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Abstract: Emerging evidence of rhodolith bed complexity and heterogeneity poses a challenge to
monitoring strategies and questions about the role of abiotic factors in controlling the observed
morphostructural diversity. Mollusk thanatocoenoses quickly respond to environmental conditions,
expressing fidelity to biocoenosis and representing, thus, a useful ecological/paleoecological tool
to unravel this heterogeneity. In this research, we studied three distinct rhodolith beds from the
Tyrrhenian Sea (Italy), in a range between 40 and 100 m of water depth, together with their mollusk
thanatocoenoses, sediment size, and oceanographic conditions. The beds are all heterogeneous
and rarely correspond to a specific rhodolith morphotype and shape. On the contrary, the study
of the associated thanatocoenoses led to distinguish at least five different assemblages within the
known variability of the Coastal detritic (DC) association. DC and deep mud (VP) mollusk species
dominate hanatocoenosis A, which is associated with mixed sediment and a low hydrodynamic
regime. Thanatocoenosis B corresponds to an assemblage in which DC species mixed with species of
adjacent vegetated bottoms in sandy sediment with a medium hydrodynamic. Thanatocoenosis C
includes species related to muddy coastal detritic (DE) and offshore detritic (DL) associated with sand
and a variable proportion of praline and branch morphotypes. Thanatocoenoses D and E include a
wide range of detritic species (DE DC, DL) together with VP and coralligenous (C), associated with
exclusive praline and gravelly sand (Thanat. D), or a mixed proportion of branch and praline and
mixed sediment (Thanat. E). Our results demonstrate that the study of mollusk thanatocoenoses
provides insights into the diversity within and among heterogeneous rhodolith beds. Moreover,
rhodoliths, as part of the sediment, create microhabitats suitable for a wide range of mollusk species
that contribute to the formation of complex thanatocoenoses.

Keywords: rhodolith beds; morphotype; mollusk; thanatocoenosis; shape; grain size; currents;
Mediterranean benthic bionomics; environmental gradient; habitat heterogeneity

1. Introduction

Rhodoliths are free-living biogenic nodules of calcareous red algae [1]. They are ex-
tensively distributed across the Mediterranean Sea, where they form large beds (living
rhodoliths >10%) between 9 and 150 m of water depth, typically within 30 and 75 m, and
generally located around islands and capes, on top of submarine plateaus, seamounts, ma-
rine terraces, channels, and banks [2,3]. In the last three decades, rhodoliths have received
more and more attention because their occurrence and three-dimensional structure amplify
the complexity of the seafloor as a habitat for a diverse community and a local hotspot
of biodiversity, providing a suite of ecosystem goods and services [4]. For these reasons,
rhodolith beds have been included in the list of marine benthic habitats of high conservation
interest and subjected to a special plan for protection within the framework of the United
Nations Program’s Mediterranean Action Plan [5,6]. Rhodolith beds are one of the marine
habitats included in the monitoring programs of the European Marine Strategy Framework
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Directive 2008/56/EC. These beds represent an important transition between soft, mobile
substrates and hard, stable ones [7,8]. Interestingly, they display considerable resilience to
varying environmental disturbances [9]. Water flows such as waves and currents and bio-
turbation by benthic vagile invertebrates, and some fish species, have often been indicated
as factors that avoid smothering by burial and the overgrowing by other organisms [9–20].
Furthermore, rhodoliths are often associated with sedimentary structures produced by hy-
drodynamics, such as ripple marks and dunes [13–16]. Up to now, only rare and qualitative
indications exist based on field measurements, experimental models, tanks, current velocity,
and frequency related to specific rhodolith shapes or morphotypes [21–25]. Consequently,
the relationship between rhodolith outer/inner structure and water energy/water depth
is still debated, and straightforward paleoenvironmental interpretations based solely on
rhodoliths morphology/structure are difficult to achieve [7,26–30]. Each rhodolith presents
different features in terms of algal composition (mono- and multi-specific), nucleus (pres-
ence/absence/type), morphotype (pralines, branches, and boxwork sensu Basso [22,31]),
and shape (ellipsoidal, discoidal, spheroidal sensu Bosence [32]). These properties should
be integrated when discussing the hydraulic behavior of rhodoliths or the relationship
between rhodoliths and biota [22,23]. A spherical praline of a given diameter has a much
higher density and little internal three-dimensional space available for faunal dwellers
compared to a highly branched form (branches = maerl sensu stricto) [4,22,23]) with the
same diameter. Moreover, the comparison of available data of current velocities reveals
a difference of one or two orders of magnitude in Atlantic superficial maerl currents vs.
Mediterranean deep rhodolith beds currents, which may contribute to explain the variable
patterns shown by rhodoliths shape/size along depth gradients [24,25,33].

