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Simple Summary: This study documents the presence of a non-native benthic foraminifera,
Virgulinella fragilis, along the northwestern Adriatic coast, marking its first recorded pres-
ence in the area. This species, which lives in marine sediments, could spread and impact
local ecosystems. We suggest that human activities, such as marine shipping, may have
contributed to its arrival, though the exact transport method remains unclear. The test mor-
phology of Virgulinella fragilis suggests that this species prefers low-oxygen environments.
Using machine learning methods, we modeled its potential spread in the Mediterranean,
finding that, besides oxygen depletion, riverine nutrient input, particularly bacterial ni-
trates, might play a key role in its distribution. However, climate change may reduce its
potential suitable habitats, making widespread invasion unlikely in the Mediterranean.
The results also emphasize the importance of continuous monitoring of marine species,
especially in regions impacted by human activities, to enable early detection of non-native
species and prompt action to protect ecosystems.

Abstract: The Mediterranean Sea is considered a hotspot for bioinvaders. Nonetheless,
information on non-indigenous benthic foraminifera is still fragmented. This study doc-
uments for the first time the presence along the northwestern Adriatic coast of the non-
indigenous benthic foraminifera species Virgulinella fragilis, Grindell and Collen (1976).
Due to the low abundance recorded in the study area, the presence of this species may
represent an early colonization phase. We discuss the temporal and spatial patterns of
V. fragilis arrival in the Mediterranean and Adriatic Seas, and we hypothesize stowaway
transport (via ship fouling or ballast water) as the main introduction pathway. Morphologi-
cal test analyses suggest that V. fragilis prefers a low oxygen content, consistent with the
ecological requirements reported for this taxon in the literature. The application of Maxi-
mum Entropy (MaxEnt) modeling indicates that the key factor influencing the presence
of V. fragilis in the Mediterranean basin is the bacterial concentration expressed as NO3.
Projections under future climate scenarios (RCP 4.5) point to a decline of habitat suitability
conditions, making widespread invasion unlikely in the Mediterranean. We emphasize the
importance of continuous biomonitoring for early detection of alien species, improving our
understanding of invasion dynamics and enabling prompt conservation actions, especially
in regions impacted by anthropogenic activities.
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1. Introduction
Anthropogenic pressures on marine ecosystems have significantly increased in recent

decades, with future projections indicating further escalation [1–5], leading to profound
and potentially cascading consequences for human societies [1,5–11]. Along with land-
use changes, exploitation, climate change, and pollution, bioinvasions stand as direct
anthropogenic drivers of biodiversity loss, contributing to 60% of global extinctions [12,13].

Invasive species not only threaten biodiversity but also pose risks to the economy, food
security, and human health [12]. Given their global impact on ecosystems [14–16], urgent
conservation actions are needed [12]. As a result, international regulations have been
implemented to address this issue through measures such as identification, prioritization,
control, prevention, and eradication (e.g., [17–25]).

In the context of biodiversity conservation, organizations (i.e., International Union for
Conservation of Nature, IUCN; Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services, IPBES; etc.) and regulatory frameworks developed a glossary that
marks clear distinctions between the diverse types of introduced species. Non-indigenous
species (NIS), also referred to as exotic, alien, or non-native, are defined as organisms
introduced outside their natural range due to human actions, whether intentionally or
accidentally [26]. Invasive alien species (IAS) are a subset of established NIS that spread or
have the potential to spread, causing significant negative impacts on biodiversity, ecosys-
tems, economies, or human health [26]. Therefore, though all IAS are NIS, not all NIS
are invasive. Natural climate shifts or transport through natural means can also result
in secondary introductions. However, these changes in species distribution, if occurring
without human involvement, do not classify a species as a NIS but rather as an introduced
species (IS), or introduced individual (II) at the initial phase of the spreading process [27].

In marine and coastal environments, NIS and IAS are often introduced through
maritime transport, aquaculture, aquarium trade, and artificial waterways such as the
Suez Canal (e.g., [28–30]). One of the most prominent regions affected by IAS is the
Mediterranean Sea, which has become a hotspot for bioinvaders, mainly due to the opening
of the Suez Canal, shifting climate trends, and increased maritime traffic (e.g., [31,32]).
The eastern basin of the Mediterranean is notably impacted by Lessepsian species (i.e.,
Red Sea origin) of multiple taxonomic groups while other Mediterranean ecoregions are
more affected by invasive macrophytes [28,31–39]. Consequently, bio-pollution [40] due to
IAS has become a central issue in Mediterranean countries, which have enacted protocols
addressing the problem in line with global and European initiatives [41–43].

Efforts to manage NIS and IAS are supported by information systems such as the
European Alien Species Information Network (EASIN) [44,45], Aquatic Non-Indigenous
and Cryptogenic Species (AquaNIS), and the World Register of Introduced Marine Species
(WriMS) [46]. These databases are invaluable tools for risk management in line with EU
and regional regulations. However, challenges remain in obtaining detailed ecological
data, particularly in vulnerable regions like the Mediterranean and Black Sea [47], and for
smaller taxa, such as foraminifera, for which records are often scarce [48].

Foraminifera, single-celled eukaryotes with mineralized shells, play a key role in ma-
rine ecosystems due to their high diversity, short life cycles, and sensitivity to environmental
changes, which makes them relevant indicators of both natural and anthropogenic stres-
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sors [49–55]. Additionally, their well-preserved shells in fossils and recent sediments make
them valuable tools for studying past and present biotic and environmental shifts [56–58].

In particular, benthic foraminifera (BF) are crucial for marine ecosystem functions, con-
tributing significantly (~50%) to the sediment biomass in shallow seabeds [59,60], as important
food sources for larger marine organisms [61–63] and due to their key role in biogeochemical
cycles, aiding the remineralization of carbon, nitrogen, and other nutrients [64–68].

Despite their ecological relevance, data on BF NIS and IAS remain fragmented and
potentially underestimated. While larger marine organisms like fish and bivalves are
well-documented due to fishing and shell collection [69,70], smaller taxa like BF are often
overlooked until their populations reach significant densities [71,72]. This gap is due to
the inadequate monitoring of small taxa and the limited involvement of non-specialists
or citizen scientists in monitoring microorganisms, as their microscopic nature requires
specialized expertise and equipment, restricting observations mainly to researchers [73].

Nonetheless, invasive BF species, such as Amphistegina lobifera [74] and Trochammina
hadai [75], pose profound concerns as their spread in various regions has been linked
to alterations in both biodiversity and community structures, thus threating ecosystem
functions reliant on the balance of these microorganisms [76–81]. To mitigate these impacts,
continuous research and monitoring are essential. Regular surveys, public participation,
and re-evaluation of historical research collections can help improve the understanding of
IAS distribution and their effects on ecosystems (e.g., [82,83]).

In this study, we testify for the first time to the presence of Virgulinella fragilis [84], a
new potential non-indigenous foraminiferal species (foram-NIS), in the Adriatic Sea. This
species was identified in the North Adriatic Foraminifera Collection (NAdFC), obtained
through biomonitoring activities conducted at the North Adriatic Long-Term Ecological
Research (LTER) site “Delta del Po e Costa Romagnola” [85,86]. Additionally, we formulate
hypotheses concerning its presence in the area and the potential introduction dynamics,
while also providing perspectives on suitable spreading areas in the Mediterranean Sea and
future trends. Our finding highlights the importance of long-term biomonitoring to ensure
early detection of NIS/IAS, particularly in regions strongly impacted by anthropogenic
activities, climate shifts, and environmental changes, such as the North Adriatic [87,88].

