- oceans

Article

Seasonal Macrofaunal Diversity in the Shells of Dead Pinna nobilis
Linnaeus, 1758 in Southern Istria

Petra Burié¢ !

Gioconda Millotti 10, Paolo Paliaga !, Emina Pustijanac 1, Tin Matulja 3

check for
updates

Academic Editor: Beatriz Morales-Nin

Received: 10 March 2025
Revised: 25 April 2025
Accepted: 6 May 2025
Published: 7 May 2025

Citation: Buri¢, P; Ivesa, N.;
Brajkovi¢, A.; Zunec, A.; Matulja, I;
Kovati¢, I; Jaklin, A.; Millotti, G.;
Paliaga, P; Pustijanac, E.; et al.
Seasonal Macrofaunal Diversity in the
Shells of Dead Pinna nobilis Linnaeus,
1758 in Southern Istria. Oceans 2025, 6,
26. https:/ /doi.org/10.3390/
oceans6020026

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Neven Ivega 1*

1®), Iris Matulja 1 Ines Kovati¢ 1, Andrej Jaklin 2

1,

, Adrian Brajkovi¢ 1 Ante Zunec
and Moira Bursié

Faculty of Natural Sciences, Juraj Dobrila University of Pula, Zagrebacka 30, 52100 Pula, Croatia;
petra.buric@unipu.hr (P.B.); adrian.brajkovic7@gmail.com (A.B.); ante.zunec@unipu.hr (A.Z.);
matulja.iris@gmail.com (I.M.); ines.kovacic@unipu.hr (LK.); gioconda.millotti@unipu.hr (G.M.);
paolo.paliaga@unipu.hr (P.P.); emina.pustijanac@unipu.hr (E.P.)

Center for Marine Research, Ruder Boskovi¢ Institute, 52210 Rovinj, Croatia; andrej.jaklin@irb.hr

Faculty of Engineering, University of Rijeka, Vukovarska 58, 51000 Rijeka, Croatia; tin.matulja@riteh.uniri.hr
Correspondence: neven.ivesa@unipu.hr (N.I.); moira.bursic@unipu.hr (M.B.)

Abstract: The shells of dead Pinna nobilis individuals are important habitats in sedimentary
coastal ecosystems, yet their ecological role is poorly understood. This study investigated
macrofaunal communities associated with 80 P. nobilis shells from Soline Bay and Valovine
Bay, northern Adriatic, analyzing variations in species abundance and biodiversity be-
tween shell orientations (vertical and horizontal) and across seasons. Shell dimensions
were recorded, with larger shells and higher faunal abundance observed in Soline Bay
compared to Valovine Bay. A total of 2225 individuals representing 183 species across
19 taxonomic groups were identified, with Malacostraca, Bivalvia, and Polychaeta being
the most abundant. Vertically positioned shells hosted significantly more organisms than
horizontally positioned ones, likely due to greater available surface area for settlement. Sea-
sonal changes influenced organism abundance, with peaks in winter for Valovine Bay and
spring for Soline Bay, correlating with environmental factors such as eutrophication. The
most frequent species associated with the shells of dead individuals were the polychaete
Sabella spallanzanii and the bivalve Rocellaria dubia, which can impact shell degradation.
Despite their temporary nature, the shells of dead P. nobilis provide vital refuge and en-
hance biodiversity. The findings underscore the ecological importance of P. nobilis shells as
biodiversity hotspots and highlight the need for their conservation and further study.

Keywords: noble pen shell; habitat-forming species; biodiversity; macrofauna; northern
Adriatic

1. Introduction

Habitat-forming species play a critical role in biodiversity, ecosystem processes, func-
tions, and services. With increasing anthropogenic impacts on marine ecosystems, studying
and protecting these key species is necessary [1]. Among them is the noble pen shell (Pinna
nobilis Linnaeus, 1758), the largest bivalve in the Mediterranean [2]. P. nobilis can grow up
to 120 cm and is typically buried in sediment, with about one-third of the shell anchored
upright by byssal threads [3]. Under favorable conditions, this species has a lifespan
of around 50 years and inhabits depths ranging from 0.5 to 60 m [2]. It occupies sandy
and muddy bottoms and is frequently found in seagrass meadows of Posidonia oceanica
(Linnaeus) Delile, 1813, and Cymodocea nodosa (Ucria) Ascherson, 1870 [4].

In addition to its role as a filter feeder, which contributes to water clarity by purifying
significant amounts of detritus daily, the portion of the shell above the sediment serves as

Oceans 2025, 6, 26

https://doi.org/10.3390/ oceans6020026


https://doi.org/10.3390/oceans6020026
https://doi.org/10.3390/oceans6020026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/oceans
https://www.mdpi.com
https://orcid.org/0000-0002-4075-3934
https://orcid.org/0000-0001-8933-7475
https://orcid.org/0009-0004-4682-5996
https://orcid.org/0000-0001-8929-1614
https://orcid.org/0009-0009-2759-4850
https://orcid.org/0000-0001-9924-9364
https://orcid.org/0000-0002-1023-8085
https://orcid.org/0000-0002-6591-3017
https://doi.org/10.3390/oceans6020026
https://www.mdpi.com/article/10.3390/oceans6020026?type=check_update&version=2

Oceans 2025, 6, 26

2 0f 29

a potential habitat for epibiotic species [5]. The size and density of P. nobilis populations
enable the formation of three-dimensional microecosystems, where organisms utilize the
rough surfaces of the shells to create entire communities. These ecological characteristics
make P. nobilis a priority for research and conservation to ensure its continued role as
an ecosystem engineer in marine environments [6]. However, various anthropogenic
impacts—such as illegal collection, trawl fishing, anchoring, and pollution leading to
eutrophication—have contributed to the species” endangered status [4,7,8]. P. nobilis is
protected under Annex II of the Barcelona Convention (SPA/BD Protocol 1995), the EU
Habitats Directive (92/43/EEC), and Croatia’s Regulation on Strictly Protected Species
(NN 144/2013, NN 73/2016), which have helped slow down its decline. Unfortunately, in
2016, a mass mortality event (MME) began, further exacerbating the species” decline [2],
thus deeply concerning the scientific community. Until now, nearly 100% of Mediterranean
populations have collapsed, leading to P. nobilis being classified as Critically Endangered on
the IUCN Red List [9-11]. In response, significant efforts have been made to determine the
causes of this catastrophic decline. Recent large-scale analyses indicate that the protozoan
Haplosporidium pinnae is more strongly associated with MMEs than mycobacteria or other
pathogens [2,12-14]. There are even indications of a possible complete extinction of its
populations even in areas considered last refuges, where the presence of live individuals
can still be confirmed [15]. The decline of this foundation species and its “reefs” also
indicates habitat degradation. In this context, gaining insight into the beneficial interactions
between foundation species and their associated communities is essential for effective
conservation and restoration efforts [16,17].

The first MME, of the same previously mentioned origin, in the Adriatic Sea was
recorded in the southern part of the basin in the spring of 2019, and by the autumn of the
same year, it had spread to the central Adriatic [18]. By May 2020, the northern Adriatic
populations of noble pen shells had also been affected [19], including the entire area of the
Istrian Peninsula [8]. This widespread mortality left behind numerous “meadows” of open
shells of dead individuals. While the degradation of these shells began immediately after
the death of the individuals—at varying rates depending on environmental factors—these
shells could now serve as temporary ecological niches, possibly offering new opportunities
for other life forms to settle and develop [20].

In general, pen shells provide an important habitat by offering shelter for many species
and a hard substrate for settling sessile species and egg-laying fish. Arthropods, such as
amphipods, crabs, and isopods, occur on the shells of dead individuals at high densities,
with their distribution ranging from clumped to random patterns, indicating varying spatial
scales of growth and dispersion [21].

