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Abstract

The fan mussel Pinna nobilis is the largest bivalve species in the Mediterranean Sea and
provides numerous ecosystem services. It is classified as critically endangered by IUCN
(International Union for Conservation of Nature) due to severe mass mortality events
throughout the Mediterranean. The aims of this work are as follows: (i) to assess the
current recruitment potential of the species, (ii) to enhance recruitment by keeping juveniles
in controlled conditions before releasing them back into the sea, and (iii) to assess the
health status of recruits. In the period 2022-2023, larval collectors were set up in the Gulf
of Trieste as part of the LIFE Pinna project. The collected individuals were kept in aquaria
in two different facilities under different conditions: (a) a closed system with constant
water temperature, live phytoplankton, and commercial food and (b) an open system
with ambient seawater temperature and commercial food. A clear temporal and spatial
variability in recruitment was observed: 13 recruits were found in 2022 and 50 recruits in
2023. The live specimens were between 0.5 and 8 cm in size upon collection and larger in
2023. The growth and survival rate did not differ significantly between the two systems, but
the average monthly growth and survival rate were related to the initial size of the juveniles.

Keywords: pen shell; ex situ maintenance; in situ maintenance; Haplosporidium pinnae;
Mycobacterium; conservation

1. Introduction

The Mediterranean endemic fan mussel Pinna nobilis Linnaeus, 1758, is the largest
bivalve in the Mediterranean Sea and one of the largest in the world. It provides many
ecosystem services. It filters large quantities of seawater and retains a high percentage of
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organic matter [1], thus contributing to water clarity and quality. In addition, it provides
hard substrate in soft-bottom areas, increasing habitat variability and providing a surface
that can be colonised by other benthic invertebrates [2,3] and fish [2,4-10]. It also plays
a key role in the food web, serving as a host for symbionts like the crustaceans Pontonia
pinnophylax and Nepinnotheres pinnotheres [11,12] and as prey for other species, e.g., Octopus
vulgaris [13] and Marthasterias glacialis [14].

P. nobilis is on the list of endangered species and is protected by the EU Habitats
Directive (92/43/EEC, Annex IV), the Protocol for Specially Protected Areas and Biological
Diversity in the Mediterranean of the Barcelona Convention (Annex II), and the national
legislation of most Mediterranean countries. In autumn 2016, the first mass mortality
event (hereafter MME) of P. nobilis was observed along the southeast coasts of the Iberian
Peninsula, with the mortality rate exceeding 90% within a few weeks. By June 2017, the
MMEs had spread northwards, affecting all age classes of fan mussel populations at all
depths and habitat types, with mortality rates of up to 100% in some locations [15]. These
events have spread rapidly eastwards, and now the majority of populations in the whole
Mediterranean are in sharp decline [16]. In 2018, MME reached the eastern Mediterranean
(Malta, Greece, Cyprus, and Turkey) [17] and southern Mediterranean (Algeria, Tunisia,
and Morocco), with mortality rates often reaching 100% [16,18,19]. In 2019 the mass
mortality extended throughout the Adriatic Sea, with reports along the coast of Albania
and Croatia [20]. Due to the sharp decline in the global population and the high risk of
extinction, P. nobilis was classified as Critically Endangered in the IUCN (International
Union for Conservation of Nature) Red List of Threatened Species in 2019 [16].

The first histological examinations in 2017 revealed the presence of a haplosporidian-
like parasite in the digestive gland of affected fan mussels [15,21] and in a subsequent study;
the haplosporidian parasite was described as a new species, Haplosporidium pinnae [22].
This parasite has been described in several sites affected by the MME [18,23,24], but other
pathogens, such as Mycobacteria, Vibrio sp., and viruses, have also been observed in affected
Pinna nobilis individuals [20,25-28]. In particular, a previously undescribed picornavirus
(P. nobilis Picornavirus-PnPV), which infects the immune cells of P. nobilis was discovered
and linked with MME [29], as it causes immunosuppression in both natural and captive
specimens [30].

The Gulf of Trieste, located in the northernmost part of the Adriatic Sea, has historically
harboured one of the densest populations of P. nobilis [8,31,32] and was one of the last
areas to be affected by the MME, with the first detection in 2019 [33]. For these reasons,
the Gulf was selected as a pilot area for restoration actions within the LIFE Pinna project
“Conservation and restocking of the Pinna nobilis in the western Mediterranean and Adriatic
Sea” (LIFE20NAT/IT /001122 LIFE PINNA).

The aims of the present work are as follows: (i) to investigate the recruitment potential
of P. nobilis following MME in the Gulf of Trieste through the installation of larval collec-
tors; (ii) to enhance recruitment of the species by maintaining juveniles under controlled
conditions both in situ and ex situ; and (iii) to assess the health status of the juveniles.