2. Virgulinella fragilis: Potentiality for Invasiveness
In terms of ecological preferences, V. fragilis represents a highly specialized BF, tolerant

to nearly anaerobic conditions and adapted to sulfide-enriched habitat, which exempli-
fies the complex interactions between microorganisms and their environments [89–93].
Tsuchiya et al. [93] explored the cytological and genetic characteristics of endobiotic bac-
teria and kleptoplasts associated with V. fragilis, revealing that this foraminifer possesses
specific δ-proteobacteria at its cell periphery and maintains a relatively stable bacterial com-
munity compared to other foraminifera like Stainforthia spp. This indicates a specialized
intracellular bacterial flora that may significantly contribute to the organism’s metabolic
processes. Endosymbionts may be both sulfide oxidizers and sulfate reducers [89,93].
Furthermore, kleptoplasts from various diatom species were identified within V. fragilis,
suggesting a complex symbiotic relationship that enhances its survival in nutrient-poor
environments. This species showcases unique adaptations that allow it to flourish in ex-
treme conditions such as oxygen-depleted and sulfide-rich habitats, thereby highlighting
its potential for invasiveness in regions where these conditions prevail.

Additionally, a significant study conducted by Tsuchiya et al. [94] investigated the
genetic and morphological divergence of V. fragilis across global populations, revealing
extremely low genetic divergence among specimens and indicating a high level of genetic
stability despite the species’ disjunct distribution across marine environments. This low
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degree of genetic divergence across the global population suggests a successful adaptation
strategy that allows V. fragilis to thrive in diverse yet challenging environments, thus
likely confirming the potential for an invasive behavior. Interestingly, a similar pattern
highlighting minimal molecular genetic differentiation between populations was also
observed for the highly invasive taxon T. hadai [78].

3. Study Area
3.1. The Northern Adriatic Sea

The Northern Adriatic Sea (NAS) is a key sector of the epicontinental Adriatic basin,
known for the complex interaction between freshwater, sediments, and currents, which
have significant implications for the regional climate, marine ecosystems, and sediment dy-
namics (e.g., [95–97]). It occupies the flooded seaward extension of the Po Plain, forming the
largest continental shelf in the Mediterranean, distinguished by a gentle axial topographic
gradient (e.g., [95,98–100]).

The NAS features a cyclonic circulation with a northwest inflow along the eastern
Croatian coast (Eastern Adriatic Coastal Current—EACC), a southeast outflow along the
western Italian coast (Western Adriatic Coastal Current—WACC), and a local northern
gyre near the Po River mouth (NAdG—North Adriatic Gyre) (e.g., [96,101]). This general
pattern is greatly influenced by winds, mainly Bora and Scirocco, thermal conditions, and
lateral freshwater inputs (e.g., [95,102–104]).

About one-third of the Mediterranean’s freshwater inflow, averaging over 2400 m3/s, is
supplied into the NAS primarily from northern and western Adriatic rivers [105–110]. The
Po River alone contributes ~58% of this input [109], following a mixed Alpine/Apennine
regime with seasonal peaks in late autumn and spring, due to precipitation and snowmelt,
and a minimum in mid-summer [111]. In the past decade, freshwater input has decreased due
to extreme droughts [109,112]. Climate models predict altered Po discharge patterns, with
reduced flow from May to November, contributing to further warming in the NAS [113,114].

The seabed of the NAS primarily consists of sandy–muddy sediments, with major
contributions from rivers along the northern and western Adriatic coasts. The Po River
serves as the main sediment source, delivering approximately 12.2 Tg/year, followed by
the Eastern Alpine (3.2 Tg/year) and the Apennine rivers (16.9 Tg/year) [108,115,116]. In
this region, river input exceeds sediment accumulation, resulting in a counter-clockwise
sediment transport pattern driven by the WACC towards the central and southern Adriatic
areas, which affects sediment distribution, with sands nearshore and mud further off-
shore [117–119]. Within the western NAS, the “Adriatic mud-belt” (at depths of 20–40 m)
from the Po outlets to Ravenna shows high accumulation rates, particularly south of the Po
Delta, where oxygen deficiency occurs due to organic matter degradation [120,121]. The
highest mass accumulation rates are observed near the Po outlets, especially following
floods [88,99]. Accumulation rates in the prodelta range from 1 to 5 cm/year, peaking near
the Pila and Goro tributaries [116,122]. These sediments are rich in refractory organic matter
from terrestrial sources, with elevated nickel and chromium levels linked to ultramafic rock
formations in the river’s catchment [123–125].

In terms of anthropic pressure, the Po Valley, with its dense population and intense ex-
ploitation, exerts a significant impact on the NAS through agricultural runoff, industrial dis-
charge, and urban wastewater, contributing to nutrient loading and pollution [112,125–127].
This increased nutrient input, including nitrates and phosphates, leads to eutrophication,
algal blooms, and oxygen depletion in bottom waters, especially in the western NAS in-
ner shelf [112,121,128]. Coastal urbanization and land reclamation have altered habitats
and exacerbated coastal erosion [127,129]. Additionally, major ports like Venice, Trieste,
Ravenna, and Ancona impact the marine environment through shipping, dredging, and
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industrial activities, introducing NIS and disturbing sediments [128,130,131]. Fishing and
aquaculture also contribute to benthic ecosystem disturbance causing habitat degradation,
and pollution from nutrient-rich fish farm waste [128,132,133].

3.2. Sampling Stations at the LTER “Delta del Po e Costa Romagnola” Site

This study focuses on the Italian LTER Site “Delta del Po e Costa Romagnola” (DPCR
hereafter, https://deims.org/6869436a-80f4-4c6d-954b-a730b348d7ce, accessed on the 7
January 2025), located in the western sector of the NAS (Figure 1) and extending from the
mouth of the Pila Po to the offshore of Cattolica (from 44.97◦ N to 43.97◦ N). The LTER net-
work aims at understanding ecosystem dynamics through interdisciplinary research with
the goal to address complex ecological questions and contribute to European environmental
monitoring [86].

Representing a hub for multidisciplinary research within the NAS, the DPCR has been
extensively studied. The topics covered so far include the physical interactions between
the Po River and the Adriatic Sea circulation [134–137], the sediments and heavy metal
distribution [88,116,125,138–144], and, more recently, the BF composition [85,145].

The LTER DPCR site has been the subject of a systematic study on BF communities
since 2016 [85,144], conducted through seasonal sampling of seabed sediments. The findings
outlined in this study have emerged from continuous monitoring activities at the DPCR site.

The three DPCR sampling stations considered in our investigation are located slightly
south of the Po Delta, S0 and S1-GB, and at the Rimini offshore, E1 (Figure 1), at depths of
13.5 m, 22.5 m, and 10.5 m, respectively. At these stations, two autonomous platforms, the
S1-GB beacon and E1 buoy, nearly continuously measure physico-chemical oceanographic
parameters [146,147]. This provides a long-term series of environmental data, enabling
more reliable interpretations than those derived from sporadic measurements. The S0,
S1-GB, and E1 areas are influenced by distinct near-bottom hydrodynamic conditions,
with S0 and S1-GB being less affected by the WACC bottom currents than E1 [85,148–150].
Bottom sediments at the S1-GB and S0 stations are dominated by clay and silt from the
Po River [85,88,125]. In contrast, E1 sediments are more heterogeneous, consisting of silty
clays with high sand percentages, sourced primarily from the northern Apennines rivers,
with some contribution from the Po River [125].
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lines) every 10 m are from [151]. Blue arrows indicate a simplified pattern of sediment flux, influenced
by the NAS surface circulation after [149]. Hydrographic network of the main rivers contributing
to sediment input at these sampling stations (Po, Rubicone, and Marecchia) is shown in blue and is
sourced from [125].

4. Materials and Methods
4.1. Foraminiferal Samples and Preparation

The BF samples used in this study are part of the NAdFC, a multi-year biomonitoring
time series that has been collected since 2016 and is hosted at the National Research
Council-Institute of Marine Science (CNR-ISMAR) in Bologna, Italy. The NAdFC consists
of various micropaleontological slides containing BF specimens from sediment samples
collected at the seabed of the S1-GB (Po Delta) and E1 (Rimini offshore) LTER-DPCR
stations (Appendix A, Table A1). From 2016 to the present, a total of 23 and 15 BF samples
have been collected at the S1-GB and E1 stations, respectively, while another 8 BF samples
were derived from depth transects (depth ranging between 10.5 m in S0 and 30 m in S3)
collected during research cruises and centered on S1-GB (Appendix A, Table A1).