As seen in previous studies, the relationship between a similar Pinnidae species
(Atrina zelandica . E. Gray, 1835) and benthic macrofauna is complex and varies across
spatial scales [22]. A comparable dynamic may apply to P. nobilis, where interactions with
associated macrofauna are likely shaped by spatial distribution, habitat structure, and
broader environmental factors rather than just species density. Given that A. zelandica has
demonstrated spatial variability in its ecological role [22], it is reasonable to expect that
P. nobilis exhibits a similar pattern, with its function as a habitat provider influenced
by factors such as hydrodynamics, substrate type, and seagrass cover—even when the
specimen is no longer alive. This underscores the need to integrate multi-scale statistical
modeling and landscape-scale patch dynamics into research on P. nobilis rather than relying
solely on density-based comparisons to evaluate its ecological role.

A study conducted in the northern Adriatic (Gulf of Trieste) identified numerous
mollusk taxa within the shells of dead P. nobilis, emphasizing their continued role as
habitat for epibenthic communities [6]. The findings revealed significant taxonomic and
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functional diversity within the mollusk community, demonstrating that these shells still
serve important ecological functions. Although P. nobilis populations have declined, their
empty shells remain valuable microhabitats, providing shelter and supporting diverse
species in both hard- and soft-bottom environments.

The shells of dead P. nobilis are expected to gradually erode and disappear, leading to
the loss of this biogenic hard substrate. However, in the protected and partially protected
bays of southern Istria, many shells remain present even three years post-MME, with
a significant number, both vertically and horizontally positioned. In contrast, in the
infralittoral zones of bays in the central and southern Adriatic, particularly in the open
sea around major southern Adriatic islands such as Mljet, Vis, and Lastovo, most shells
have undergone significant degradation and are now found much less frequently (Ivesa, N.,
personal observation).

This disparity is possibly influenced by differences in wave exposure between the
northern and southern Adriatic. The northern Adriatic, including the Istrian Peninsula,
is characterized by a relatively shallow and semi-enclosed environment with lower wave
energy, which helps preserve P. nobilis shells for a longer period. In contrast, the southern
Adriatic, particularly in more exposed offshore areas, experiences stronger hydrodynamic
forces due to deeper waters and greater wave action. These conditions accelerate the
degradation and dispersal of shells. Additionally, wave exposure regulates the intensity of
drag forces acting on individuals [23]. Consequently, upright individuals with intact shells
are notably rare in these regions compared to the Istrian Peninsula (Ivesa, N., personal
observation). Although MME in the northern Adriatic began a year later than in the central
and southern Adriatic, the prolonged persistence of the shells of dead P. nobilis in Istrian
waters suggests that they may function as a transitional ecosystem following mass mortality.
Notably, in the bays of southern Istria, these shells remain present in the habitat years after
the initial mortality. While the shells gradually lose their structural integrity and ecological
quality over time, they may continue to play a role in the habitat during this transitional
period, influencing local ecosystem dynamics. Analyzing the macrofaunal composition
associated with these temporary structures can provide valuable insights for potential
habitat bioremediation efforts following the loss of P. nobilis.

Therefore, this study aims to evaluate the transitional ecological role of the shells
of dead P. nobilis as ecosystem engineers by structurally and functionally analyzing the
overall associated macrofaunal community. For the first time, the study will investigate the
complete macrofauna associated with deceased P. nobilis specimens. The focus will be on a
qualitative and quantitative assessment of the entire macrofaunal assemblage, extending
beyond mollusks to include other invertebrates and fish. This approach will provide a
broader functional perspective on this shifting habitat, offering valuable insights into the
ecological role of P. nobilis shells even after the death of the species.

2. Materials and Methods
2.1. Research Area

The sampling sites were selected based on known populations of P. nobilis in southern
Istria. Following preliminary surveys aimed at determining the density of shellfish for a
sustainable year-round study, two locations were chosen: Valovine Bay, Stoja (44°51'41.1" N
13°48’41.4" E), and Soline Bay, Vinkuran (44°49'43.9” N 13°51'36.7" E) (Figure 1). Both
locations are near urban centers and have historically been used for local fishing. In
recent years, their role has expanded to include nautical and recreational tourism. As
a result, the seabed of both bays contains remnants of outdated nautical infrastructure,
such as deteriorated piers, concrete blocks, discarded ropes, and chains. However, due
to differences in size and exposure to open waters, Soline Bay experiences significantly
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greater anthropogenic impact, particularly from nautical activities. Valovine Bay is the
smaller of the two study sites, with an entrance approximately 290 m wide and extending
roughly 500 m inland. The bay is relatively exposed to wave and wind impacts due to its
open southwestern orientation and wide entrance, which increases water current speed
and enhances water exchange within the bay. This hydrodynamic environment plays a
significant role in shaping the ecological conditions. The sampling area in Valovine Bay
is also under significant anthropogenic influence due to its proximity to beaches, tourist
facilities (e.g., ski-lift), hospitality establishments, and fishing activities. Fishing pressure
is the most pronounced, particularly in areas used for mooring small fishing boats. In
terms of habitat, the shells of dead P. nobilis were found in biocenoses of muddy sands on
protected shorelines at depths ranging from 1.3 to 4.6 m. Other notable habitats in this bay
include Zostera noltei (Hornemann, 1832) meadows, dense infralittoral algal biocenoses,
P. oceanica meadows, and biocenoses of fine surface sands.

13.74°E 13.80°E 13.86°E 13.92°E

T

44.88°N

Valovine Bay

L 2

¢

Soline Bay

44,84°N

44.80°N

13.74°E 13.80°E 13.86°E 13.92°E

Figure 1. Sampling locations in southern Istria.

Soline Bay, in contrast, is less affected by abiotic factors, primarily due to its geograph-
ical location. The bay extends approximately 1400 m inland, with an entrance about 400 m
wide. The presence of Veruda Island in front further shields the bay, reducing current speed
and water exchange. These conditions result in a smaller sediment fraction and slower
decomposition of P. nobilis shells compared to Valovine Bay. Soline Bay, being relatively
sheltered from wave-induced hydrodynamic forces, serves as an anchorage site. However,
during the tourist season, many boats exceed the prescribed capacity and anchor illegally.
The sampling area in Soline Bay is located in front of the beach and near hospitality estab-
lishments. The shells of dead P. nobilis were found in the biocenoses of muddy sands at
depths ranging from 1.2 to 3.2 m.

2.2. Empty P. nobilis Shells Sampling, Morphometric Measurements, and Hydrographic Data

From March 2023 to March 2024, under permission granted by the Ministry of Envi-
ronment Protection and Green Transition of the Republic of Croatia, P. nobilis shells were
collected and analyzed across four seasons. Ten shells of dead individuals were sampled
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per location during each season, with the requirement that all specimens be returned to
their original positions after analysis. The density of shells was estimated by visual census
along three random transects (50 m long, 2 m wide) per sampling location. Data were stan-
dardized to densities per 1 m?. Due to various factors, including anthropogenic influences,
abiotic conditions, and marine hydrodynamics, some P. nobilis shells were found lying flat
(horizontally) on the seafloor rather than upright (vertically) in the sediment. To ensure a
balanced study, five vertically and five horizontally positioned specimens were analyzed
from each site. Sampling was repeated with new shells each season at both locations
(Table 1). Specimens were randomly selected using free-diving techniques, ensuring that
no live specimens were collected. During each dive, sampling was conducted at a greater
distance from the previous location to minimize the risk of resampling identical shells and
to ensure the collection of new specimens during each sampling period. After collection,
the shells were measured using a measuring tape with an accuracy of £1.10 mm over
10 m length to record dorsoventral length (from the umbo to the most distal part of the
shell), width, and height (Figure 2). Sampled shells were carefully handled throughout to
preserve their integrity. Sea temperature, salinity, and pH were measured in situ with a
HANNA Instruments meter (model HI98194) during each sampling period. When such an
instrument was unavailable, the sea temperature was recorded using a Nepto diving watch
(Cressi, SKU: K5841098).

Table 1. Morphometric values of vertically and horizontally positioned P. nobilis shells from both
research locations (SD—standard deviation).