2. Materials and Methods
2.1. Study Area

The Gulf of Trieste is a shallow, semi-enclosed embayment located in the northernmost
part of the Adriatic Sea (Mediterranean Sea). It extends from Cape Savudrija (Croatia) to
Grado (Italy) and includes the entire Slovenian coast. The maximum depth (approximately
40 m) is reached in the waters off Piran (Slovenia). The area is characterised by the lowest
winter temperatures in the Mediterranean Sea, which can fall below 10 °C [34]. The average
salinity is 37, but it is influenced near the coast by freshwater inputs, mainly from the
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Isonzo River [35]. The hydrodynamism is mainly related to the ascending eastern current
from the Istrian coast. The general circulation pattern is predominantly counterclockwise
in the lower layer and clockwise in the surface layer. This circulation, especially in the
surface layer, can be modulated by prevailing winds from eastern quadrants such as
the Bora [36]. During summer, a typical thermal stratification of the water column is
formed due to surface heating and freshwater inflow [34]. In winter, the water column is
characterised by considerable vertical homogeneity due to autumnal cooling processes and
wind mixing [35]. The embayed nature of the Gulf, in combination with dominant winds
blowing in an offshore direction (from the northeast) and very shallow waters, creates a
quite sheltered condition [34].

For this study, the monthly average temperatures for the years 2022 and 2023 were
taken from the monitoring performed by national environmental protection authorities in
Italy and Slovenia. In particular, for the northern sites (Italy), the surface water temperatures
(<6 m depth) were obtained from the monthly reports of ARPA FVG [37]. For the southern
sites (Slovenia), the surface water temperatures measured by the Mareograph Station in
Koper were acquired from the monthly reports of ARSO [38].

2.2. Field Work

Larval collectors were constructed following the IUCN guidelines using polypropylene
mesh bags designed for vegetable storage and filled with polypropylene mesh material [39].
These bags were attached to a main rope and either anchored to the seafloor or suspended
from mussel farm longlines, as described in more detail below.

At the southern sites (Slovenia), the bags were tied to a rope with a weight on the
bottom acting as an anchor and an empty plastic bottle on the surface acting as a float so
that the rope with the bags remained in a vertical position. The collectors were deployed at
5 sites, with 3 lines of collectors per site (Figure 1, Table S1). In 2022, the number of bags
per collector ranged from 3 to 7 depending on the depth (the first bags at 3.1 m, the last at
5.1-9.7 m), while in 2023, 6 bags per collector were deployed spread over 3 depths (2, 3,
and 5 m), which were the most suitable for larval recruitment based on the previous year’s
findings. The complete sampling scheme is provided as (supplementary material Table S1).

MIR 1S MIR 3
MIR 2‘ \

Figure 1. Map of the study area, with northern sites (MIR1-3, MF B5, and PAN) and southern sites
(SEC, MBP, STR, ANK, and DR).
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At the northern sites (Italy), the collectors were of 3 types: (1) bags tied to a rope with
a weight on the bottom that serves as an anchor and a buoy to keep the rope in a vertical
position, (2) bags attached with a rope to the longline of mussel farms, and (3) horizontal
collectors (see Figure S1, Table S1). Collectors of the first type were deployed at 3 sites, each
featuring 2 lines of collectors distributed across 3 depths (2, 3, and 6 m) within the Miramare
Marine Protected Area (MPA) and (MIR 1-3, Figure 1). Collectors of the second type were
installed at 1 site on the longlines in the Santa Croce mussel farm (MF B5, Figure 1) and
comprised 6 lines, with a total of 18 bags distributed over 3 depths (2, 3, and 6 m). Finally,
the collectors of the third type were placed at a site in the shallow lagoon waters of the Bay
of Panzano (PAN, Figure 1) and consisted of 2 lines for a total of 18 bags.

The main reproduction period of P. nobilis is from May to August, and the main
settlement period is estimated to be from July to September [39]. Larval collectors were
placed in summer (June/July 2022, June 2023) and subsequently removed in autumn and
winter (November to February) in both areas. The collectors from Secovlje (SEC) in 2022
and from the Bay of Panzano (PAN) in 2023 were lost, so no data are available for these
areas in that year. Upon removal, the collectors were immediately placed in plastic boxes
filled with seawater and quickly brought to the laboratory. In the laboratory the bags were
immediately opened, and the P. nobilis recruits were carefully extracted from the nets. Initial
measurements of the total antero—posterior height (Htot) and maximum length (Lmax) of
each juvenile shell (whether living or dead) were recorded.

Live specimens collected from the southern sites were transferred to the Marine
Biology Station Piran (MBSP NIB), while specimens from the northern part were brought
to the Miramare MPA. In both areas, the animals were kept ex situ in aquaria or in situ
in protective sea cages (lantern nets). At MBSP NIB, the specimens were kept in aquaria
in winter and transferred to sea cages in spring. At Miramare MPA, 15 specimens were
always maintained ex situ and 9 in situ. The ex situ maintenance procedures are described
in detail in Section 2.3, and the in situ setup is described in Section 2.4.