The NAdFC sediment samples were collected using a box corer on board the research
vessels Dallaporta and Minerva Uno during expeditions in April and December 2016, March
2017, and February 2019 [152–154], or employing a Van Veen grab during ordinary main-
tenance activities of the S1-GB and E1 autonomous meteo-oceanographic systems. Each
box core and grab was subsampled on-site, and approximately 30 mL of sediment from
the 0–1 cm interval was collected for BF analysis. The samples were treated following the
FOBIMO protocol [51], involving storage in buffered ethanol (>70%) stained with rose
Bengal (2 g/L) for at least 14 days to differentiate between living and dead foraminiferal
tests. Subsequently, the samples were gently washed and dried at 50 ◦C in the ISMAR-CNR
laboratory in Bologna.

BF specimens were picked from the sediment fraction >63 µm of each sample, identi-
fied and counted under an optical stereomicroscope (model Zeiss SteREO Discovery V.8,
Oberkochen, Germany), and then mounted on cardboard microslides stored at CNR-ISMAR
in Bologna (Italy). The >63 µm size fraction was selected to obtain information on small-
sized species (e.g., [155,156]). Identification at the genus level was performed according to
the most used taxonomical study on foraminiferal genera [157], while species were deter-
mined according to some important studies in the Mediterranean area (e.g., [85,158–161])
and to the World Modern Foraminifera Database [162].

NAdFC BF specimens are currently undergoing cataloguing, taxonomic revision, dig-
itization, and dataset harmonization in the frame of the DiSSCo (Distributed System of
Scientific Collections) Infrastructure and the ITINERIS (Italian Integrated Environmental
Research Infrastructure System) Project activities. These initiatives aim to share data and
metadata through open institutional archives, the ITINERIS-HUB and the Global Biodiver-
sity Information Facility (GBIF) portal, following FAIR (findable, accessible, interoperable,
and reusable) principles. A subset of NAdFC taxa occurrences was recently published on
GBIF [145].

4.2. Morphological Analyses

Virgulinella fragilis tests were photographed using an optical stereomicroscope (model
Zeiss SteREO Discovery V.8). Optical images were acquired with a 16× Ocular, S1.0x Ob-
jective Plan and processed via the microscope imaging software Olympus EPview (v. 2023,
64 bit). Additional images and a chemical–mineralogical characterization of V. fragilis
tests were conducted using elemental chemical mapping and point analyses with an En-
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vironmental Scanning Electron Microscope (ESEM) Zeiss EVO LS 10, equipped with an
Energy-Dispersive Spectroscopy (EDS) device from Bruker (Billerica, MA, USA), featuring
the Quantax system and Esprit software (v. 1.9, 64 bit) at the Institute of Microelectronics
and Microsystems (CNR-IMM). The ESEM allowed operation in low vacuum mode (approx-
imately 0.3 Torr in this study), which helped reduce charging effects caused by the electron
beam on non-conductive samples. Virgulinella fragilis specimens were mounted on stubs
and imaged using back-scattered electrons at 20 kV to visualize their test morphologies. As
test porosity may vary between older and younger chambers, the porosity, i.e., distribution,
size, and shape of V. fragilis pores, was investigated only on the penultimate chamber,
through qualitative and quantitative approaches, to understand the relation between test
morphologies and environmental characteristics. Specifically, we qualitatively assessed
the pore density (PD) and pore shape (PSh), while quantitatively, we measured the pore
size (PS). Pores were digitally photographed, and they were measured for their maximum
length and maximum width. These characteristics and measurements were then compared
with those reported by Tsuchiya et al. [94].

4.3. Habitat Suitability Modeling

To understand the potential spread of non-indigenous species, a powerful tool imple-
mented in ecology are the Habitat Suitability Models (hereafter HSMs). These models aim
to reproduce the potential distribution of species by correlating their presence with the
environmental patterns characterizing the area of interest.

In this study, we implemented the Maximum Entropy (hereafter MaxEnt) machine
learning method, an algorithm that evaluates the density present across a landscape of
environmental factors to return a species probability distribution [163–165].

HSMs are often populated with occurrence data (presence-only) and a set of environ-
mental factors considered relevant to the species presence. The presence data, consisting
of latitude and longitude coordinates, were retrieved during the sampling campaigns
conducted at the NAS DPCR stations. Additional points of V. fragilis occurrence were
obtained by Delliou et al. [166] in the Thermaikos Gulf (Greece). This allowed us to obtain a
dataset consisting of 6 occurrences in total. The environmental factors identified as relevant
for the presence of V. fragilis and employed in the suitability analysis are the bacterial
concentration expressed as nitrogen, diatom concentration expressed as carbon, dissolved
molecular oxygen concentration in seawater, nitrate concentration in seawater, and semi-
refractory dissolved organic matter concentration expressed as carbon, all considered as
near-bottom quantities. The selected features were retrieved and sampled from the “Centro
Euro-Mediterraneo sui Cambiamenti Climatici Data Delivery Sistem” (hereafter CMCC-
DDS), a datacenter containing the Mediterranean Sea marine biogeochemistry simulation
under CMIP5 future scenario projections for the 21st century. This dataset provides a set of
biogeochemical parameters over the Mediterranean Sea and describes the evolution under
the future RCP 4.5 scenario. For study purposes, we correlated the occurrence point with
two time scenarios—the first is a historical period in the recent past (2013–2023); the second
is a future RCP 4.5 climate change scenario (2050–2099)—to investigate the potential shift
of the species distribution. All the variables were sampled on the same grid with 0.04◦

resolution, bracketing to the geographical domain of the Mediterranean Sea, interpolated
using the “nearest neighbor” method.

Before performing the suitability analysis, we conducted a preliminary investigation
to identify the optimal parameters for tuning in order to achieve the best goodness of fit and
accurately model species distribution. Additionally, the dataset was divided into training
(70%) and testing (30%) subsets. The training dataset was used to learn the relationships
between environmental variables and species occurrences, while the testing dataset served
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to evaluate the model’s performance. The goodness-of-fit was assessed using the Area
Under the Curve (AUC) metric, which is essential for determining the model’s ability
to distinguish between true positive and false positive instances. AUC values close to 1
indicate a strong distinction between the two classes, whereas values near 0 suggest an
inability to correctly differentiate them. Finally, a suitability map was generated to represent
the probability of finding suitable habitats for the species. The output map ranged from
0 to 1, where 0 corresponds to the least favorable conditions and 1 represents the most
suitable conditions for the species.

When applying machine learning approaches such as MaxEnt, it is crucial to consider
potential overfitting, where the model adapts itself to the parameters rather than identify
true ecological relationships, as well as underfitting, where the model lacks the flexibility
to accurately describe species–environment interactions. To address these concerns, during
the model setup phase, we carefully adjusted the regularization parameter—an inbuilt
MaxEnt function specifically designed to mitigate overfitting—and we decided to keep
only the linear feature class.

5. Results
5.1. Occurrence of Virgulinella fragilis at the NAS DPCR Stations

Living (stained) and dead (unstained) V. fragilis specimens were recovered in sediments
collected at multiple NAS coastal stations located within the Italian LTER DPCR Site.
Precisely, this taxon was initially found in the areas closest to the Po Delta, firstly at station
S0 (~13 m depth) in 2019 samples (four living specimens; 2% of total living BF assemblages);
then, at station S1-GB (~22 m depth) in 2021 samples (one dead specimen) until expanding
southwards at station E1 (~10 m depth), Rimini offshore, in 2023 samples (two dead
specimens) (Figure 1, Figure 2, Appendix A, Table A1). These V. fragilis occurrences here
reported represent the first chronological record in the modern Adriatic Sea, documenting
the introduction of this taxon into the central Mediterranean region. Details on species
occurrences, abundances, and sampling dates are summarized in Table A1 (Appendix A),
while bottom water environmental parameters are summarized in Table A2 (Appendix A).