Mean of Value & SD (c¢m)

Location Shell Position : :
Length Width Height
Valovine Ba Vertical 50.08 + 4.74 16.83 + 1.35 7.86 +£1.34
y Horizontal 48.45 + 5.04 16.13 £ 1.40 735+ 1.31
Vertical 55.99 £ 6.49 17.45+1.70 793 + 1.66

Soline Bay

Horizontal 52.30 £ 6.75 17.33 £ 1.98 7.43 £ 0.96

228222
LN

) »»»
b )M))‘ '
o
b))y tt‘

PP R
Figure 2. Morphometric measurements of collected shells: length (distance from A to B), width
(distance from C to D), and height (distance from E to F).

2.3. Taxonomic Identification and Functional Classification

To prevent the loss and /or escape of macrofaunal invertebrates and fish during han-
dling and transport to the shore, each deceased Pinna nobilis was enclosed in a cylindrical
net with a mesh size of 1 mm before being extracted from the sediment. Only once the shells
were fully enclosed in the net were they removed from the sediment and transported ashore.
Then, the shells were immediately measured, and analysis began promptly to minimize
exposure to external conditions and to facilitate the safe return of organisms to the sea.
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The external and internal surfaces of the shells were thoroughly rinsed with seawater to
accurately collect vagile fauna. The rinsed material, along with sediment from inside the
shells, was sieved through a mesh with a pore size of 1 mm. The remaining sediment was
then carefully inspected to detect any additional vagile organisms. After the inspection, the
shells were returned to the sea in their original orientation. Only living individuals were
recorded. Most organisms were identified in situ using available identification keys [24-32],
while those that could not be immediately identified were collected for further analysis in
the laboratory. This especially applied to small, cryptic, or unidentified species that were
transported to the laboratory in glass containers filled with seawater for further analysis.
In the laboratory, these specimens were examined under the microscope (Olympus CX21),
allowing for detailed identification to the lowest possible taxonomic level.

Species were categorized based on mobility (motile vs. sessile) and substrate prefer-
ence (hard-bottom, soft-bottom, or both) using existing ecological classifications from the
literature and field observations. Abundance data were compiled by counting the number
of individuals per species across all sampling stations. Species richness was calculated
as the total number of unique species within each ecological category. Data were then
grouped and analyzed to determine relative proportions by mobility and substrate affinity.

2.4. Statistical Analyses

The approximate surface area of all shells was calculated through 3D modeling of a
single specimen in MaxSurf Pro 22 software, with parametric variation applied to adjust
dimensions. This calculation included the total area of both the inner and outer surfaces
of the two valves. Statistica 9.0 software was used for comparisons of areas, seasons and
shell positions with the non-parametric Kruskal-Wallis test, followed by the post hoc
Mann-Whitney U test to identify specific differences. Statistical data analyses explained
further in the text were performed in R version 4.4.2 [33]. Univariate analyses were
performed for total abundance, species richness, and Shannon-Wiener diversity, computed
in the vegan package [34]. The effects of shell position and season on these diversity
measures were assessed by means of generalized linear mixed models (GLMM). In order
to control for individual shell variability and locations (non-independence of data points),
random intercepts considering the individual shell nested within location were included
in the models. Adding this random term was also important to eliminate overdispersion
issues. Overdispersion was tested for models with and without the random intercepts.
Poisson distribution of errors was used for abundance and richness, whereas Gaussian
distribution was used for Shannon-Wiener diversity. GLMMs were fitted with the Ime4
package [35]. Tukey post hoc pairwise comparisons were performed using the emmeans
package (estimated marginal means, also known as least-squares means) [36]. To assess
differences in assemblages (compositional differences) several multivariate methods were
performed. A subset of 16 most abundant species (with relative abundance >1%) was
analyzed as a contingency table. A correspondence analysis was carried out to assess
relationships between species (columns) and samples (rows, samples belonging to different
seasons and positions). A chi-square test was computed to test the statistical differences
of these relationships. This analysis was performed using the FactoMineR package [37].
Finally, a non-metric multidimensional scaling (NMDS) based on Bray—Curtis dissimilarity
was performed using the complete set of species, followed by a two-way (Season x Position)
Permutational Analysis of Variance (PERMANOVA) based on the same distance matrix
using the vegan package [34]. Homogeneity of multivariate dispersion (PERMANOVA
assumption) was assessed for main factors (season and position), as well as for interaction.
Furthermore, the design of this study was balanced, and PERMANOVA has been noted to
be robust in the face of heterogeneity for balanced designs [38].



Oceans 2025, 6, 26

7 of 29

3. Results
3.1. Seawater Conditions and Biodiversity Comparison

Hydrographic variables were compared with the number of individuals and species
per season and location (Figures 3 and 4). Salinity and pH levels, as expected, did not show
notable variation throughout the year nor between locations, ranging from 34.17 to 36.20
and from 8.06 to 8.33, respectively. Temperature values were similar at both locations.

600 40
A —/- *x— —h 35
500
30
400 25
300 20
200 L
A 10
100 I i 5
0 0
Spring Summer Autumn Winter
1 Number of individuals B Number of species
=O==pH =@ Temperature / °C
=—fr=—Salinity

Figure 3. Seawater variables (pH, temperature, and salinity), the number of individuals, and the
number of species detected on the shells of dead P. nobilis throughout the seasons in Valovine Bay.

600 40
500 A zx —A 35

30
400 s
300 20

200 5
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=O0=pH == Temperature / °C
e=fr==Salinity

Figure 4. Seawater variables (pH, temperature, and salinity), the number of individuals, and the
number of species detected on the shells of dead P. nobilis throughout the seasons in Soline Bay.

3.2. Morphometric Parameters and Density of the Noble Pen Shells

A total of 80 noble pen shells were sampled from both locations, 40 in a vertical
position and 40 in a horizontal position. During this study, a single living specimen of
the noble pen shell P. nobilis was found in Soline Bay. The length of the shells of dead
individuals ranged from 36 cm to 67 cm, the width from 13 cm to 21 cm, and the height
from 5 cm to 12 cm. The average length was 51.70 & 6.38 cm, width 16.93 £ 1.68 cm, and
height 7.64 + 1.34 cm (Figure 5). Vertically positioned shells were larger on average, as
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shown in Table 1. Additionally, the average size of P. nobilis shells was greater in Soline Bay
compared to the other locations. The average density of noble pen shells estimated in both
sampled areas was 0.10 shells of dead individuals m~2. Our personal data collected prior

to these mortality events show densities of 0.25 individuals m 2.

70
60 T T
50

c 40

“ 30
20

1 T
i
W H

o

L L L

:
TI"'

IiT Ii*
W H L W H

Spring Summer Autumn Winter

Il
W H

W Valovine Soline

Figure 5. Seasonal variations of shell dimensions (means =+ st. dev.) for both sampling locations
(L—length, W—width, H—height).

The approximate surface area of the shells of dead P. nobilis ranged between 1260 and
3260 cm?. The number of individuals in each shell of dead P. nobilis was compared with its
surface area, but no correlation was found (Figure 6).

120 1 y=0.0041x1 1217
2 =
- R2=0.125 L ]
2 100
wn
2
3 )
5 80
%]
o
g e o i
a%
& 60 ® °
5 S o
o o
R ® . o ® o °
P - Y Y PP L b
=] $ o e
= 000 0%%¢ T .. 0% é
g 20 ol . I Y . .‘o .
Q ot ° ?‘. o L4 o]
a ™Y ° ° ‘ o0 [ X ]
2 °
Z 0
1000 1500 2000 2500 3000 3500

Noble penshell surface / cm?

Figure 6. The relationship between the number of individuals per shell of dead noble pen and its
surface (cm?).