Several models linking rhodolith shape/size/structure to depth/environmental gra-
dients have been proposed [1,10,14,15,18,23,28,31,32,34–40]. At the bed scale, rhodolith
features should be representative, ideally, of a specific combination of environmental con-
ditions. The picture that emerges is instead complex and sometimes contradictory [30],
which supports the idea that rhodoliths beds are a largely heterogeneous habitat and that
rhodolith morphotypes and shapes observed in each bed do correspond to an unequivocal
environmental setting [24]. This is the reason why selecting a model in paleoecological
research should be based on careful consideration of the overall environmental context.
To overcome this paleoenvironmental limitation, the study of associated biocoenoses and
thanatocoenoses (=dead assemblages) could serve as a useful independent tool. Mollusks
are generally long-lived organisms that form a well-structured autochthonous assemblage
in years or even decades. Such assemblages correspond to local populations composed of
individuals of different ages, from juveniles to adults. A well-structured mollusk assem-
blage requires a quite stable environment, at least at the scale of the mollusks life span [25],
but also that the assemblage acquires its character within a biotope that is in dynamic
equilibrium, demonstrating both short- and medium-term variability [41]. Considering the
time scale for the development of rhodoliths and rhodolith beds (at least few mm y−1), the
associated mollusk thanatocoenoses are time-averaged and should reflect their environment
over a longer time scale that filters out shorter-term variation and local oscillations [42–46].
Additionally, mollusks often show strong fidelity to specific environmental factors, such as
current, input of organic matter, or substrate type and composition that easily outline spe-
cific ecological and environmental requirements and paleoecological significance. Lastly,
mollusk shells are generally well preserved, and they are objects of several models of
benthic zonation, based either on communities [47] or on biocoenosis [48,49], specifically
developed for the modern Mediterranean Sea [50,51]. In the framework of the Italian
Marine Strategy Framework Program, samples were collected from three rhodolith beds
across the Tyrrhenian Sea (Italy), which were partially described in previous papers [24,30].
The current research aims at characterizing the mollusk thanatocoenoses associated with
these heterogeneous and complex rhodolith beds with the goal of using them as a tool
to decipher analogies and differences within and among beds. This approach can also
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represent a key instrument for the paleoenvironmental reconstruction of the abundant
rhodolith fossil records.

2. Materials and Methods
2.1. Sampling

Different rhodolith beds were explored in the framework of the Italian Program
for the Marine Strategy Framework Directive [52] during several oceanographic cruises
between 2017 and 2019 (Figure 1). In all cases, the occurrence of rhodolith beds was
confirmed by remote and direct surveys, using a Multibeam Echosounder for the mapping
of the extension and Remote Operated Vehicle inspections for ground-truthing [3,24,30].
Rhodoliths from the Pontine Islands were extensively studied [18,31,53], whereas for the
Egadi Islands and Sardinia less is known and only partially described in [24,30]. In this
research, study locations were denoted as stations (Pontine Island, Egadi Islands, and
Sardinia, Figure 1). Within each station, two (Egadi Islands) or three (Pontine Islands
and Sardinia) sites were identified. At each site, three replicate samples were collected
by a Van Veen grab (30–60 L or by scuba diving, totaling 24 samples. A sub-sample of ca.
200 g was immediately separated from each replicate for grain size analyses and mollusk
thanatocoenosis study.

Figure 1. Map with the stations where samples have been collected. Service Layer Credits: Esri,
Garmin, GEBCO, NOAA NGDC, and other contributors.

2.2. Rhodoliths

Living rhodoliths were manually collected from each replicate. Each rhodolith was
then defined as belonging to boxwork, praline, or branch morphotypes following [3,23,31].
To evaluate rhodolith size and their contributions to the beds, boxwork, and pralines with
at least one axis greater than 2 cm were separated and measured along the long (a), inter-
mediate (b), and short (c) axes. These measures were elaborated with TriPlot [54] to define
their shape. To reconstruct the coverage of each morphotype within each replicate, all the
living rhodoliths, previously separated, were displayed on a sheet of graph paper, one
next to the other. We then measured the area covered by each morphotype (cm2). Results
were also expressed as percentages. Branches in fruticose rhodoliths were frequently frag-
mented; therefore, this procedure was not applied to the fruticose morphotype. Branches
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were separated into thicker or thinner branches, with a diameter greater or lesser than
0.5 mm, respectively.