At the end of the experiment, the animals kept in the ex situ facilities were moved to the
sea. If they measured less than 6 cm (Htot), they were kept in lantern nets; otherwise, they
were transplanted to the sediment bottom. Animals kept in lantern nets were transplanted
to the sediment bottom when they reached a size of 6-10 cm.

2.3. Ex Situ Controlled Maintenance

In the MBSP NIB facilities, juveniles were kept in an open system equipped with UV
sterilisation and fed three times a week with an aliquot of Easy Reefs (El Puerto de Sta
Maria, Cadiz, Spain) artificial feed (a mixture of frozen dried shrimp, microalgae, and blue
fish oil). The temperature was the same as ambient seawater temperature (9.2-14.5 °C in
2022;11.9-19.3 °C in 2023), and salinity ranged from 35 to 37.5.

In the Miramare MPA facilities, juveniles were kept in a closed system and fed three
times a week with a mix of the following live microalgae cultures: Isochrysis galbana at
an average concentration of 3.25 x 10° cells/mL; Chaetoceros calcitrans at an average con-
centration of 3.75 x 10° cells/mL; and Diacronema lutheri at an average concentration of
2.33 x 10° cells/mL. The microalgae were grown in the laboratory inside 40 L bioreactors
at 31.5-32. The density of the cultured algal cells was checked using the Biirker hemocy-
tometer. The dosage of microalgae to be supplied to Pinna nobilis juveniles was calculated
based on information from different studies [40-42]. P. nobilis juveniles were maintained in
aquaria at a controlled temperature of 18-20 °C. Salinity ranged from 32 to 35, while the
pH levels ranged from 7.9 to 8.5.
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Young pinnids were monitored daily, and Htot was measured approximately every
three months by the NIB and Shoreline staff. They spent a maximum of 8 months in ex
situ facilities.

2.4. In Situ Controlled Maintenance

Lantern nets, which are traditionally used in shellfish aquaculture, served as nurseries
for the growth of P. nobilis specimens in the present study. At the MBSP NIB, the specimens
were placed in lantern nets in a shallow area in front of the MBSP, where they were
monitored approximately twice a month and measured (Htot) by the NIB staff. They
remained in lantern nets for the period necessary for growth (maximum 7 months). In 2022,
each animal was secured in a jute basket tied to the cage shortly before the transport from
ex situ facilities to the sea. The lantern net was anchored by a weight at the bottom and
buoyed to keep the rope in a vertical position. In 2023, each animal was put in jute baskets
filled with sediment one month prior to the transport to the sea, and the lantern nets were
tied to a fixed structure elevated from the sea bottom at a depth of around 3 m.

Specimens kept in Miramare MPA facilities were placed in lantern nets attached
to the mussel farm longlines, remaining suspended in the aquatic medium for a period
necessary for the growth (maximum 8 months). Each individual of P. nobilis placed in the
sea was situated in protected areas under shoreline concessions. Cleaning, monitoring, and
measurements (Htot) were always undertaken by SCUBA divers, ensuring that both cages
and juveniles remained submerged to minimise stress.

2.5. Taxonomic Identification of P. nobilis and Molecular Diagnostic Analyses of Pathogens
of P. nobilis

Molecular analyses were performed to assess the presence of pathogens infecting the
tissues of pinnids and to confirm the taxonomic identity of small individuals. When the
pinnids are very small, it is not possible to distinguish P. nobilis from the closely related
Pinna rudis and Atrina fragilis by morphological examination alone.

