiversity hotspot our findings raise some concern. Indeed, here presented data indicates that the protection status for sea beet in Italy can be considered only partially adequate. Indeed, quite a limited proportion of the target populations occurs in sites of the Natura 2000 Network or areas listed in the EUAP where populations only experience passive protection while more proactive protection measures should be foreseen to increase the role of protected areas in safeguard CWR in situ. As such, a more proactive approach is needed for the thorough safeguarding of sea beet in Italy. This should include surveying populations and their site status, actively managing populations in protected areas, promoting “out of reserve management” for populations outside protected areas, and collecting new populations not previously stored ex situ. In fact, even if the ex situ protection level of this taxon seems less concerning, almost half of the recorded collection missions have been carried out over three decades ago and, meanwhile, an astonishing change in the climatic conditions is occurring with measurable effects on plants. Genetic diversity analyses on in situ and ex situ conserved materials would help in shedding light on this relevant point related to the conservation and use of B. vulgaris subsp. maritima.
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