5.2. Morphology of Virgulinella fragilis from NAdFC Samples

The external morphologies of V. fragilis specimens collected from the NAS DPCR
stations (Figure 2, images 1–4) are closely similar to those from Port de Calais (France)
documented by Jorissen et al. [167] (Figure 2, images 9–10). Both these morphotypes
exhibit relatively smaller tests (~200 µm), a compressed test along the growth axis, and
more flattened chambers and wider sutural arches when compared to the holotype from
Wellington Harbor (New Zealand) described by Grindell and Collen [84] (Figure 2, images
5a,5b). In contrast, the first described and more recent V. fragilis specimens from Welling-
ton Harbor (New Zealand), as well as specimens from Namako-ike (Kagoshima, Japan)
and Walvis Bay (Namibia offshore) (Figure 2, images 6–8) [94], display larger (~600 µm),
more elongated and tapered tests and chambers with slightly narrower arches, although
Namibian specimens have more pronounced and elongated sutural bridges.

Although we did not quantify PD as the number of pores within a defined area, visual
comparison of scanning electron micrographs taken at the same magnification revealed
that all the V. fragilis specimens in Figure 3 (images 1–5b) exhibited very similar pore
densities. Differently, specimens of V. fragilis from the NAS DPCR site exhibit a variety of
pore morphologies, displaying characteristics intermediate between those described by
Tsuchiya et al. [94], for samples from Wellington Harbor and Walvis Bay (Figure 3, images
3b,3c,4b,4c). The PSh present two end-member forms, ranging from oval–nearly circular
(Figure 3, images 1b,1c) to more elongated or irregularly shaped (Figure 3, images 2b,2c).
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Some of these elongated pores appear to result from the fusion of two or more individual
pores. The oval–nearly circular pores have an average length of 0.294 µm (min: 0.283 µm;
max: 0.327 µm), an average width of 0.276 µm (min: 0.217 µm; max: 0.318 µm), and a
length/width ratio of 1.06. The elongated pores have an average length of 0.952 µm (min:
0.888 µm; max: 1.046 µm), an average width of 0.186 µm (min: 0.128 µm; max: 0.229 µm),
and a length/width ratio of 5.12. Overall average values of PS derived from all the V.
fragilis specimens analyzed in this study are the following: an average length of 0.615 µm,
an average width of 0.225 µm, and a length/width ratio of 2.73.
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Figure 2. External test morphology of V. fragilis from NAS DPCR sampling stations and various
locations documented in the literature. (1–3): Specimens of V. fragilis collected in 2019 from the
S0 station (this study), photographed using a stereomicroscope equipped with a camera (a) and
through ESEM (b). (4): V. fragilis specimen sampled in 2023 from the E1 station (this study). (5): aperture
(a) and back side (b) SEM images of V. fragilis holotype from Wellington Harbor, New Zealand originally
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captured by Grindell and Collen [84] and modified by Hayward et al. [168]. (6–8): ESEM images
of V. fragilis specimens from Namako-ike, Kagoshima, Japan: (6), Walvis Bay, off Namibia (7), and
Wellington Harbor, New Zealand (8), as reported by Tsuchiya et al. [94]. (9–10): V. fragilis specimens
from port de Calais, France, photographed using a stereomicroscope with a camera (9a) and trough
ESEM (9b,10) by Jorissen et al. [167]. (11): Close-up ESEM image of the finger-like sutures and
characteristic arched sutural openings of a V. fragilis specimen collected in 2019 at the S0 station (this
study). (12): Close-up ESEM image showing the slit-like aperture and loop-shaped tooth plate from a
V. fragilis specimen sampled in 2019 at the S0 station (this study). (13): Close-up ESEM image of the
slit-like aperture and loop-shaped tooth plate from the V. fragilis holotype from Wellington Harbor,
New Zealand, originally documented by Grindell and Collen [84].
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Figure 3. ESEM images of V. fragilis external morphology (a), shell surface with pore distribution and
density on penultimate chamber (b), and close-up on pore shape (c). (1,2): V. fragilis specimens from
NAS DPCR S0 sampling station (this study); (3): V. fragilis from Walvis Bay, off Namibia, from [94];
(4): V. fragilis from Wellington Harbor, New Zealand, from Tsuchiya et al. [94]; (5): V. fragilis from
Namako-ike, Kagoshima, Japan, from Tsuchiya et al. [94].

5.3. Model Accuracy and Suitability Map

The model exhibited perfect accuracy and an optimal ability to discriminate between
true and false instances, achieving an AUC value of 1.

The suitability map (Figure 4) identified areas with potential favorable conditions for
the presence of V. fragilis. High suitability values (0.8–1), indicating very favorable habitat
conditions, were observed along the North Adriatic coast. Suitability values significantly
decreased both northward and southward within the basin, reaching values of approxi-
mately 0.4. A similar pattern was observed in the Thermaikos Gulf (Greece), the Albanian
coast overlooking Tirana, and the Egyptian coast in front of the area of Alexandria.
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The remaining Mediterranean coastline exhibited moderate suitability conditions,
with values ranging between 0.4 and 0.6. Notable areas with medium suitability included
the Murcia and Valenciana regions (Spain), the Gulf of Lion (France), the northeastern and
western coast of Sardinia (Italy), and the southern coast of Sicily (Italy).

Projections based on the RCP 4.5 climate change scenario at the end of the century sug-
gest a potential reversal of these favorable conditions, with a significant decline in suitability
across all previously identified optimal habitats. The only area projected to experience an
increase in suitability under future conditions is the Gulf of Trieste (northeastern Italy).

6. Discussion
6.1. Temporal and Spatial Patterns of Virgulinella fragilis Arrival in the Mediterranean and
Adriatic Seas

Modern living and dead specimens of V. fragilis were first identified in Wellington
Harbor, New Zealand, from silty to muddy sediments collected at depths of 16 to 31 m
with normal bottom salinities (33.5 to 34.5 ‰) and temperatures seasonally ranging from
11 to 18◦ C [84]. Since then, living specimens of V. fragilis have been documented in
recent sediments from various scattered regions worldwide, spanning from coastal to
bathyal environments and diverse oceanic regimes. These regions include Australia [169],
Peru [170,171], the coastal upwelling area off Namibia [94,172–174], the stratified waters
of the Cariaco Basin in Venezuela [89,175,176], India [177,178], the oxygen minimum zone
off Pakistan’s margin [91], and meromictic lakes and the marine domain in Japan [90,94].
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Although, the occurrence of V. fragilis results in prevalence in the Caribbean and Gulf of
Mexico areas [179,180].

More recently, this taxon has been detected as a genomic material in Belgian and Dutch
waters [181,182], and as a specimen on the Atlantic French coast and its harbors [167,183],
thus documenting the entrance of this taxon into the European seas and coastal areas.
Relatively recent occurrences of V. fragilis were also recorded in the Mediterranean region
and follow a clear temporal and spatial pattern. This potential foram-NIS was initially
recorded within deep-sea sediments of the Marmara Sea at a depth of 329 m in 2014 [184].
Subsequently, in 2018, it was found in sublittoral sediments from the Thermaikos Gulf in the
North Aegean Sea [166]. Currently, living specimens have been detected in sediments from
the NAS DPCR Site, south of the Po Delta River at the shallow S0 station (this study, [145]),
while the most recent occurrence, although within dead assemblages, was recorded in
September 2023 further south in the northwestern Adriatic Sea, at the shallow E1 station,
offshore Rimini [this study]. As the sole living specimens have been collected in S0, this
may imply that the most favorable conditions for the V. fragilis presence (and proliferation?)
in the western NAS are likely present at this station, but, unfortunately, we do not have
further sampled material in subsequent years from S0 (Appendix A, Table A1).