At the University of Sassari, genomic DNA extraction was performed on fragments
of mantle tissue obtained from 7 dead juvenile individuals found in the collectors in
the southern sites by NIB staff (Table 1). The DNA was extracted using the NucleoSpin
Tissue Kit (Macherey-Nagel GmbH & Co. KG, Diiren, Germany), following the man-
ufacturer’s protocol. The concentration of the extracted DNA was measured using a
NanoDrop™ Lite Spectrophotometer (Thermo Scientific, Waltham, MA, USA), yielding
an average of 18 ng/uL. A fragment of the mitochondrial cytochrome c oxidase subunit
I (COI) gene was then amplified through qualitative PCR using COl-specific primers (L:
5'-GGTTGAACTATHTATCCNCC-3' and H: 5-GAAATCATYCCAAAAGC-3') designed
by the authors [43], which allowed us to obtain a COI fragment that was 338 base pairs
long and useful for the taxonomic identification of individuals. All specimens were further
tested for the presence of pathogens using PCR primers designed to target protozoan and
bacterial rRNA regions and viral nucleic acid segments (see references [22,28,44-53] and
references therein for primer sequences). Reactions were performed in 25 pL volumes,
each comprising 10 ng of genomic DNA, 0.6 uM of each primer, and a single PuReTaq
Ready-To-Go PCR bead (GE Healthcare, Wauwatosa, W1, USA). The bead formulation
includes stabilisers, 4 ng of bovine serum albumin, deoxynucleotide triphosphates, 2.5 U
of PuReTaq DNA polymerase, and optimised reaction buffer. Upon bead dissolution to
the final volume, deoxynucleotide triphosphates and MgCl, achieved concentrations of
200 uM and 1.5 mM, respectively. Thermal cycling was conducted on an Applied Biosys-
tems GeneAmp PCR System 9700 (Waltham, MA, USA) under the following conditions:
1 cycle of 4 min at 94 °C, 35 cycles of 30 s at 94 °C, 30 s at the annealing temperature (i.e.,
46 °C for the pinnids COI gene and a range from 45 °C to 60 °C for protozoan, bacterial,
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and viral nucleic acids), and 30 s at 72 °C. At the end, a post-treatment of 10 min at 72 °C
and a final cooling at 4 °C were carried out. PCR assays included high-quality DNA from
conspecific specimens as positive controls and no-template reactions as negative controls to
validate amplification specificity and rule out contamination. Electrophoresis was carried
out on 2% agarose gels in 1x TAE buffer (Tris—acetate-EDTA, pH 8.3) and stained with
GelRed™ (Biotium Inc., Fremont, CA, USA). Following confirmation of target fragment
size, PCR products were enzymatically purified using ExoSAP-IT™ (USB Corporation,
Cleveland, OH, USA) and bidirectionally sequenced with the original PCR primers via
Sanger sequencing at Macrogen Europe (Milan, Italy).

Table 1. Results of genetic analyses. Htot = total height of specimens in cm, Haplo = Haplosporidium
pinnae, * morphologically confirmed, ** confirmed with genetic analysis. ND = no data obtained from
genetic analysis.

Code Site Date Htot Species Haplo Sample Type 1&121;;;?5
L9 DR 23 November 2022 1.3 Pinna nobilis ** negative tissue (dead specimen) UNISS
L12 ANK 23 March 2023 49 Pinna nobilis ** negative tissue (dead specimen) UNISS
L13 ANK 23 March 2023 2.9 Pinna nobilis ** negative tissue (dead specimen) UNISS
L15 MBP 20 November 2023 2.3 Pinna nobilis ** negative tissue (dead specimen) UNISS
L17 MBP 20 November 2023 3.6 Pinna nobilis ** positive tissue (dead specimen) UNISS
L19 MBP 20 November 2023 2.6 Pinna nobilis ** positive tissue (dead specimen) UNISS
L32 STR 21 November 2023 0.9 ND negative tissue (dead specimen) UNISS
SH2 MEF B5 30 January 2024 5.9 Pinna nobilis * negative feaces UNITS
SH3 MF B5 30 January 2024 6.8 Pinna nobilis * positive feaces UNITS
SH4 MF B5 30 January 2024 4.6 Pinna nobilis * negative feaces UNITS
SH5 MF B5 30 January 2024 6.5 Pinna nobilis * negative feaces UNITS
SH6 MF B5 30 January 2024 6.3 Pinna nobilis * positive mantle UNITS
SHS8 MF B5 30 January 2024 5.6 Pinna nobilis * negative feaces UNITS
SH9 MF B5 30 January 2024 7 Pinna nobilis * negative feaces UNITS
SH10 MF B5 30 January 2024 3.6 Pinna nobilis * positive gill UNITS
SH16 MIR 1 30 January 2024 4.8 Pinna nobilis * negative feaces UNITS
SH22 MEF B5 30 January 2024 5.9 Pinna nobilis * positive mantle UNITS
SH23 MF B5 30 January 2024 8.6 Pinna nobilis * negative feaces UNITS
SH24 MEF B5 30 January 2024 3.9 Pinna nobilis * negative feaces UNITS

All generated sequences were queried against the NCBI GenBank nucleotide collec-
tion using BLAST + v. 2.16.0, Bethesda, MD, USA (https:/ /blast.ncbi.nlm.nih.gov/Blast.
cgi?CMD=Web&PAGETYPE=BLASTHome, accessed on 15 January 2025) to search for
significant matches with sequences already deposited in the database and proceed with the
taxonomic identification of organisms.

At the University of Trieste, genomic DNA extraction was performed on portions of
mantle tissue from 2 deceased individuals, from the gills of 1 deceased individual, and
from the faeces of 9 individuals (Table 1). From the extracted samples, the presence of the
protozoan Haplosporidium pinnae was checked by qPCR using the species-specific assay
designed on a portion of 102 bp of the 185 rDNA [33].