3.3. Diversity in the Macrofauna of the Noble Pen Shells

A total of 2225 different individuals belonging to 183 animal species were determined
through 19 taxonomic classes (Table 2). Out of 183 species, 69 were found in both locations,
while 53 species were exclusive to Valovine Bay and 62 to Soline Bay. The presence of
colonial organisms, such as certain tunicates and bryozoans, was recorded, but their
individual numbers could not be counted.
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Most of the specimens found on P. nobilis shell surfaces belonged to Malacostraca
(758 individuals, 34%). Furthermore, a large number of organisms from the classes Bivalvia
(542 individuals, 24%), Polychaeta (353 individuals, 16%), and Gastropoda (212 individuals,
9%) were recorded. The highest number of species belonged to malacostracan crustaceans
(43 species, 23%), followed by the bivalves (32 species, 17%), gastropods (31 species, 17%),
and polychaetes (26 species, 16%) (Figure 7). The most abundant species of malacostracan
crustaceans was Pisidia bluteli (39%), while for polychaetes, it was Sabella spallanzanii
(72%). The most numerous bivalves and gastropods species were Rocellaria dubia (32%) and
Cerithium vulgatum (22%), respectively (Table 2).

Table 2. Seasonal variation of identified species that inhabited shells of dead P. nobilis (presence of
colonial organisms is marked with a plus sign, Sp—Spring, Su—Summer, A—Autumn, W—Winter).

Number of
Phylum Class Order Family Species Name Individuals
Sp Su A W
. . Sycon raphanus
Calcarea Leucosolenida Syconidae (Schmidt, 1862) 4 1 2 13
. . Agelas oroides
Agelasida Agelasidae (Schmidt, 1864) 0 1 0 0
Chondrosiida Chondrosiidae fgtz;z)drosza reniformis (Nardo, 1 0 0 0
Diplastrella bistellata
. 1 0 0 0
Clionaida Spirastrellidae (Schmidt, 1862)
Spirastrella cunctatrix
. o 0 o0 2
PORIFERA . ' (Schmidt, 1868)
emospongiae - Dysidea avara
Dysideidae (Schmidt, 1862) 5 9 7 6
Dictyoceratida . (S ) officinali
" pongia (Spongia) officinalis
Spongiidae (Linnaeus, 1759) 0 ! ! 0
Poecilosclerida Crambeidae Crambe crambe 0 0 1 0
(Schmidt, 1862)
" - Aplysina aerophoba
Verongiida Aplysinidae (Nardo, 1833) 0o 0 o0 1
o . . Aiptasia mutabilis
Actiniaria Aiptasiidae (Gravenhorst, 1831) 0 0 1 0
Caryophyllia (Caryophyllia) 0 2 5 1
inornata (Duncan, 1878)
Caryophylliidae Caryophyllia (Caryophyllia)
smithii 0 0 0 4
CNIDA Hexacorallia (Stokes & Broderip, 1828)
NIDARIA ini
Scleractinia Balanophyllia (Balanophyllia) 9 4 7 1
europaea (Risso, 1827)
Dendrophylliidae ; ;
Leptopsammia pruvoti 0 0 13 2
(Lacaze-Duthiers, 1897)
Hydrozoa Anthoathecata Eudendriidae Eudendrium sp. 2 0 0 O
. Caberea boryi
Candidae (Audouin, 1826) + + + +
BRYOZOA Gymnolaemata  Cheilostomatida - - -
. . Schizobrachiella sanguinea
Schizoporellidae + o+ o+ ¥

(Norman, 1868)
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Table 2. Cont.
Number of
Phylum Class Order Family Species Name Individuals
Sp Su A W
Amphinomida Amphinomidae Amphinomidae indet. 0 0 1 1
Arenicola marina
. 0 0 1 0
- Arenicolidae (Linnaeus, 1758)
Arenicolidae indet. 0 0 2 0
Eunice schizobranchia
(Claparede, 1870) 0 4 0 0
Eunice vittata
(Delle Chiaje, 1828) 0 0 0 1
Eunicidae indet. 1 0 4 1
Eunicidae Leodice harassii (Audouin & 0 0 1 0
Milne Edwards, 1833)
Eunicida Lysidice ninetta (Audouin & > 0 2 3
H Milne Edwards, 1833)
Lysidice unicornis
(Grube, 1840) 1 0 0 1
Lumbrineridae Lumbrineridae indet. 0 0 0 1
Arabella iricolor 3 1 4 1
Oenonidae (Montagu, 1804)
Oenonidae indet. 0 0 0 4
" Polyophthalmus pictus
. - Opbheliidae (Dujardin, 1839) 0 0 0 2
ANNELIDA olychaeta
Y Aphroditidae Aphroditidae indet. 2 0 0 0
Glycera lapidum 1 1 s 9
Glyceridae (Quatrefages, 1866)
Glycera sp. 0 0 1 0
L Hesione splendida
Hesionidae (Lamarck, 1818) 0 0 0 1
Nereis p?rwzscemlzs 0 0 0 1
Nereididae (Claparede, 1868)
Phyllodocida Nereis rava (Ehlers, 1868) 0 4 5
Phyllodocidae Phyllodoce sp. 1 0 0 0
Harmothoe spinifera
(Ehlers, 1864) 2 ! ! 4
Polynoidae Lepidonotus squamatus 0 0 0 1
(Linnaeus, 1758)
Polynoidae indet. 3 1 1 2
Syllis gerlachi 0 0 0 1
Syllidae (Hartmann-Schroder, 1960)
Syllis sp. 0 1 0
Branchi . 1
Sabellidae ranchiomma sp 0 0 0
Sabella spallanzanii
Sabellida (Gmelin, 1791) 248 01 4
Serpulidae Serpula vermicularis 1 0 1 0

(Linnaeus, 1767)
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Number of
Phylum Class Order Family Species Name Individuals
Sp Su A W
. . Timarete filigera
Cirratulidae (Delle Chiaje, 1828) 0 1 0 0
Eupolymnia nebulosa
(Montagu, 1819) 1 0 2 0
Eupolymnia nesidensis 0 0 1 0
ANNELIDA Polychaeta Terebellida (Delle Chiaje, 1828)
Terebellidae Nicolea zostericola 0 4 0 0
(Orsted, 1844)
Terebella lapidaria
(Linnaeus, 1767) 0 0 0 1
Terebellidae indet. 0 0 0 1
Adapedonta Hiatellidae gﬁfﬁiﬁftﬁ:m 0 0 2 0
Arca noae (Linnaeus, 1758) 1 0 1 1
. . Barbatia barbata
Arcida Arcidae (Linnaeus, 1758) 0 0 1 0
Tetrarca sp. 0 0 0 1
. Parvicardium exiguum
Cardiidae (Gmelin, 1791) 1 0 0 0
Donacidae Donax semistriatus (Poli, 1795) 0 0 1 0
Cardiida Abra alba (W. Wood, 1802) 1 16 12 0
Semelidae Abra segmentum 0o 0 1 o
(Récluz, 1843)
. Bosemprella incarnata
Tellinidae (Linnaeus, 1758) 1 2 2 3
Carditida Carditidae gﬁfiﬁ:ﬁ‘%‘g“s 2 0 0 0
MOLLUSCA  Bivalvia ; i
Gastrochaenida Gastrochaenidae ?ggﬁiﬁi df;b;;) 6 4 24 155
Limida Limidae Limaria hians (Gmelin, 1791) 0 2 0 0
Loripes orbiculatus (Poli,
1795) 0 0 7 0
Lucinida Lucinidae Loripinus fragilis 19 17 19 0
(R. A. Philippi, 1836)
Lucinella divaricata
(Linnaeus, 1758) 0 4 0 0
Myida Corbulidae (Loe”t(l;d’é’z)is’tfdf;grgf”e“m 1 3 0 1
Modiolus barbatus
id id (Linnaeus, 1758) 1 3 2 2
Mytilida Mytilidae
Y Y Mytilaster minimus 0 1 0 0
(Poli, 1795)
. . Nucula nitidosa
Nuculida Nuculidae (Winckworth, 1930) 3 0 0 0
Ostreida Ostreidae Ostrea edulis 9 29 14 9