The presence of a well-established V. fragilis population from both the Aegean Sea’s
Gulf of Thermaikos [166] and the Maramara Sea—a semi-enclosed basin connecting the
Aegean Sea and Levantine Basin to the Black Sea—where it is the second most abundant
taxon in both the >63 µm and >125 µm fractions [184], suggest that within the eastern
Mediterranean ecoregion, this potential foram-NIS may have spread prior to its recent
documentation. Differently, considering the low recorded abundance of this taxon in the
NAS DPCR Site, we hypothesize that this may represent an initial phase of a possible
secondary spread likely related to oxygen-depleted and nutrient-rich conditions peculiar to
the western NAS, and that, therefore, requires more in-depth investigations (see Section 6.4).
Regardless of the marine environmental depth, Virgulinella fragilis is indeed typically found
in hypoxic to near-anoxic environments rich in hydrogen sulfide, making it an effective
proxy for oxygen-depleted or sulfide-rich habitats [90–94]. However, the absence of a
consistent V. fragilis population throughout the years may be also related to different
aspects such as seasonality or sampling depth.

Additionally, considering the temporal proximity between the occurrences recorded
in the Thermaikos Gulf (2018) and the DPCR Site (2019) and the similar environmental
condition of these two geographically separated areas, we hypothesize that dispersal may
have occurred with the same introduction vector, implicating the same origin.

6.2. Putative Introduction Dynamic of Virgulinella fragilis in Mediterranean and Adriatic Seas

To properly classify a taxon as an introduced species/NIS, it is essential not only to
consider its current distribution and its range of potential natural spreading but also to
verify whether its introductions into a specific basin occurred in the geological past. This
can only be achieved by scrutinizing the fossil record (e.g., [48,185]). Although fossils
attributed to the genus Virgulinella have been identified in Oligocene, Miocene and Pliocene
deposits across Europe (Belgium, Germany, Netherlands, Italy, Ciscaucasus) and North
Africa (Algeria, Egypt) [186–190], these records do not correspond to the species V. fragilis.
This absence in the geological history of the Mediterranean and Adriatic Seas leaves open
the possibility of designating it as a NIS for these basins. We also verified whether fossils of
V. fragilis have been documented in the stratigraphic record of the multiple sediment cores
taken in the study area (e.g., [191] and reference therein), but we did not find any evidence.

Notably, numerous larger NIS but only a few foram-NIS have been documented in the
Mediterranean and Adriatic seas. A total of 44 confirmed Mediterranean BF NIS, including
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tropical symbiont-bearing larger BF (LBF), smaller BF taxa, and two cryptogenic species,
have been reported in a revised taxonomic assessment that lowers earlier counts from prior
surveys ([48] and reference therein). As they generally enter the Mediterranean via the
Suez Canal and then follow the counter-clockwise current pattern, most of these foram-
NIS primarily established along the Levantine coasts in the Eastern Mediterranean Sea
(41 taxa, ~93%), while only eight species have reached the Adriatic Sea. The distribution
of tropical LBF in the Mediterranean and its ecoregions has been linked to the minimum
winter sea surface temperatures, which act as a natural barrier controlling the LBF lati-
tudinal distribution and currently limit their spread in temperate eastern Mediterranean
waters and colder western regions influenced by Atlantic currents [79,192]. Under RCP4.5
projections, the warming climate is expected to enhance habitat suitability, leading to range
expansions for LBF into the western and northern Mediterranean, including the northern
Adriatic (e.g., [71,72,79]). In contrast, there is a significant lack of information regarding
the rates of range expansions for smaller foram-NIS in the Mediterranean and Adriatic
seas. Additionally, though recent genetic studies show that traditional taxonomy underesti-
mates foraminifera diversity [193,194], Mediterranean and Adriatic foram-NIS remain still
molecularly understudied.

Vectors of V. fragilis introduction in the Mediterranean and Adriatic seas may be mul-
tiple, and dispersal mechanisms may have occurred via both natural or anthropogenic
means. Indeed, BF—and thus V. fragilis—may be rapidly dispersed in the marine envi-
ronment through passive transport of their resting stages (propagules) and/or gametes.
According to [195], the small food reserves of gametes limit their survival time, hindering
long-distance dispersal, and Tsuchiya et al. [94] concluded that this dispersal mechanism
appeared unlikely for the worldwide scattered V. fragilis populations, as well as a mero-
planktonic life strategy (i.e., a temporary planktonic phase) [196]. Nonetheless, propagules
have a great potential to disperse over long distances across seas and oceans, with micro-
spheric propagules having greater chances than megalospheric propagules (due to the size
of the proloculus) or small juveniles [92,196]. Additionally, by adopting the dormancy
life strategy, cryptobiotic propagules may allow foraminifers to survive up to two years
in degraded or unfavorable environments until conditions improve, becoming suitable
for either growth or reproduction [92,197]. Moodley et al. [198] suggested that dormancy
may have also contributed to the survival of post-propagule life stages for taxa such as
Nonionella and Stainforthia—genetically related to V. fragilis—under experimentally induced
anoxic conditions.

According to Stulpinaite et al. ([48] and references therein), the main Adriatic BF
NIS introduction pathways and vectors include the following: (1) corridor, i.e., transport
mainly, but not only, via the Suez Canal; (2) transport contaminant on animals, i.e., species
transported by a host/vector, so far invoked only for A. lobifera [199]; (3) stowaway trans-
port via ship/boat ballast water or hull fouling (e.g., [131]); and (4) stowaway transport
attached to floating substrates (e.g., wood, seagrass leaves, rhizomes, algae, plastic waste)
(e.g., [200]). Here, we will cover all the common and feasible options that may have led to
the introduction of V. fragilis into the Mediterranean and Adriatic seas.

6.2.1. Anthropic Means of Introduction

Due to the high abundance of V. fragilis recorded within the Aegean Sea’s Gulf of
Thermaikos and the Marmara Sea [166,184], both close to the Levantine Basin, it is plausible
to speculate that the first introduction of V. fragilis within the Mediterranean may have
occurred via the route of the Suez Canal. Unlike trends and patterns observed in Europe
and globally, where canals typically rank lower in importance with respect to shipping (via
ballast waters or hull fouling), the Suez Canal serves as the primary pathway (~54%) for
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the unintentionally introduced marine NIS in the Mediterranean, particularly affecting the
eastern Mediterranean Levantine Basin [28,31,32,201,202]. Nonetheless, there is no evidence
at present of the presence of V. fragilis from the southern Levantine Basin. Additionally, as V.
fragilis has not been described as a thermophilic taxon, and due to the extensive monitoring
of NIS/IAS in the Levantine Basin, along with the fact that the highest number of foram-NIS
has been reported there (e.g., [48] and references therein), it is improbable, though not
impossible, that the presence of V. fragilis in this region has gone unnoticed. Consequently,
we suggest that the introduction of V. fragilis via the Suez Canal route is unlikely.

Alternatively, although not yet documented, it cannot be excluded that a relict pop-
ulation of V. fragilis was already present in the geological past of the Black Sea and has
continued to inhabit this area unnoticed up to nowadays. If this is the case, it is possible
that, in a relatively recent period, rapid dispersal of this species from the Black Sea to
the Marmara and subsequently to the Adriatic basins may have occurred through marine
shipping routes (stowaway transport via hull fouling or ballast water). As a matter of
fact, the Black Sea possesses environmental seabed conditions that match the ecological
preferences of V. fragilis. Indeed, the Black Sea stands as the largest semi-enclosed meromic-
tic basin globally (i.e., deep waters do not mix with the upper well-oxygenated waters),
featuring a persistent anoxic layer that lies beneath depths of 100–150 m [203,204]. This
anoxic zone is marked by elevated concentrations of hydrogen sulfide (H2S), which restricts
the majority of the benthic life to the continental Black Sea shelf areas, but can provide a
perfect environment for the proliferation of V. fragilis, which is tolerant to nearly anaerobic
conditions and is adapted to sulfide-enriched habitat [89–91].