2.6. Data Analysis

The total number of juvenile pinnids found at different sites in the two years was
calculated and compared. The number was also normalised on the basis of sampling effort,
measured by the number of collector bags checked (lost collectors were not considered).
To test whether the initial pinnids’ size (Htot) found in the collectors varied among years,
month of collection, and sampling sites, Chi-square test applied to Kruskal-Wallis (KW)
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ranks [54] was run, and a Wilcoxon rank sum test (W) post hoc comparison test was
also performed when necessary. The same tests were used to check whether the average
growth, survival rate, and initial size (Htot) of the pinnids varied between the three
maintenance systems (ex situ open, ex situ closed, and lantern net). Spearman’s coefficients
for nonparametric distributions [55] were used to test the relationship between initial size
(Htot) and growth and survival. A significance level of p < 0.05 was chosen. Analyses were
performed with R software package v4.0.2 (Vienna, Austria) [56].

3. Results
3.1. Sea Temperature

The sea temperature in Slovenia during 2002 and 2023 was above the average of the
previous 30 years (1991-2020), with the only exception of May 2023, when the values were
below the average of the previous period (Figure 2a). In both years, July was the warmest
month (26.6 °C). In 2023, the August—October period was warmer (from 26.6 °C in August
to 24 °C in October) than in 2022 (from 24.9 °C in August to 21.1 °C in October), while
the temperatures from May to June were higher in 2022 (18.7 °C in May and 24.3 °C in
June) than in 2023 (15.8 °C in May and 21.9 °C in June) (Figure 2a). Sea temperatures at the
northern sites (Italy) showed a similar trend, with spring temperature higher in 2022 and
autumn temperatures higher in 2023 (Figure 2b). For this part of the Gulf, only the monthly
average temperatures of the last ten years (2014-2021) were available, which is why the
winter-spring temperatures aligned more closely with the historical data. However, the
temperatures from August onwards were above the average of the previous period in both
2022 and 2023 (Figure 2b).

a Southern part of the Gulf b Northern part of the Gulf

Figure 2. (a) Average monthly temperature (°C) in the southern sites (Slovenia): data of surface waters
from Mareographic Station in Koper from ARSO 2022—2023. (b) Average monthly temperature in
the northern sites (Italy): data of surface waters from ARPA FVG 2022—-2023.

3.2. Pinna nobilis Recruitment

A total of 63 live juvenile pinnids were found: 47 in the larval collectors located in
shallow coastal waters and 16 in collectors situated within mussel farms. In addition,
87 empty shells of pinnids were found in the collectors.

In 2022, only 13 live pinnids were found, all in collectors at 3 southern sites (Figure 3a).
In contrast, 50 juveniles were discovered at 6 sites in 2023, evenly distributed between the
southern and northern parts (3 each; Figure 3a). The highest numbers were found at the
Santa Croce mussel farm B5 (MF B5) with 16 individuals, followed by Strunjan (STR) with
12 individuals and Piran (MBP) with 11 individuals. When normalising these numbers per
sampling effort, we found the highest density of living pinnids in 2022 at site DR, with
0.6 pinnids/bag, while in 2023 the highest values were observed at MBP and STR sites,
with 0.6 and 0.7 pinnids/bag, respectively (Figure 3b). All collectors at site SEC were lost
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in 2022, and those at site PAN were lost in 2023. Notably, while the highest density in 2022
was found at DR, no living pinnids were found there in 2023. Conversely, STR had the
highest density of living pinnids in 2023, but no living pinnids were found in 2022 at the
same site. Site MBP was the only one where living pinnids were found both in 2022 and in
2023. At site ANK, living pinnids were only found in 2022, while sites SEC, MIR1, MIR?2,
and MF B5 had living pinnids only in 2023.

a m2022 m2023
18
16
4 14
E 12
210
[w]
= 8
2 6
2 4
: 1 1
0
MBP ANK SEC MIR1 MIR2 MIR3 MFB5 MFD2 PAN
Site
b m2022 m2023
e 0.7
a
E 0.6
£ 05
B4
o
z 0.3
502
0.0
MBP ANK SEC MIR1 MIR2 MIR3 MFB5 MFD2 PAN
Site

Figure 3. Total number of pinnids (a) and number of live pinnids per bag (b) found in collectors at
different sites in 2022 and 2023.

The living specimens ranged from 0.5 to 8 cm in total height (Htot) and were mainly
found in the first 6 m of depth.

The size of pinnids (Htot) did not significantly differ from 2022 to 2023 (KW, p > 0.05,
Figure 4a), even when considering only pinnids collected in the same month (November,
KW, p > 0.05), but it differed significantly among sites (KW, p < 0.05). In particular, the
size was significantly higher in collectors installed on mussel farms than in other collectors
(post hoc, p < 0.05), in particular at sites MBP and STR (post hoc, p < 0.05), where the
individuals were smaller (Figure 4b). This variation could be related to the month of
collection; in fact, collectors at MF B5 were checked in January, while those at sites MBP
and STR were collected in November (Figure 4b). Nevertheless, some differences among
sites were observed also for collectors checked in the same month. The recruits found
in collectors at site MF B5 were larger than at site MIR 2, both of which were checked in
January (post hoc, p < 0.05, Figure 4b), and the recruits at site DR were bigger than at site
STR, both of which were checked in November (post hoc, p < 0.05, Figure 4b).
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a
7.51
Month
= - december
5501
— — january
(=]
f — march
‘ november
2 5 | -
2022 2023
Year
7.5
.
Month
= BE december
5501
< ' january
2
T BE march
. november
.
ANK DR MBP MF B5 MIR 1 MIR 2 SEC STR
Site

Figure 4. Boxplots showing variability of (a) pinnids size (Htot) among years and (b) and pinnids
size (Htot) among sites. Colours represent the month of collection.