(Linnaeus, 1758)
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Number of
Phylum Class Order Family Species Name Individuals
Sp Su A W
Anomiida Anomia ephippitim 12 38 28 16
0 ¢ (Linnaeus, 1758)
Fle.exopecten glaber 1 0o o0 o0
. (Linnaeus, 1758)
Pectinida Pectinidae Nimoch] :
imachlamys varia
(Linnaeus, 1758) 6 10 3 4
. Spondylus gaederopus
Spondylidae (Linnaeus, 1758) 0 0 0 1
. Chama gryphoides
Chamidae (Linnaeus, 1758) 0 3 10 4
Bivalvia Divlodonta rofundat
.. iplodonta rotundata
Ungulinidae (Montagu, 1803) 0 0 1 0
Chamelea gallina
. (Linnaeus, 1758) 1 0 0 0
Venerida
D ol w71
Veneridae 4
Ruditapes decussatus
(Linnaeus, 1758) 1 0 0 0
Venus verrucosa
(Linnaeus, 1758) 0 0 1 0
Bittium reticulatum
MOLLUSCA (da Costa, 1778) 3 11 1 7
Cerithiidae Corithi ot
erithium vulgatum
Caenogastropoda (Bruguiere, 1792) s 22
. . Monophorus perversus
Triphoridae (Linnaeus, 1758) 0 0 0 1
Cephalaspidea Haminoeidae Haminoea sp. 0o 0 o0 1
o\ .o Smaragdia viridis
Cycloneritida Neritidae (Linnaeus, 1758) 0 1 1 0
. . Diodora graeca
Fissurellidae (Linnaeus, 1758) 2 0 0 2
Lepetellida —
Gastropoda Haliotidae Haliotis tuberculata o 0o o 1
(Linnaeus, 1758)
Alvania cimex
(Linnaeus, 1758) 0 0 0 2
Crisilla maculata
o (Monterosato, 1869) 0 0 02
o Rissoidae ——
Littorinimorpha Puslllzna lineolata 0 0 0 6
(Michaud, 1830)
Rissoa ventricosa
(Desmarest, 1814) 0 0 0 2
Vermetidae Thylacodes arenarius 0 o0 o0 1

(Linnaeus, 1758)
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Number of
Phylum Class Order Family Species Name Individuals
Sp Su A W
. Columbella rustica
Columbellidae (Linnaeus, 1758) 2 1 0 1
S Pseudofusus rostratus
Fasciolariidae (Olivi, 1792) 1 2 0 1
Bolinus brandaris
(Linnaeus, 1758) 0 2 8 0
.. Hexaplex trunculus
Muricidae (Linnaeus, 1758) 8 6 3 5
Neogastropoda Muricopsis cristata 0o o0 1 7
(Brocchi, 1814)
Tritia incrassata (Strem, 1768) 0 1 4 8
Nassariidae Tritia nitida (Jeffreys, 1867) 7 10 7 2
Tritia reticulata
(Linnaeus, 1758) 0 0 0 3
. . Raphitoma bicolor
Raphitomidae (Risso, 1826) 2 5 0 1
Gastropoda Chromodorididae  Felimida krohni (Vérany, 1846) 0 0 0 1
Nudibranchia . Antiopella cristata
Janolidae (Delle Chiaje, 1841) o 0 0 1
Elysia timida (Risso, 1818) 1 2 0 0
MOLLUSCA Sacoglossa Plakobranchidae El]/Slﬂ viridis (Montagu, 1804) 4 1 0
Thuridilla hopei (Vérany, 1853) 0 2 0 1
. . Calliostoma zizyphinum
Calliostomatidae (Linnaeus, 1758) 0 0 1 0
Clanculus cruciatus
(Linnaeus, 1758) 0 0 0 3
. Gibbula ardens
Trochida Trochidae (Salis Marschlins, 1793) 0 0 0 2
Gibbula magus
(Linnaeus, 1758) 0 1 0 0
Trochidae indet. 2 0 0 0
Turbinidae Bolma rugosa (Linnaeus, 1767) 1 0 0 0
o Acanthochitona fascicularis
Acanthochitonidae (Linnaeus, 1767) 3 5 19 0
Chitonidae éhyjiofl’i”rxf;;”;;ea 15 28 22 38
Polyplacophora  Chitonida pengrel
Boreochiton ruber 1 0 0 0
(Linnaeus, 1767)
Tonicellidae - :
Lepidochitona caprearum 1 2 1 0
(Scacchi, 1836)
Scaphopoda Dentaliida Dentaliidae Antalis vulgaris 1 0o 4 0

(da Costa, 1778)
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Phylum Class Order Family Species Name Individuals
Sp Su A W
Caprellidae Phtisica marina (Slabber, 1769) 1 0
Amphipoda - - -
Gammaridae Gammaridae indet. 10 2 5
Cumacea Bodotriidae Bodotria sp. 0 0 1
Alpheus dentipes
(Guérin, 1832) 0 1 0 0
Alpheus macrocheles
. (Hailstone, 1835) 0 6 5
Alpheidae
Athanas nitescens
(Leach, 1814) 6 15 31 3l
Synalpheus gambarelloides 0 0 0 1
(Nardo, 1847)
. Carcinus aestuarii
Carcinidae (Nardo, 1847) 1 1 0 0
Calcinus tubularis
(Linnaeus, 1767) 0 0 ! 2
Clibanarius erythropus
Diogenidae (Latreille, 1818) 7 3 27 10
Diogenes pugilator (Roux, 1829) 1 0o 0 o0
Paguristes streaensis
(Pastore, 1984) 2 0 0 0
Ethusidae Ethusa mascarone (Herbst, 1785) 1 0 2 0
Galatheidae iﬂfﬁlﬂﬁa mteliggidm 1 1 0 1
ARTHROPODA Malacostraca (Lilljeborg, )
Decapoda . Pachygrapsus marmoratus
Grapsidae (Fabricius, 1787) 0 2z 0 0
Hippolyte garciarasoi
(d’'Udekem d’Acoz, 1996) 0 0 0 18
. . Hippolyte holthuisi
Hippolytidae (Zariquiey Alvarez, 1953) 0 0 0 6
Hippolyte inermis (Leach,1816) 0 0 0 3
Hippolyte sp. 8 2 6 0
Achaeus cranchii (Leach, 1817) 0 1 0 0
Macropodia czernjawskii
(Brandt, 1880) 0 0 0 1
Macropodia linaresi (Forest & 0 0 1 ’
Inachidae Zariquiey Alvarez, 1964)
Macropodia longirostris
(Fabricius, 1775) 3 0 1 0
Macropodia rostrata
(Linnaeus, 1761) 0 3 0 1
Macropodia sp. o 0 5 2
Pagurus anachoretus
(Risso, 1827) 7 7%
Paguridae Pagurus cuanensis (Bell, 1845) 6 0 3 2
Pagurus excavatus (Herbst, 1791) 6 0 0 0
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Palaemon elegans
(Rathke, 1836) 2 0 0 0
Palaemonidae -
Typton spongicola 0 0 0 1
(O.G. Costa, 1844)
Pilumnus hirtellus
(Linnaeus, 1761) 4 8 > 3
Pilumnidae - —
Pilumnus spinifer 0 0 0 8
(H. Milne Edwards, 1834)
" Polybius depurator
Polybiidae (Linnaeus, 1758) 1 0 o0 1
Porcellanidae Pisidia bluteli (Risso, 1816) 121 27 87 62
Processa a(.:utzrostrzs (Nouvel a1 5 1
Decapoda & Holthuis, 1957)
Processidae Processa macrophthalma
ARTHROPODA Malacostraca (Nouvel & Holthuis, 1957y ° 0 0 4
Processa sp. 0 0 10 O
. " Sicyonia carinata
Sicyoniidae (Briinnich, 1768) 0 1 2 2
Eualus cranchii (Leach, 1817) 0 8 0
Thoridae Eualus occultus (Lebour, 1936) 0 0 0
Eualus sp. 1 3 2
Xantho pilipes 1 1 4 1
Xanthidae (A. Milne-Edwards, 1867)
Xantho poressa (Olivi, 1792) 0 2 4 3
Idoteidae Idotea sp. 0 0 1 0
Isopoda -
- Isopoda indet. 1 0 0 1
Pycnogonida Pantopoda Pycnogonidae Pycnogonidae indet. 0 0 9 0
Arbacioida Arbaciidae Ar.bacm fixula 0 0 0 1
L. (Linnaeus, 1758)
Echinoidea
. Sphaerechinus granularis
Camarodonta Toxopneustidae (Lamarck, 1816) 0o 0 o0 1
Dendrochirotida  Cucumariidae Ocnus planci (Brandt, 1835) 1 0 0 0
ECHINO- Holothuria forskali 0o o0 2 2
DERMATA Holothuroidea (Delle Chiaje, 1824)
Holothuriida Holothuriidae
Holothuria (Holothuria) 0 ” 3 2
tubulosa (Gmelin, 1791)
Ophiothrix fragilis
Ophiuroidea Amphilepidida Ophiotrichidae (Abildgaard in 2 0 3 0
O.E. Miiller, 1789)
. Clavelina lepadiformis
Clavelinidae (Miiller, 1776) + + + +
CHORDATA Ascidiacea Aplousobranchia . . Didemnum sp. + + + +
Didemnidae - .
Diplosoma spongiforme + o+ o+