Multiple studies highlight that the majority of the NIS unintentional introductions can
be attributed to shipping trade [131,205–208]. In particular, the Mediterranean Sea is among
the world’s busiest waterways, accounting for 15% of global shipping activity [209,210].
The major transport axis, mainly for oil transport, is from east to west, connecting the
eastern passages of the Straits of the Dardanelles with the western Straits of Gibraltar. This
axis passes between Sicily and Malta and closely follows the coasts of Tunisia, Algeria,
and Morocco, with traffic branches extending to unloading terminals in Greece and the
northern Adriatic harbors [209,211].

Considering the following factors: (i) maritime transport is the primary mechanism for
introducing species into both the North Aegean and Adriatic seas [31,32,131]; (ii) marine
shipping provides a connection between all three locations where V. fragilis specimens
were recently found in the Mediterranean area; and (iii) both the Thermaikos Gulf and the
DPCR site are situated near major harbor areas while the Marmara Sea is a passage for a
main shipping route [209,211], we propose that stowaway transport could be the preferred
pathway for the dispersal of this taxon in the Mediterranean ecoregions, including the
study area. Notably, both Grindell and Collen [84], and Delliou et al. [166], suggested
that ballast water, which involves the same shipping mechanism, is the most likely vector
for the introduction of V. fragilis into Wellington Harbor and Thermaikos, respectively.
Although hull fouling has been identified as the most common vector for marine alien
species introduced into European seas so far [28], we lack sufficient evidence to deter-
mine whether V. fragilis was introduced into the Mediterranean and Adriatic seas via hull
fouling or ballast water. However, according to our hypothesis on the shipping vector, V.
fragilis may be thus considered an effective NIS [17,19,26]. Additionally, due to the high
morphological resemblance of France and NAS V. fragilis specimens, and considering that
Pavard et al. [183] suggest that stowaway transport is the most likely introduction pathway
responsible for the arrival of various foram-NIS, including V. fragilis, in French harbors
and adjacent coastal areas, this validates our hypothesis on the V. fragilis arrival mode in
the NAS.
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Although the shipping mechanism may explain the spread within the Mediterranean
Sea, this process alone does not reveal the V. fragilis propagules’ origin. The widespread,
though patchy, distribution of V. fragilis makes difficult to definitively determine whether
the Mediterranean population arrived via marine shipping from the Black Sea, the Atlantic,
or the Indo-Pacific oceans. Furthermore, there is no consensus in the literature regarding
the source area for this taxon. Hayward et al. [168] suggested that V. fragilis likely originated
from the Caribbean due to its widespread distribution in that area. Differently, Delliou
et al. [166] and Pavard et al. [183] proposed an Indo-Pacific origin. Considering the low
genetic variability of V. fragilis populations from the different regions of the world [94],
neither genomic analysis may help in this.

Aquaculture and shellfish farming may also represent a significant pathway for intro-
ducing and spreading NIS into the NAS DPCR site and stations located in the proximity of
multiple coastal lagoons exploited for these activities [212]. The Venice Lagoon, a hotspot
for marine and brackish NIS in the Adriatic Sea, frequently sees aquaculture—rather than
shipping—as the primary vector for NIS introductions. This lagoon serves as both a sink
and source for NIS dispersal across Mediterranean sites, including the Po Delta lagoons
such as Goro [130], located nearby the DPCR S0 station, where living V. fragilis specimens
have been collected. Di Blasio et al. [212] reviewed literature data to assess the impact of
shellfish culture on NIS introduction across multiple groups of taxa, identifying oyster
farming as the dominant source of alien species introductions, followed by mussels and
clams. However, their compiled record of introduced taxa did not report any foraminifera.
Additionally, as in the Po Delta lagoons shell farms are mainly based on seeds from a local
nursery and natural spat [212,213], we exclude this vector as a main driver for the arrival
of V. fragilis in the NAS DPCR site.

6.2.2. Natural Means of Introduction

The passive transport of propagules through marine currents is one of the most feasible
as the resuspension of fine-grained sediments occurs easily in shallow waters. Populations
of V. fragilis living at shallow depths, such as those from the Thermaikos Gulf and from
the DPCR area, may have therefore been resuspended in the water column and been
passively transported to distant locations by currents. Considering the Mediterranean
circulation pattern connecting the Aegean Sea with the NAS and the cyclonic surface
circulation of the latter connecting the eastern to western coastal areas, this mechanism
may be relevant to explain the secondary introduction of V. fragilis in the DPCR Adriatic
site from the Thermaikos Gulf [214]. Nonetheless, recently published studies documenting
BF assemblage composition from sampling conducted during the last decade (from 2010
to today) on the eastern Adriatic banks influenced by the EACC did not document the
presence of V. fragilis in these areas (e.g., [215–218]). Although it cannot be excluded
that this lack of presence may be related to monitoring protocols [51], which recommend
analyzing only live BF tests from the >125 µm fraction, potentially neglecting small and
elongated V. fragilis specimens, this spread route cannot be sufficient to justify the former
presence of V. fragils specimens from the deep Marmara Sea. Therefore, we exclude this
as the main dispersal mechanism to explain the arrival of V. fragilis in both the NAS and
Mediterranean Sea. In contrast, as the DPCR coastal area is significantly influenced by the
WACC circulation, propagule transport via this marine current is the most plausible vector
that may have been responsible for the southward dispersal of V. fragilis from S0 to the
E1 stations.

Another natural means of passive transportation that may have been responsible for
the V. fragilis introduction into the NAS DPCR site as well as in the Thermaikos Gulf is
passive transport through shorebirds, which may act as natural vectors for foraminifera
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dispersal between shallow-water habitats. Shorebirds can indeed potentially deposit
muddy sediments containing living foraminifera or their propagules via their feet or
feathers after landing on the water’s surface or during fishing activity. If the environmental
conditions are appropriate upon reaching the sea floor, these organisms can colonize the
sediment. Multiple studies propose avian transport as a dispersal vector for foraminifera.
Through this means, Resig [219] justified the introduction of foraminifera into the isolated
Hawaiian Salt Lake, while Tsuchiya et al. [94] explained the introduction of V. fragilis into
the meromitic Namako-ike Lake in Japan.

Both the NAS DPCR site as well as the Thermaikos Gulf [220,221] are close to coastal
wetland and lagoon protected areas that are important for African and American migratory
birds, as a stopover or reproductive site (e.g., [222,223]). Interestingly, the Namibia Walvis
Bay wetlands and lagoons, where an abundant V. fragilis population was documented [174],
are known as a major African site supporting migratory seabirds [224]. Nonetheless, avian
transport cannot explain the former presence of V. fragilis in the deep Marmara Sea, so
we also exclude this vector from those responsible for the dispersal of V. fragilis in the
Mediterranean area.

6.3. Virgulinella fragilis External Morphology and Porosity as a Tool to Infer Sea-Bottom
Oxygenation Levels and Changes

BF adapted to oxygen-depleted habitats often exhibit small, flattened, elongated, or
thin-walled tests [225–228]. Since pores facilitate substance exchange with the surrounding
environment, increased porosity enhances oxygen intake efficiency—a crucial metabolic
requirement under low-oxygen conditions—and the absorption of organic substances for
feeding and respiration [229,230]. As a result, BF may exhibit test plasticity, adjusting their
porosity, particularly varying PD and PS, between well-oxygenated and oxygen-depleted
environments [229,231,232]. PD inversely correlates with bottom dissolved oxygen (DO),
being 36% higher in hypoxic conditions (DO < 3 mg/L) [231,233], while PS shows a more
variable relationship with DO [234].