3.3. Pinna nobilis Controlled Growth

When put in lanternets, the young pinnids were significantly bigger (Htot) than when
they were put in ex situ facilities (W, p < 0.05), but the initial size of pinnids (Htot) did
not differ between the open system in the facilities of the MBP and the closed system in
the facilities of Miramare MPA (KW, p > 0.05, Figure 5). The average monthly growth and
survival rates were not significantly different between the two facilities (open and closed
systems) (W, p > 0.05), but they were both significantly higher for pinnids held in lantern
nets compared to those held in ex situ facilities (KW, W p < 0.05). The initial size, average
growth, and survival of pinnids in lanternet did not differ between those located in Piran
and those located in Miramare MPA (KW, p > 0.05, Figure 5).

Opverall, the survival rate improved with increasing initial size of the animal (rs = 0.31,
p < 0.05). This correlation was particularly strong for the juveniles kept at the Miramare
MPA facility (rs = 0.68, p < 0.05) but was not significant for the juvenile kept at the MBP
facility (p > 0.05) and for those kept in lantern nets (p > 0.05). The same was observed
for the average monthly growth, which generally increased with an increasing initial size
(rs = 0.37, p < 0.05). This correlation was significant for the juveniles kept in the Miramare
MPA facility (rs = 0.54, p < 0.05) but was not significant for those kept at the facility of the
MBP, nor in lantern nets (p > 0.05).
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Figure 5. Boxplots showing variability of (a) pinnids’ size (Htot), (b) pinnids’ average monthly
growth and (c) pinnids’ survival in different controlled growth system. Colours represent the institute
in change in the activity (red = NIB, Piran, blue = Shoreline, Miramare MPA).

At the end of the experiment, the size of surviving juveniles kept in ex situ facilities
at MBSP ranged from 3.5 to 8.9 cm; juveniles kept in ex situ facilities in Miramare MPA
ranged from 10.3 to 10.4 cm, juveniles kept in in situ facilities in Piran ranged from 6.4 to
8.9 cm and juveniles kept in situ facilities at Miramare MPA ranged from 9.6 to 14 cm.

3.4. Taxonomic Identification of P. nobilis and Molecular Diagnostic Analyses of Pathogens

Pinnids collected in the southern sites were not big enough to enable a determination
through the morphological approach. From six specimens (L9, 12,13, 15, 17, and 19), high-
quality sequences were obtained among the COI fragments analysed at the University
of Sassari, and all exhibited 100% identity with the species P. nobilis (Table 1). Pinnids
collected in the northern sites were big enough to be determined as P. nobilis through the
morphological approach (Table 1). No other species were detected.

In the sample of P. nobilis collected at the southern sites, subjected to molecular
diagnostics for pathogen detection, the presence of haplosporidian species, Mycobactirium
spp, Vibrio sp., and Perkinsus sp. as potential environmental pathogens was confirmed. No
significant tissue infections emerged, with the sole exception of Haplosporidium pinnae for
two samples (results obtained from quantitative PCR). The two fan mussels infected with
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H. pinnae (L17, L18) showed signs of poor condition shortly after collection, including slow
shell closure, and died in quarantine aquaria within a month.

Among the 12 juvenile pinnids collected at the northern sites analysed for pathogen
detection, only 4 tested positive for H. pinnae (SH3, 6, 10, and 22, Table 1). In one case the
pathogen was identified from the analysis of feaces, while in the others it was detected
from the analyses of the mantle and gills.

4. Discussion
4.1. Pinna nobilis Recruitment

The number of recruits found in the studied areas aligns with post-MME numbers
reported in the literature for the Croatian coast [57], reflecting the low number of breeding
adults in the wild. This result confirms recent investigations that pointed out a general
disruption in recruitment of P. nobilis after the MME [57,58]. Our results indicate a marked
temporal and spatial variability in P. nobilis recruitment, which is likely due to natural
fluctuations in environmental parameters. A high variability of recruitment across years
was already reported for Spain during the pre-MME period from 2003 to 2011, with the
number of recruits per year varying between 2 and 164 with the same sampling effort [59].
In this context, the authors found a significant positive correlation between total recruitment
and average water temperature in June at 25 m depth. In our case, the opposite trend was
observed. Water temperatures recorded in the Gulf in May and June 2023 were lower than
in May and June 2022. In May 2022, temperatures increased from 13 °C to 24.4 °C, followed
by an abrupt decrease of 7 °C in only 2 days at the end of the month [37,38]. Conversely,
the sea temperature remained below 20 °C at the end of May 2023 and only reached 24 °C
in June 2023 [37,38]. However, recruitment was higher in 2023.