(Giard, 1872)
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Ascidia mentula (Miiller, 1776) 8 0 5 2
Phallusia fumigata 1 0 1 1
Ascidiidae (Grube, 1864)
Phlebobranchia Phallusia mammillata 9 2 5 3
(Cuvier, 1815)
Ascidiacea Cionidae Ciona intestinalis 1 0 0 0
(Linnaeus, 1767)
Pyuridae Microcosmus sp. 6 3 0 0
Botryllus schlosseri
Stolidobranchia + + + +
Styelidae (Pallas, 1766)
Styela plicata (Lesueur, 1823) 2 0 0 0
Elasmobranchii ~ Torpediniformes  Torpedinidae (]EZ ;golrg%r)nomta 1 0 0 0
.. . . Branchiostoma lanceolatum
Leptocardii - Branchiostomatidae (Pallas, 1774) 0 1 0 0
Parablennius gattorugine
(Linnaeus, 1758) 1 0 0 0
Parablennius incognitus
CHORDATA Blenniiformes Blenniidae (Bath, 1968) 0 1 1 1
Par?blm.inzus tentacularis 1 0 1 0
(Briinnich, 1768)
Eupercaria . Symphodus cinereus
incertae sedis Labridae (Bonnaterre, 1788) 1 0 0 0
Gobius cruentatus
(Gmelin, 1789) 0 0 2 0
Teleostei Gobius fallax (Sarato, 1889) 0 1 0 0
Gobius geniporus
(Valenciennes, 1837) 3 0 0 0
Gobiiformes Cobiidae Gobius niger (Linnaeus, 1758) 1 0 4 3
Gobius paganellus
(Linnaeus, 1758) 2 1 1 0
Pomatoschistus pictus
(Malm, 1865) 0 0 0 1
Pomatoschistus sp. 0 1 0 0
Zebrus zebrus (Risso, 1827) 0 3 4
Perciformes Serranidae Serrarus hepatus 0 0 2 1

(Linnaeus, 1758)

Abundance by category showed motile species contributing with 1138 individu-

als (51%), while sessile species accounted for 1087 individuals (49%), out of a total of

2225 individuals. Substrate preferences indicated hard-bottom species with 1366 individ-

uals (62%), soft-bottom species with 408 individuals (18%), and species that can inhabit

both substrate types with 451 individuals (20%). Species richness by category included

119 motile species (65%) and 64 sessile species (35%), with hard-bottom species number-
ing 83 (45%), soft-bottom species 40 (22%), and mixed species 60 (33%), out of a total of

183 species (Figure 8).
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Figure 7. Variations in the number of individuals and number of species of the most abundant animal
classes observed in the shells of dead P. nobilis across both locations during the entire research period.
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Figure 8. Distribution of macrofaunal abundance and diversity by mobility and substrate preference
associated with shells of dead P. nobilis.

Across all sampling locations and seasons, an average of 28.58 £ 19.87 individuals
was found on the 80 analyzed shells of dead P. nobilis. The lowest abundance was recorded
during summer, with just 3 individuals observed on a horizontally positioned shell in
Valovine Bay, while in spring, the highest number was recorded, with 110 individuals on
a vertically positioned shell in Soline Bay. Across seasons and orientations, horizontally
positioned shells in Valovine Bay during summer had the lowest average abundance
(10.6 = 11.0), in contrast to vertically positioned shells in Soline Bay during spring, which
exhibited the highest average abundance (72.2 & 31.2) (Figure 9).
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Figure 9. Seasonal variation of the average number of organisms per shell of dead P. nobilis based on
their position and location (mean value + standard deviation). Abbreviations of bays: Valovine Bay
(V) and Soline Bay (S).

A comparison of the average number of organisms per shell between the two locations
throughout the entire research period indicated a greater number of individuals inhabiting
empty shells in Soline Bay (35.2 = 21.9) compared to Valovine Bay (21.95 £ 15.2) (Figure 10).
The non-parametric Mann-Whitney U test revealed a statistically significant difference in
the number of organisms per empty noble pen shell between the two investigated locations
(p =0.001).
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Figure 10. Comparison of the number of organisms (mean value + standard deviation) per shell of
dead P. nobilis at both locations during the entire research period. The asterisk indicates a statistically
significant difference (* Mann-Whitney U test, p = 0.001).

Furthermore, Soline Bay had a higher average number of organisms per shell of
dead individuals compared to the shells of dead individuals collected in Valovine Bay
throughout all four sampling seasons (Figure 11). The non-parametric Mann-Whitney
U test revealed a statistically significant difference between the investigated locations in
spring (p = 0.001). Seasons had a greater influence in Soline Bay (Kruskal-Wallis test:
H, p = 0.007) compared to Valovine Bay (Kruskal-Wallis test: H, p = 0.02) when the number
of individuals was compared by season. At Soline Bay, a statistically significant difference
was found in the number of individuals inhabiting noble pen shells in spring and summer
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(Mann-Whitney test, p = 0.004), while at Valovine Bay, a difference was found in spring and
winter (Mann—-Whitney test, p = 0.037). Additionally, the number of organisms in both bays
increased from summer to winter, and in winter reached the average maximum abundance
in Valovine Bay (31.40 &+ 17.0), while the maximum in Soline Bay was reached in spring
(55.00 % 30.4). The lowest average abundance of organisms in Valovine Bay was recorded in
spring (15.10 % 4.5), while in Soline Bay, the minimum was recorded in summer (23.60 & 17.4).
The Shannon-Wiener index throughout the entire survey for Valovine Bay was 3.89 and for
Soline Bay, 3.47.
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Figure 11. Comparison of the number of organisms (mean value + standard deviation) per shell
of dead P. nobilis at both locations for each sampling season. The asterisk indicates a statistically
significant difference (* Mann-Whitney U test, p = 0.001).

Generalized linear mixed models (GLMM) for abundance showed a significant main
effect of season (x? = 12.19, p = 0.006) and position (x> = 14.21, p < 0.001) but not for
the interaction (x> = 3.70, p = 0.29). Vertical shells tended to have a greater abundance
(Figure 12). Regarding season, the post hoc test indicated significant differences only
between spring and summer (z = 2.87, p = 0.02) as well as between summer and winter
(z=—3.29, p = 0.005). During summer, total abundance tended to be lower in comparison
to winter and spring (Figure 13).
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Figure 12. Boxplots by position: abundance, richness, and diversity (Shannon-Wiener diversity).
Different letters indicate significant differences according to the GLMMs.
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Figure 13. Boxplots by season: abundance, richness, and diversity (Shannon-Wiener diversity).
Different letters indicate significant differences according to Tukey post hoc pairwise comparisons.