2.3. Grain Size and Mollusks

The sub-samples of ca. 200 g, originally separated from each replicate, were used for
wet grain size analysis. Mollusk shells were manually sorted from the >1 mm fraction
obtained by grain size separation, following Basso and Corselli [44,49] to reconstruct the
thanatocoenoses. Mollusk shells were identified with a binocular microscope and counted
following [44,49]. Status (J for juvenile, A for adult, and P for population) and conservation
(range from 0 to 5) of shells were indicated following [44,49]. Bivalve length and gastropod
height were measured to indicate the size of the mollusk shells. Data on their biology,
environmental significance, and biocoenosis fidelity sensu Pérès and Picard [50] were
extracted from the literature [49–51].

2.4. Environmental Data

Oceanographic data (temperature and current referred to the depth at which replicates
were collected) were retrieved from a high-resolution physical reanalysis dataset: the
MEDSEA product from the Mediterranean Sea Monitoring and Forecasting Centre [55]. The
product is based on the Nucleus for European Modeling of the Ocean (NEMO) numerical
model with a horizontal grid spacing of 1/24◦ (roughly 5 km) and 141 stretched vertical
levels (a higher number of levels is present in the upper 80 m). The numerical model
assimilates observations of temperature, salinity, and sea level anomaly. Monthly mean
values were extracted in the year of the sampling and in the previous year, according to the
sites (2015–2016 for the Egadi and Pontine Islands and 2019–2020 for the Sardinian sites).
An area of roughly 25 km × 25 km centered on each sampling site and at a depth of the
samples was defined to average the quantities of interest. This procedure was followed
with the aim of reducing the noise derived from relying on a single point of the numerical
model. Current velocity was expressed in cm s−1.

2.5. Statistics

Univariate measures of diversity were calculated (total number of species, total number
of specimens, Shannon diversity). Multivariate statistics were computed to interpret
similarity among stations based on mollusk shells abundance data. The package used for
computer statistics was PRIMER v.7 (Plymouth Marine Laboratory). For the multivariate
analysis, the pre-treatment of the dataset for mollusks was needed. Species that occurred
only as one specimen in one replicate were excluded because they did not contribute to the
similarity [44,49,56,57]. Species occurring only as juvenile specimens were also excluded
because of their poor contribution to the environmental interpretation. Moreover, we
also excluded those species that were ubiquitous and often present with high numbers
of specimens (e.g., Bittium reticulatum) because their numerical dominance masked the
structure of the shell assemblage [56,57]. This reduced dataset was named Reduction 1. We
also extracted from the whole dataset only those species that expressed specific fidelity to
biocoenosis in the framework of the benthic marine bionomics [49–51]. This reduced dataset
was named Reduction 2. In the framework of a quantitative approach, a first hierarchical
agglomerative clustering and non-metric multidimensional scaling (MDS) ordination were
performed on both datasets of double square root transformed abundance data. Cluster
analysis based on Bray–Curtis similarity has been used for the hierarchical classification of
mollusk abundance data. The MDS is a non-parametric method that uses the rank order of
similarities between samples rather than their absolute values. The method was considered
to be statistically very robust and sensitive in community studies [56,57]. Double square
root transformation reduces the over-representation of ubiquitous and abundant species,
and when coupled with the Bray–Curtis similarity index, the obtained similarity coefficient
is invariant to a scale change (e.g., the dimension of the sample) [56]. The most important
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species were identified on the base of their contribution to the similarity/dissimilarity
within and between the clusters.

An environmental dataset for the same stations was created, including morphotype
coverage (percentage per morphotype per replicate), grain size (mud, sand, and gravel
percentage), depth, current (cm s−1), and temperature (◦C) (minimum, maximum, and
mean values considering 2 years). Principal component analysis (PCA) was conducted to
explore which factor drove the differences among replicates, sites, and stations.

3. Results
3.1. Rhodoliths

Rhodolith morphotype coverage at the studied stations indicated that the beds were
generally heterogeneous (Figure 2). Praline was the most abundant morphotype but ex-
clusive only at site Egadi2, followed by branch (Figure 2). Moreover, pralines were often
smaller than 2 cm (Supplementary File S1). Branches were common but abundant only at
site Pontine2, where they were generally thicker than in the other sites (Supplementary
File S1). Boxwork morphotype was rarer and basically only appeared in the sites Egadi1
and Santa Caterina (Figure 2). Boxworks often had dimensions greater than 2 cm (Sup-
plementary File S1). Moreover, considering praline and boxwork with at least one axis
greater than 2 cm, TRIplot diagrams (Figure 3) showed a strong heterogeneity in terms of
shape (Figure 3). Only Sardinian rhodoliths significantly approached the sub-spheroidal to
spheroidal shape (Figure 3).