Under experimental conditions, is known that an increase in temperatures of 5-10 °C [60]
triggers spawning in P. nobilis [61]. These data indicate the possibility of early spawning in
May 2022. Larvae of P. nobilis are estimated to spend ten to twenty days in plankton [38],
but to date, spawning experiments in the laboratory have not reached the settlement phase
even after 22 days [60,61], and recent studies suggest that the larval phase could even last a
month [60]. At the same time, larvae reared in the laboratory showed faster development
at higher temperatures [62], suggesting that the higher temperatures in spring 2022 may
have accelerated the whole process, including settlement, which could have taken place
before the installation of the collector.

Another possible explanation for the lower recruitment observed in 2022 is that the
abrupt cooling of waters after a short period at the end of May 2022 could have prevented
the maturation of female gametes, which normally take longer to mature [61]. In fact,
P. nobilis is a successive hermaphrodite with asynchronous maturation [16]. Nonetheless,
there are known cases of synchronous release of both female and male gametes under
experimental conditions [60].

A marked variability between years was also observed in the settlement sites. One
possible explanation for this is the presence of competing fouling organisms that compete
with P. nobilis for space and food. In the central Adriatic, a massive occurrence of the tunicate
Styela plicata (Lesueur, 1823) was observed on larval collectors that had no juveniles of the
fan mussel [57]. This same species was also heavily covering collectors at the DR site in
2023, potentially explaining the absence of recruits. Conversely, in 2022, when collectors at
DR were installed later, they were not massively overgrown by S. plicata juveniles and P.
nobilis juveniles, were found.

The dispersion of larvae of the fan mussel is dependent on current movements [58].
In the Western Mediterranean, P. nobilis populations are known to show high genetic
connectivity and to function as a metapopulation with a source-sink dynamic [63], and
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models were implemented to identify the potential source sites for larvae [58]. In the Gulf
of Trieste, single adults of Pinna nobilis can still be found at some sites [64,65], but the closest
known healthy population is located in the lagoon of Venice, making it a potential source
of larvae [66]. The presence of P. nobilis recruits in larval collectors, in fact, is not necessarily
indicative of a nearby adult living populations as reported in other areas [57-59].

The size of the juveniles collected did not vary in the two years studied, but signif-
icant differences were observed among sites. In some cases, these discrepancies were
attributed to the collection period, with larger specimens found in collectors retrieved in
January. This month may be the optimal time for collection, as those collected later were
often more damaged, likely due to the competition with other animals living on/in the
collectors [64,65].

However, these considerations alone are not sufficient to explain the temporal and
spatial variability of P. nobilis recruitment. A longer time series would improve our under-
standing of the factors contributing to this variability.

4.2. Pinna nobilis Controlled Growth

The two ex situ systems, open and closed, yielded comparable results in terms of
growth and survival, but the most favourable outcomes were achieved with the in situ
systems, both in terms of survival and growth metrics. These results were predictable, as
natural conditions in the laboratory can hardly be matched, especially in terms of diet,
and they are consistent with previous experiments conducted in Spain, where juveniles
of Pinna nobilis kept in the laboratory showed lower growth and survival rates than their
conspecifics of the same age in the field [41]. Similar in situ facilities have been shown to
be effective in other areas of the Mediterranean, namely South-Eastern Adriatic [67], the
Aegean Sea [68], and North-Western Mediterranean [59], prior to the MMEs. Nevertheless,
in situ controlled growth would be challenging for the smallest pinnids due to the mesh
size of the lantern nets. Cages with small mesh sizes could pose a problem for water flow,
so controlled growth of the smallest recruits with an initial phase in ex situ facilities could
be more efficient.

The growth and survival of the juveniles were correlated to their initial size. It
is known that natural mortality decreases with age and size [59,69]. But the growth of
juveniles of Pinna nobilis is known to be related to various factors, such as water temperature
and food availability. Research indicates that the growth rates of pinnids kept in open
systems increase with increasing seawater temperature [70], as has been observed for in
situ controlled growth in other areas [69]. Conversely, juveniles kept in in situ cages in the
Aegean Sea exhibited growth patterns more closely related to food availability (in terms of
Chl 4) than to temperature [68]. Food is critical also for juveniles of P. noblis kept in aquaria.
Laboratory experiments have further suggested that diet quality is an important factor
mediating host condition and disease resistance [41].