Virgulinella fragilis is characterized by typical morphologies of low-oxygen-tolerant
BF such as an elongated shape and a very thin-walled fragile tests, with the latter likely
the reason for the attributed name. Although external morphologies and the genetic pool
are the same, the porosity of V. fragilis differs between localities (Figure 3), thus showing
plasticity, likely related to environmental conditions, such as differences in oxygen or sulfide
concentrations [93,94]. Interestingly, the porosity of V. fragilis is not only related to PD and
PS but also to the pore shapes (PSh), which become elongated and/or interconnected in
highly hypoxic environments ([O2] < 62.5 µM, i.e., Namako-ike Lake, Japan) while they are
smaller and oval in better-oxygenated sediments ([O2] > 62.5 µM, i.e., Wellington, New
Zealand) [94].

Porosity in specimens of V. fragilis from the study area (Figure 3, images 1–2) exhibits
intermediate characteristic in PSh, and PS when compared to those described by Tsuchiya
et al. [94], from Wellington Harbor and Namibia (Figure 3, images 3–4). Oval-shaped
pores (Figure 3, images 1a–c) correlate well with environmental parameters recorded at
the DPCR stations, where DO concentrations indicate a relatively oxygenated seafloor,
not reaching hypoxic conditions (Appendix A, Table A2). The same PSh has indeed been
observed in recent sediments from Wellington Harbor (Figure 3, images 3a–c), where the
hypoxia noted in the 1960s and 1970s [235,236] is currently absent and oxic conditions
prevail in the sediment’s surface layer, although this shift has led to a reduction in the V.
fragilis population [94]. In contrast, the elongated and irregular pores (Figure 3, images
2a–c) are more similar to those of the highly hypoxic Walvis Bay upwelling area (Figure 3,
images 4a–c, Appendix A, Table A2) and may suggest a temporal decrease in DO within the
DPCR area. As benthic foraminifera have a relatively short life span, typically ranging from
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weeks to several months [237], it is thus possible that the penultimate chambers of different
V. fragilis specimens have developed in environments with different DO concentrations.
Therefore, we interpret this intermediate DPCR V. fragilis porosity as indicative of periodic
oxygen deficiency.

In the Po prodelta, seasonal oxygen deficiency has been extensively docu-
mented [120,121,238], thereby supporting our hypothesis. According to the literature,
areas most affected by hypoxic events are those located south of the Po Delta and the
inshore locations, due to the coupled effects of river loads and morpho-hydrodynamics
(Figure 5). Notably, the sole living specimens from the DPCR site have been sampled at
the S0 station, where hypoxic events are more frequent, with it being located close to the
inshore area south of the Po Delta (Figure 5) [238]. Previous studies linked the NAS-related
seasonal hypoxia to eutrophy and organic matter degradation that mainly occurrs during
periods of sediment starvation and water stratification [120,121,239]. However, Alvisi and
Cozzi [238] observed a decline in the trophic level of the NAS over recent decades. This shift
has led to a more irregular trend in hypoxia, which is now influenced by stable weather
patterns and wind conditions. These conditions can reduce circulation, trapping river
plumes near the coast due to winds like the Bora and Scirocco, or trigger the upwelling of
offshore hypoxic waters along the coastline. Irregular runoff and warming temperatures
likely caused hypoxia to spread year-round and increased the frequency of severe events
previously confined to summer [238].
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As hypoxia in the NAS may impact the entire water column and the first centime-
ters of the sea bottom sediments may be partially or completely oxygenated depending,
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among other factors, on the sediment/water interface DO concentrations, our sampling
depth (0–1 cm) supports our hypothesis on V. fragilis intermediate porosity as indicative of
periodic oxygen deficiency at the DPCR site. Nonetheless, most BF infaunal taxa, such as V.
fragilis, exhibit mobility during their life cycle within sediment layers [240–242]. Variations
across sediments’ vertical profiles may reflect ecological preferences specific to each species,
as well as their adaptive responses to environmental factors like food availability and DO
levels [243–246]. While one study documented occurrences at 9–11 cm depth [174], the
majority of the few published papers documenting the V. fragilis vertical distribution in
sediments according to depth indicate that occurrences of this taxon are recorded within the
upper sediment layers (0–1.5 cm) [171,173,184]. This further validates our proposed linkage
of the intermediate porosity patterns observed in V. fragilis to episodic oxygen-depleted
conditions at the NAS DPCR site.

6.4. Historical and Future Ranges of Habitat Suitability for V. fragilis in the Mediterranean

The application of Habitat Suitability Models (HSMs) enables the identification of
potential areas where the species of interest may be found due to the presence of suitable
environmental conditions (Figure 4a). Moreover, by projecting the model under climate
change scenarios, it is possible to gain insights into the potential spread of NIS under
changed environmental conditions (Figure 4b). This, in turn, can support the implementa-
tion of targeted monitoring protocols to assess the species presence and absence.

Regarding the MaxEnt model applied in this study, the calculated AUC metric indi-
cated a perfect ability to distinguish between true positive and false positive rates. However,
we underline that this result may be influenced by the limited number of occurrences used
in the analysis, which may not sufficiently capture the ecological complexity governing the
presence and absence of V. fragilis in the Mediterranean Basin.

Our model suggests that the primary factor influencing the presence of V. fragilis in the
Mediterranean Basin is the bacterial concentration expressed as NO3. Besides the DO, the
ecology of V. fragilis is strongly related also to the presence of specific bacterial endosym-
bionts (see Section 2), including the Deltaproteobacterium (Desulfobacteraceae), able to
grow chemoautotrophically [247], which may enable this taxon to activate denitrification
processes and consequently adsorb the necessary amount of nitrogen [93,94,248], a finding
that reinforces the model’s validity. Furthermore, this may support the hypothesis outlined
by Woehle et al. [248] regarding the potential denitrifying capabilities of V. fragilis. Notably,
V. fragilis has often been found in association with bacterial or microbial mats in both coastal
and deep-water sediments [91,174,184].

Moreover, most of the areas denoting suitable habitat conditions for V. fragilis
(Figure 4a) (e.g., DPCR site, Thermaikos Gulf, Alexandria, Tirana coastal areas, Murcia, Va-
lenciana, Gulf of Lion) are located near major Mediterranean river mouths (Nile, Po, Rhône,
Ebro, Júcar, Segura), suggesting a link between V. fragilis presence and freshwater and
nutrient inputs, including nitrate, from these rivers (e.g., [109,110,112,249]). Unfortunately,
except for the Thermaikos Gulf and the DPCR site, recent studies (post-2018) have not
reported V. fragilis in these areas (e.g., [250,251]). This absence may be due to monitoring
protocols [51], which recommend analyses only on BF living assemblages in the >125 µm
fraction, potentially overlooking small, elongated V. fragilis specimens. Remarkably, we
observed BF assemblages from the >63 µm fraction.

Although an analysis conducted at the Mediterranean Basin scale may yield coarse
results, it is important to acknowledge that, as this represents the first study on this species
in a region where V. fragilis had not previously spread or yet established. For that reason,
we believe it is essential to carry out this research, to further characterize the presence of this
foram-NIS in our area of investigation in order also to provide guidance on where future
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sampling efforts should be directed. Furthermore, the registration of new occurrences in
shared distributed databases will facilitate more targeted and narrow investigations in the
Mediterranean Basin, enhancing the identification of correlations between past and present
species occurrence with environmental trends.

According to the consideration above, we strongly encourage the expansion of moni-
toring efforts in order to verify the presence of V. fragilis, particularly in the areas identified
as suitable by the model. This would allow for validation of the model’s predictions
and provide additional reliable data, which will be needed to further refine and improve
future analyses.

Considering the known ecological resilience of V. fragilis to oxygen-depleted condi-
tions [90,94,252] and that our computed model was calibrated using dissolved oxygen
values measured at the water–sediment interface, which may not fully capture hypoxic con-
ditions that could be present within the sediment itself, we suggest verifying the presence
of this taxon in Mediterranean regions where these conditions prevail.