Figure 2. Bar graph with the morphotype coverage per station and site. Red is for boxwork, black is
for pralines, and green is for branches.

Figure 3. Triplot graphs with rhodolith (only >2 cm) shapes at Egadi, Pontine, and Sardinia stations,
respectively. Black is for pralines, and red is for boxworks.
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3.2. Mollusks

The identified mollusk thanatocoenoses totalized 197 species and 5731 specimens
(Table 1, Supplementary File S2). The number of species per replicate ranged between
12 (MS16_132) and 52 (SC3); the number of specimens per replicate ranged between
46 (MS16_132) and 774 (Supplementary File S2) (Table 1, Supplementary File S2). More
bivalves than gastropods characterized the Egadi station, whereas the opposite was for both
the Pontine and Sardinia stations (Supplementary File S2). Mollusk shells were often adult
shells or representative of a wide size corresponding to population (Supplementary File
S2). Bivalve length ranged between 1 mm and 1 cm, with a mean value <5 mm; gastropods
height ranged between 1 mm and 2 cm, with a mean value of 4 mm. Sardinia station had the
highest species richness (136) with respect to Egadi (93) and Pontine (72) stations. Shannon
diversity ranged between 0.58 (MS16_141) and 0.95 (SC1) (Table 1). The cluster analysis
based on the dataset Reduction 1 identified six clusters of replicates at 25% of Bray–Curtis
similarity (Figure 4, Supplementary File S2). A dendrogram based on dataset Reduction
2 (Figure 5, Supplementary File S3) identified five clusters with a higher similarity rank
(40%). The two SIMPER analyses identified the species that mostly drove the clustering
(Supplementary Files S4 and S5).

Table 1. List of stations, sites, and replicates with the indication of depth, location, number of
identified species, specimens abundance, and Shannon Diversity Index.

Station Site Replicate Depth (m) Latitude Longitude Species Abundance Shannon Index

Egadi
Islands

Egadi1
MS16_190 103 37.9236 12.1412 38 243 0.79
MS16_191 102.8 37.9236 12.1412 35 161 0.81
MS16_192 103.1 37.9236 12.1412 35 142 0.77

Egadi2
MS16_200 86.5 37.9500 12.1205 35 162 0.85
MS16_201 86.5 37.9500 12.1205 39 296 0.80
MS16_202 86.5 37.9501 12.1205 31 208 0.84

Pontine
Islands

Pontine1
MS16_132 66.6 40.9102 12.8693 12 46 0.81
MS16_133 66.9 40.9102 12.8693 26 153 0.74
MS16_134 66.9 40.9102 12.8693 28 124 0.74

Pontine2
MS16_135 65.9 40.9155 12.8853 15 65 0.84
MS16_136 66.4 40.9155 12.8854 17 214 0.71
MS16_137 66.1 40.9155 12.8853 14 96 0.86

Pontine3
MS16_139 65 40.9113 12.8828 27 177 0.69
MS16_140 64.9 40.9113 12.8829 24 175 0.66
MS16_141 64.8 40.9113 12.8828 31 384 0.66

Sardinia

Serpentara
S1 59 39.1499 9.6127 44 618 0.58
S2 59 39.1499 9.6127 45 774 0.60
S3 59 39.1499 9.6127 43 712 0.58

Santa
Caterina

SC1 40 39.0865 9.4966 32 57 0.95
SC2 40 39.0863 9.4964 20 35 0.86
SC3 40 39.0861 9.4963 52 682 0.64

Is Pis-
cadeddus

ISPIS3 45 36.1120 9.4518 16 70 0.77
ISPIS4 45 36.1120 9.4518 22 80 0.76
ISPIS5 45 36.1074 9.4558 18 57 0.79
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Figure 4. Dendrogram based on the dataset Reduction 1. Similarity cut at 25%.

Figure 5. Dendrogram based on dataset Reduction 2. Similarity cut at 40%; it identifies five thanato-
coenoses (A–E).