The pre-MME investigation of population size structure in Spain [59] suggests that P.
nobilis smaller than 45 cm in shell height were vulnerable to predation. The use of protective
cages during the vulnerable period can significantly increase survival rates and accelerate
the recovery of the species. Even if signs of predation by small animals, such as juveniles
of Hexaplex trunculus, have been observed also inside the cages in Spain [59], mortality
from predation increases significantly without protection, which is exacerbated by the
presence of many other predators, e.g., cephalopods, fishes, and starfish [13,14,71,72]. Cages
require regular monitoring, cleaning, and maintenance; otherwise, they may accumulate
sediments and fouling, which can reduce light, oxygen levels, and food availability inside
the cages. Therefore, they should only be installed in locations that allow for regular
checking and cleaning.
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4.3. Taxonomic Identification of P. nobilis and Molecular Diagnostic Analyses of Pathogens

For pinnids of small size, the morphological approach alone is insufficient to discrimi-
nate among the closely related species P. nobilis, Pinna rudis, and Atrina fragilis.

P. rudis used to occur exclusively in the warmest areas of the Atlantic and Western
Mediterranean, with low population density [73]. The first confirmed record for the Adriatic
dates back to 2018 in Kotor Bay [74]. Following the decline of P. nobilis and the rise in
water temperatures due to global warming, new records and locations of P. rudis have
been identified across the Mediterranean, indicating that the species is expanding its range
northwards and eastwards [75-78]. To our knowledge, P. rudis remains so far confined to
the central part of the Adriatic, with no confirmed record of P. rudis in the Gulf of Trieste.

Atrina fragilis is instead common in the Gulf. It lives in muddy sediments at greater
depths compared to the shallow sediment bottom where P. nobilis used to thrive (Authors’
unpublished data). In 2022, juveniles of A. fragilis were found on the longlines of a mussel
farm near the DR site (where larval collectors were installed) and brought to the facilities
of the aquarium of Piran (University of Primorska). In 2023, a juvenile P. nobilis was also
found on the same mussel farm and brought to the facilities of the Marine Biology Station
Piran [70]. A. fragilis has never been found in larval collectors to date.

The parasite Haplosporidium pinnae was first detected in the Gulf of Trieste in 2019 [33].
It remains present, as genetic diagnostic testing has confirmed that some dead individuals
were positive for H. pinnae. Despite its presence, in situ controlled growth has yielded
better results than ex situ controlled growth. Even if the results may be biased by the size
of the animals (with larger juveniles placed in lantern nets), they support the decision to
return juveniles found in collectors back to the sea. In the frame of the severe mortality this
species has experienced in the field, likely mainly related to the parasite H. pinnae, captive
growth in a closed system at low temperatures is one of the measures undertaken to protect
this species. However, captive growth in closed systems faces different constraints, mainly
related to diet and health [41]. Mortality in captive conditions has also been associated
with other pathogens, including Vibrio mediterranei [41]. Recent studies investigating the
impact of the infection of P. nobilis with Picornavirus (PnPV) on the immune system of this
bivalve have found that wild animals in nature showed a more effective immune response
than those kept in aquaria [30]. These considerations could help to explain the mortality
rate of juveniles in captivity that are not infected with H. pinnae. Nevertheless, further
investigation should be carried out to assess the impact of pathogens on the mortality of
P. nobilis. Following the outbreak of mass mortality events (MMEs) in P. nobilis, various
non-destructive sampling methods for genetic analysis have been developed to minimise
stress on the bivalves, including the analysis of faeces [71] and surrounding seawater [72].
Nonetheless, most of these techniques are ineffective or yield poor results in very small
recruits, emphasising the need to develop new diagnostic techniques to increase our
knowledge of the role of pathogens during early growth stages, particularly in relation to
Pn Picornavirus.

5. Conclusions

Our results confirm the presence of P. nobilis larvae in the Gulf of Trieste, indicating a
source population of spawning individuals in the northern Adriatic Sea. The recruitment
of P. nobilis showed a clear temporal and spatial variability.

Growth and survival rates in controlled conditions did not differ significantly between
the two ex situ systems (open and closed), but the most favourable outcomes were achieved
with in situ systems, both in terms of survival and growth metrics. The average monthly
growth and survival rate were correlated to the initial size of the juveniles, and this could
have influenced our results (specimens in in situ facilities were bigger than those kept ex
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situ). Despite the presence of the parasite in some dead specimens, our results support the
decision to return juveniles found in collectors back to the sea.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d17100666/s1, Table S1: Details of the installation of collectors
(site, coordinates, depth, installation and retrieval dates, number of liner and number of bags).
Figure S1: Juvenile collection: (a) preparation of collectors, (b) collectors at sea, (c) checking collectors,
(d) juvenile pinnid in collectors. Figure S2: Ex Situ and in situ maintenance. (a) ex situ maintenance
in Miramare MPA facilities, (b) ex situ maintenance in MBS Piran facilities, (c) lantern net attached to
the mussel farm’s longline in the Miramare MPA, (d) lantern net tied on a fixed structure close to
MBS in Piran.
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