Results for richness were similar to the ones obtained for abundance. Analysis showed
a significant effect of season (x? = 9.59, p = 0.02) and position (x? = 9.07, p = 0.03), but not for
the interaction (x? = 1.53, p = 0.67). Vertical shells tended to have a higher species richness
than horizontal ones (Figure 10). Seasonal differences were found only between autumn
and summer (z = 2.79, p = 0.03), with a tendency for a lower number of species during
summer (Figure 13).

Regarding diversity, significant effects were found for season (F = 4.26, p = 0.008)
but not for position (F = 2.07, p = 0.15) or the interaction (F = 0.31, p = 0.06). Significant
differences in diversity were found only between autumn and spring (t = 3.39, p = 0.006),
with diversity being higher during autumn in comparison to spring (Figure 13).

Correspondence analysis results are depicted in Figure 14. No clear pattern of ordina-
tion by season and position was found. However, a few samples were remarkable. Some
samples of vertical shells analyzed in spring showed a clear association with S. spallanzanii.
A couple of autumn and spring vertical shells seem to be associated with C. erythropus
abundance. The chi-square test indicated a significant association between species and
samples (x* = 5334, p < 0.001). The first two CA axes accounted for 35% of variability in the
data set.
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Figure 14. Correspondence analysis biplot showing species and sample associations.

The NMDS with all species is shown in Figure 15. Clear separation between vertical
and horizontal shells was observed only in spring. Another clear separation was observed
between winter and summer, which was more conspicuous between summer vertical and
winter horizontal shells. These results were supported by PERMANOVA results, which
showed a significant effect of the interaction season x position (F = 1.43, p = 0.01), as well as
for main effects of season (F = 4.10, p < 0.001) and position (F = 2.10, p = 0.002). Polychaetae
assemblages differed between vertical and horizontal shells depending on the season. Some
differences in seasons were dependent on the shells” position.
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Figure 15. NMDS scatter plot. Solid lines indicate spread of horizontal shell data points. Dashed
lines indicate the spread of vertical shell data points. Analysis was run with three dimensions; for
simplicity, only the first two dimensions are displayed. Stress = 0.2.
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4. Discussion

Understanding biodiversity and abundance dynamics of macrofauna associated with
the shells of dead P. nobilis is valuable for ecological research and conservation efforts.
Shells of dead individuals serve as essential habitats for various marine organisms, of-
fering both refuge and substrate for settlement in sedimentary environments. Pinnidae,
including P. nobilis, are recognized as ecosystem engineers due to their ability to modify
habitats by providing structural complexity in otherwise homogeneous sedimentary bot-
toms, enhancing biodiversity, and supporting epifaunal and infaunal communities [39-41].
This role is well documented in studies of related species like Pinna spp. and Atrina spp.,
where shell structures increased local species richness by offering attachment surfaces
and shelter [21,42]. An in situ experiment transplanting empty P. nobilis shells into a bare
soft-bottomed area revealed a significant engineering effect, with species richness, abun-
dance, and diversity increasing compared to the relatively stable surrounding soft-sediment
communities [43]. This supports the role of P. nobilis as an ecosystem engineer, enhancing
habitat complexity and biodiversity, consistent with our findings of elevated macrofaunal
abundance and diversity associated with the shells of dead individuals. A manipulative
experiment in an urban estuary showed that artificial Pinna bicolor shell mimics, both open
and closed, quickly increased epifaunal biodiversity and provided settlement surfaces for
epiphytes within 12 weeks [44]. While sediment and infaunal composition remained largely
unchanged, these results support the role of pinnid structures in enhancing aboveground
ecological communities, aligning with our findings on P. nobilis shells.

The seasonal increase in the number of organisms and species richness followed
the decrease in temperature from summer to winter. Knott et al. [45] compared species
richness with temperature change and found a positive proportionality. The authors
elaborated in their study that the link stems from seasonal variation in food availability,
which is closely related to temperature and phytoplankton blooms. Our results show
an inverse proportionality between the abundance and species richness in relation to
temperature changes, except during spring in Soline Bay, likely due to eutrophication
processes occurring during that season, when the sea starts to warm up and the first
phytoplankton bloom appears. The previously mentioned inverse relationship between
organism abundance or species richness and temperature changes can be attributed to the
global warming of sea temperatures due to climate change. Higher temperatures during
warmer winter months can shift the reproduction periods of marine invertebrates and thus
cause a seasonal change in the distribution of species [46]. In coastal marine ecosystems,
dense populations of suspension feeders represent a significant component both in terms of
biomass and abundance [47]. The most dominant species was Sabella spallanzanii (72% of all
recorded individuals), a filter feeder typical of eutrophic environments, where it can reach
high densities, up to 800 individuals per square meter [48]. The size and abundance of
this polychaete in spring align with its seasonal reproductive shift, a phenomenon driven
by climate change, specifically the rise in sea temperatures, which can lead to earlier or
extended reproductive cycles in marine invertebrates [49]. In soft as well as hard bottoms,
polychaetes often represent the most dominant macrofaunal taxa, both in abundance as well
as in the number of species and biomass [50-52], which is in accordance with the results of
this study. In addition to Sabella spallanzanii, one of the most abundant polychaete species
in this study was Nereis rava, typically associated with sciaphilous algal or coralligenous
habitats [53], which are similar to the conditions found within P. nobilis shells.

The size of shells of dead P. nobilis showed no correlation with the number of individ-
uals, consistent with findings from studies on mollusk communities associated with the
shells of dead P. nobilis [6]. The positive correlation of species richness and abundance of
organisms with habitat area is a generally accepted hypothesis, but it can be influenced
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by many factors [54]. Research conducted on the fouling and epifauna of living P. nobilis
organisms confirmed this hypothesis [55,56]. Deviation of the results by lannucci et al. [6]
from the stated hypothesis, as well as those of this study, could be attributed to the sampling
of shells of similar sizes. Giacobbe [55] studied the mollusk community on live P. nobilis
and came to similar conclusions in samples with noticeable cracks on the shells. Thus, one
can expect that abundance and diversity are dependent on the area available, confirming
the original hypothesis. The differences in the average sizes of vertically and horizontally
positioned shells of dead P. nobilis in this study can be explained by three hypotheses. The
first is the greater resistance of larger shells to sea currents and perturbations in the environ-
ment due to the larger surface area of the shells buried in the sediment, which strengthens
the shells. The second hypothesis considers the faster decomposition of the horizontal
shells, which touch the chemically active sedimentary bottom with a larger surface area
than the vertically positioned shells. And lastly, horizontal shells will be more easily buried
in the sediment. Soline Bay is tucked into the land, and the influence of waves and water
currents is less pronounced than in Valovine Bay, which results in a lower intensity of
abrasion and, consequently, greater preservation of the shells. Another possibility could
be the increased anthropogenic influence on the shells of the dead P. nobilis population in
Valovine Bay, where tourism and snorkeling can be the cause of damage.

It is important to point out the species R. dubia and its influence on the degradation
of the shells of dead P. nobilis. This bivalve can live inside the shells of other bivalves
that it bores through mechanical and chemical erosion [57]. The number of these bivalves
could reduce the temporal availability of the habitat of the shells of dead P. nobilis. The
polychaete Sabella spallanzanii can influence macrofaunal assemblages by altering habitat
structure and hydrodynamic conditions. Its physical presence can reduce the abundance
of surface-dwelling crustaceans, likely due to changes in sediment stability, oxygen levels,
and organic matter availability. Additionally, it may impact larval supply by filtering
larvae from the water column and shading the substrate, affecting recruitment patterns [58].
Furthermore, climate change-driven shifts in ocean currents and storm intensity may
exacerbate these hydrodynamic effects, accelerating habitat destabilization and altering
the long-term viability of species that rely on P. nobilis shells for shelter and settlement.
Increased frequency of extreme weather events, coupled with ocean acidification, may also
accelerate shell degradation, reducing the availability of these critical microhabitats for
benthic communities [59].