Because of the non-indigenous characteristic of V. fragilis, it is appropriate to conduct
investigations under climate change scenarios to understand species behavior and potential
spread in changed environmental conditions. Indeed, thanks to datasets forecasting the
evolution of the biogeochemical parameters in future conditions, we are capable of estimat-
ing where species might occur and if invasive behavior occupying local ecological niches is
expected. Habitat Suitability Models under climate change conditions confirm themselves
as being very suitable tools in searching for potential changes in biodiversity rates and
for investigating species evolution and distribution according to changed environmental
conditions. Regarding the RCP 4.5 future climate change scenario (Figure 4b), the decrease
in suitable conditions in areas where V. fragilis is currently present suggests that this species
is unlikely to become invasive in the Mediterranean Basin.

7. Summary and Conclusions
Recent cataloguing and taxonomic revision efforts, focused on the CNR-ISMAR

Foraminifera Collection, as part of DiSSCo-ITINERIS activities, led to the identification of
Virgulinella fragilis, a potential BF NIS, in samples from the NAS DPCR coastal sediments.

After evaluating both natural and anthropogenic species introduction pathways, and
based on V. fragilis temporal and spatial patterns of arrival in the Marmara, North Eagan,
and Adriatic seas, we propose that maritime shipping stowaway transport is the most
likely dispersal mechanism for V. fragilis in the Mediterranean. Thus, we conclude that V.
fragilis is an effective NIS due to its spread via shipping, an anthropic means. However, due
to a lack of direct evidence, we cannot distinguish whether hull fouling or ballast water is
the primary vector. Morphological analysis of V. fragilis from the NAS DPCR site revealed
similarities to specimens from Port de Calais (France), with smaller sizes and flattened
chambers compared to the Wellington Harbor holotype. DPCR specimens exhibited both
oval-shaped pores, indicating oxic conditions, which were supported by environmental
data showing a relatively oxygenated seabed and elongated, irregular pores, suggesting
periodic oxygen deficiency, consistent with seasonal hypoxia in the Po prodelta.

In order to assess the possible trend of future spread of V. fragilis, an attempt was
made to analyze the recent and future distribution, correlating its presence with environ-
mental factors. Our Habitat Suitability Model based on historical data suggests that the
bacterial concentration expressed as nitrate is a primary driver of V. fragilis presence in
the Mediterranean, likely linked to riverine nutrient input. However, our RCP 4.5 climate
change scenario predicts a decline in habitat suitability, making an invasive spread of V.
fragilis in the Mediterranean unlikely.



Biology 2025, 14, 421 20 of 32

This result highlights the importance of long-term biomonitoring and review of scien-
tific archives to ensure early detection of NIS and IAS as well as the possibility to better
understand origins and invasion dynamics. These actions are particularly relevant in
areas which are known to be strongly impacted by anthropic activities and climatic and
environmental changes, such as the North Adriatic and the Mediterranean.

Analyses on BF assemblages will be performed in the future at station S0 and on
related depth transects in the Po prodelta area to verify the presence of this taxon and its
depth and vertical distribution. This will allow us to better comprehend the ecological
preferences of V. fragilis, enabling the refinement of suitability models.
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Appendix A

Table A1. Sampling events at the LTER DPCR stations and V. fragilis occurrence details (highlighted
in bold).

Type of Activity Station Date of
Sampling

Latitude
(N)

Longitude
(E) Depth (m)

Virgulinella
fragilis

Specimens (n)

Type of
Specimens

LTER-ANOC16 Cruise E1 28/04/2016 44◦08.53 12◦34.37 10.5
LTER-ANOC16 Cruise S1-GB 29/04/2016 44◦44.32 12◦27.10 22.5
LTER-ANOC16 Cruise S2 29/04/2016 44◦43.91 12◦30.22 26
LTER-ANOC16 Cruise S3 29/04/2016 44◦44.18 12◦37.84 31

Marine strategy-Adriatic
Sea Cruise E1 14/12/2016 44◦08.65 12◦34.37 10.5
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Table A1. Cont.

Type of Activity Station Date of
Sampling

Latitude
(N)

Longitude
(E) Depth (m)

Virgulinella
fragilis

Specimens (n)

Type of
Specimens

Marine strategy-Adriatic
Sea Cruise S1-GB 15/12/2016 44◦44.16 12◦27.36 22.5

ordinary maintenance S1-GB 21/07/2016 44◦44.31 12◦27.16 22.5
INTERNOS17 Cruise S1-GB 15/03/2017 44◦44.31 12◦27.26 22.5
INTERNOS17 Cruise E1 19/03/2017 44◦08.35 12◦34.19 10.5
ordinary maintenance S1-GB 13/06/2017 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 14/12/2017 44◦08.60 12◦34.20 10.5
ordinary maintenance E1 11/04/2018 44◦08.60 12◦34.2 10.5
ordinary maintenance S1-GB 17/05/2018 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 30/06/2018 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 19/07/2018 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 09/09/2018 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 24/10/2018 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 04/12/2018 44◦08.60 12◦34.20 10.5
INTERNOS19 Cruise S1-GB 21/02/2019 44◦44.27 12◦27.27 20.2
INTERNOS19 Cruise S0 21/02/2019 44◦44.00 12◦21.929 12.5
INTERNOS19 Cruise S2 21/02/2019 44◦43.98 12◦30.404 24.3
INTERNOS19 Cruise S3 21/02/2019 44◦44.17 12◦37.856 29.6
INTERNOS19 Cruise S3 26/02/2019 44◦44.20 12◦37.684 18.2
INTERNOS19 Cruise S2 26/02/2019 44◦43.94 12◦30.392 29.8
INTERNOS19 Cruise S1-GB 26/02/2019 44◦44.40 12◦26.864 24.7
INTERNOS19 Cruise S0 26/02/2019 44◦43.90 12◦22.034 20.2 4 * (2%) living
INTERNOS19 Cruise E1 27/02/2019 44◦08.54 12◦34.809 13.1
ordinary maintenance S1-GB 25/03/2019 44◦44.31 12◦27.26 22.5
ordinary maintenance S1-GB 12/07/2019 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 02/06/2021 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 27/06/2021 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 19/09/2021 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 23/12/2021 44◦44.31 12◦27.26 22.5 1 dead
ordinary maintenance S1-GB 25/03/2022 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 21/05/2022 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 13/09/2022 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 03/07/2022 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 19/10/2022 44◦44.31 12◦27.26 22.5
ordinary maintenance S1-GB 19/07/2023 44◦44.31 12◦27.26 22.5
ordinary maintenance S1-GB 24/08/2023 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 12/09/2023 44◦08.60 12◦34.20 10.5 2 dead
ordinary maintenance S1-GB 17/10/2023 44◦44.31 12◦27.26 22.5
ordinary maintenance S1-GB 11/07/2024 44◦44.31 12◦27.26 22.5
ordinary maintenance E1 27/07/2024 44◦08.60 12◦34.20 10.5
ordinary maintenance S1-GB 01/10/2024 44◦44.31 12◦27.26 22.5
ordinary maintenance S1-GB 13/12/2024 44◦44.31 12◦27.26 22.5

* The percentage in brackets refers to the total living BF assemblages.

Table A2. Environmental parameters at the LTER DPCR sampling stations.

Sampling Localities Sampling
Station Latitude Longitude Depth

(m) Environment T *
(◦C)

Salinity
(psu)

DO *
(µmol/L)

Po River Delta, NAS
(Italy) S0 44◦43.98 N 12◦21.90 E 13.5 Prodelta 8.76 35.64 620.0

Po River Delta, NAS
(Italy) S1-GB 44◦44.46 N 12◦27.36 E 22.5 Prodelta 12.76 37.77 435.0

Costa Romagnola,
NAS (Italy) E1 44◦8.58 N 12◦34.26 E 10.5 Coastal 25.27 36.58 555.0

* Values collected at the sediment surface.
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