The shells of dead P. nobilis proved to be home to a vast number of macrofauna.
The average abundance of 21.95 organisms per sample in Valovine Bay and 35.20 in
Soline Bay indicate the great role of shells of dead P. nobilis in the biocenoses of silty
sands of protected coves. Sandy and muddy bottoms are generally places with fewer
organisms than associated habitats such as seagrass meadows and rocky bottoms, which
provide sheltered, stable, and productive habitats for the development of different stages
of organisms, especially juvenile fish [60,61]. However, sedimentary bottoms receive less
research attention compared to habitats prioritized for protection despite being the most
widespread in coastal areas worldwide. This is partly due to their sheer abundance and
the undervaluation of invertebrate biodiversity and ecosystem functions in these habitats,
which are often overlooked in marine spatial planning [62]. The importance of P. nobilis
on sedimentary beds was recognized during the animal’s lifetime, but this work adds
importance to their shells even after death. Whether they serve sessile organisms as a
substrate for growth or provide protection for small organisms from predators, the shells
of dead P. nobilis have become a place of accumulation for a variety of animals.

The shells of dead P. nobilis provided shelter for a significantly higher number of
individuals in Soline Bay compared to Valovine Bay. The explanation for this lies in the
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specific characteristics of these two bays. The previously mentioned eutrophication of
Soline Bay results in a higher amount of available food, which may be one reason for the
greater number of organisms. While larger shells theoretically offer a greater surface area
for settlement, our results indicate no statistically significant correlation between shell size
and macrofaunal abundance. Increased anthropogenic influence in Valovine Bay is one
of the factors that could negatively affect the community of P. nobilis shells. Despite these
factors, the overall Shannon-Wiener biodiversity index showed a lower value in Soline Bay.
This is a consequence of the unevenness within the community, with a large dominance of a
few species: S. spallanzanii, Anomia ephippium, R. dubia, and P. bluteli. The latter two species
are also present in large numbers in Valovine Bay, where they do not show a dramatically
higher abundance compared to other species. Besides the significant difference between the
sampling locations, there is also a notable difference in the abundance of organisms among
the shells of dead P. nobilis found in different positions (vertically or horizontally located
on the sea floor). The lower average abundance of organisms in the horizontally positioned
shells of dead P. nobilis could be due to the fact that the large portion of the shell facing the
sediment is unavailable for settlement by sessile organisms. However, during sampling, a
large number of fish from the family Gobiidae were observed using the space between the
shell and the sediment as shelter. Moreover, the two most abundant species of sampled fish,
Zebrus zebrus (25%) and Gobius niger (20%), used to prefer sedimentary habitats with stones
and vegetation, which were present in the horizontal dead noble pen shells [63,64]. Indeed,
the sampling method made it difficult to collect samples from beneath the horizontally
positioned P. nobilis shells, allowing some fish to escape.

It is important to mention that the two crustacean species, Nepinnotheres pinnotheres
and Pontonia pinnophylax [65], which inhabit living pen shells, were not observed. Corriero
and Pronzato [56] identified 35 species from the phylum Porifera on 14 live P. nobilis individ-
uals from the Tyrrhenian Sea, while only nine species were found in this study. However,
conclusions should not be drawn from this comparison due to differences in sampling loca-
tion and depth (10-20 m), as well as the fact that the aforementioned study was conducted
by sponge specialists. The same applies to a study on the mollusk community of live
P. nobilis along the coast of Sicily, which recorded 101 species of gastropods and 18 species
of bivalves [55]. However, the most relevant comparison is with a study conducted on
dead noble pen shells from the Gulf of Trieste by lannucci et al. [6]. This study recorded
57 species of gastropods, 38 species of bivalves, and four species of polyplacophorans,
which are proportionally similar to the numbers found in the present study. The dominance
of the same bivalve species (R. dubia) was observed, along with similar abundances of
Rhyssoplax olivacea, A. ephippium, and Tritia incrassata. Further comparisons will require the
development of models of functional diversity and trophic composition of the sampled
community, which would provide greater insight into the significance of this habitat.

This study underscores how seasonal changes and habitat orientation influence ecolog-
ical communities associated with shells, providing valuable insights into coastal ecosystem
dynamics. Both season and shell position were identified as major drivers of organism
abundance and species richness, with vertical shells consistently supporting more individ-
uals and greater species diversity than horizontal ones, likely due to improved shelter or
resource availability. Abundance and richness declined noticeably in summer, likely due
to environmental stress such as heat or desiccation. Conversely, autumn showed a peak
in diversity, suggesting a recovery phase with a more balanced community structure. In
contrast to abundance and richness, diversity showed no clear relationship to shell posi-
tion, indicating that while orientation affects numbers and variety, it does not necessarily
influence species evenness. Community composition varied with both season and shell
position, with some seasons highlighting more pronounced differences between vertical
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and horizontal shells and specific species associations emerging under certain conditions,
such as certain taxa thriving in spring vertical habitats. These findings are consistent with
broader ecological research, such as studies showing seasonal declines in stressed benthic
communities [66] or habitat complexity promoting species richness [67], though our lack
of combined season—position effects contrasts with the synergistic influences observed
in other studies [68]. Overall, these results highlight how temporal and spatial factors
independently shape community structure, with important implications for resilience and
habitat roles in dynamic marine ecosystems.

The results also highlight motile species slightly outnumbering sessile ones in abun-
dance and showing greater diversity, while hard-bottom species dominate in both abun-
dance and richness compared to soft-bottom species and species that can inhabit both
substrate types. This motile dominance, driven by taxa like Pisidia bluteli, suggests that
shells serve as refuges or foraging hubs for mobile predators and scavengers, possibly due
to their structural complexity offering protection in a soft-bottom environment. Meanwhile,
the strong presence of sessile hard-bottom species, such as Rocellaria dubia and Anomia
ephippium, alongside soft-bottom species like Loripinus fragilis, reflects the shells” dual role
as a habitat—offering hard exterior surfaces for attachment and boring organisms, and
sediment-filled interiors for burrowing fauna, as noted for other pen shells species [21]. The
notable abundance of hard-bottom species, combined with high diversity across Mollusca,
Crustacea, and Polychaeta, emphasizes the shells” importance as a biodiversity hotspot,
likely enhancing ecological interactions in otherwise uniform seabed environments. This
mirrors findings by Hewitt et al. [40], who noted that spatial configuration of biogenic
structures, like different sizes of shells debris patches, drives community variability. Shells
of dead P. nobilis play an important role in supporting diverse macrofauna, with sig-
nificant variations in species composition and abundance influenced by environmental
factors. Our findings emphasize the ecological importance of such habitats, particularly
in sedimentary coastal areas, and highlight the need for further research into their role in
marine biodiversity.

5. Conclusions

Despite being a transient habitat, the shells of dead P. nobilis play a valuable role in
maintaining marine biodiversity and ecosystem structure. Their rigid, three-dimensional
structure offers a rare hard substrate in predominantly soft-bottom environments, facilitat-
ing the settlement of sessile organisms and providing shelter for motile macrofauna. This
function is particularly important in sandy or muddy coastal ecosystems found along the
northern Adriatic. The presence of diverse taxa, including commercially and ecologically
significant species, suggests that the remains of P. nobilis provide local hotspots of biodiver-
sity, trophic dynamics, and habitat complexity lasting several years. Additionally, the role
of P. nobilis shells as nursery grounds for juvenile fish and invertebrates highlights their
importance in sustaining population connectivity and ecosystem resilience even after the
organism’s demise. Given the widespread decline of P. nobilis populations, understand-
ing the ecological functions of the shells of dead individuals is essential for conservation
and management strategies. Future studies should explore the functional diversity and
trophic interactions within these temporary habitats, as well as the role of associated flora
in shaping the community composition. Considering the inevitable complete degradation
of P. nobilis shells in the years to come, it is necessary to assess whether artificial struc-
tures or habitat restoration efforts could compensate for their loss. Finally, raising public
awareness—especially among coastal stakeholders and tourists—about the ecological im-
portance of P. nobilis and its post-mortem contributions to marine biodiversity is important
for fostering conservation initiatives and promoting the protection of soft-bottom habitats.
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