Thanatocoenosis A (Figure 5) included all the replicates from Egadi station, where the
following mollusk species were exclusive or strictly abundant: Astarte sulcata (exclusive
coastal detritic—DC), Melanella polita (exclusive DC), Asperarca secreta (preferential DC),
Archimediella triplicata (exclusive DC), Tetrarca tetragona (preferential DC), and Limatula
subauriculata (exclusive deep mud—VP) (Supplementary File S4). Among the other species,
the most significant in distinguishing this cluster were Heteranomia squamula and Neolepton
sulcatum (Supplementary File S5).

Thanatocoenosis B (Figure 5) included all the replicates of site Pontine2 together
with all replicates of site SC3. There were some exclusive species, such as Alvania cimex
(Posidonia meadows—HP) and Striarca lactea (photophilous algae—AP, HP), together with
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some others with a high abundance, such as Jujubinus exasperatus (HP) and Bolma rugosa
(exclusive DC) (Supplementary File S4). Among the other species, the most significant
in distinguishing this cluster were Alvania beanii, Mysia undata, and Parvicardium scabrum
(Supplementary File S5).

Thanatocoenoses C–E (Figure 5) shared the occurrence of Timoclea ovata (DE, DL) and
Mimachlamys varia (preferential offshore detritic—DL), together with a high abundance of
Papillicardium papillosum (preferential DC). Thanatocoenoses D and E shared Alvania cimi-
coides (preferential DC, DL, VP), Moerella donacina (exclusive DC) and Palliolum incomparabile
(exclusive coralligenous—C) (Supplementary File S4). Moreover, G. triangularis (exclusive
coarse sand and fine gravel under the influence of bottom current, SGCF), Clausinella fasciata
(preferential SGCF), A. beanii and Diplodonta rotundata characterized thanatocoenosis C, and
Digitaria digitaria thanatocoenoses D and E (Supplementary File S5).

3.3. Grain Size

Sediment associated with rhodolith beds was sand at Pontine station (thanatocoenoses
B and C), whereas gravelly sand occurred at site Egadi2, Serpentara (thanatocoenosis
D), and Santa Caterina (thanatocoenoses B and E). Mixed sediment (muddy-gravelly
sand) occurred at site Egadi1 and Is Piscadeddus (thanatocoenoses A and E) (Figure 6,
Supplementary File S3).

Figure 6. Bar graph with the grain size percentage per station and site.

3.4. Environmental Data

Samples were collected at water depths ranging between 40 and 103 m (Table 1) across
the whole Tyrrhenian Sea. Temperature patterns were very similar between the Pontine
Islands and Sardinia stations (Supplementary File S3), whereas maximum values were
much higher at Egadi Islands (up to 21.1 ◦C, Supplementary File S3). Currents had different
velocities among the studied stations (Figure 7). Minimum currents ranged between
0.4 cm s−1 Pontine2) and 2.4 cm s−1 (Pontine1, Egadi1, and Egadi2) (Figure 8). The
maximum value was reached at the Serpentara site (17.7 cm s−1) (Figure 7). Current was
generally higher at Egadi Islands (mean = 11.2 cm s−1), whereas, at the Pontine station, it
ranged between 5.7 and 11.2 cm s −1 (Supplementary File S3).
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Figure 7. Scatter plot of mean current velocity per site. Bars indicate the range with the minimum
and the maximum values. Measure unit: cm s−1.

Figure 8. Graph of the principal component analysis that considers all the environmental data
(current values, grain size, depth), together with morphotype coverage values.

PCA identified the most important drivers of diversity among replicates. PCA1
corresponded to gravel and sand percentages and the occurrence of branch morphotypes
(Figure 8). PCA2 corresponded to mud percentage, the occurrence of boxwork, and
minimum/maximum current values (Figure 8). Thanatocoenosis B and C were all in
the top-right (Figure 8) because of sand (Thanatocoenosis C, red rhombus) and branch
morphotype (Thanatocoenosis B, green triangles) contribution. Only replicate SC3 was
placed distant from the other replicates of the same thanatocoenosis and station because
of different percentages of gravel. Thanatocoenosis D was in the top-left because of the
higher hydrodynamics, together with the high praline percentage. Thanatocoenosis E
gathered in the middle, whereas thanatocoenosis split into two subgroups representative
of the two sites, Egadi1 below and Egadi2 top, respectively, along the PC2 axis. Egadi1
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(thanatocoenosis A below) had more boxwork like SC1 and SC2, a low hydrodynamic and
muddy-gravelly sand like the ISPIS site (Figure 8). Egadi2 (thanatocoenosis A top) had no
boxwork like the ISPIS site and was gravelly sand and hydrodynamic like SC1 and SC2
(Figure 8).

4. Discussion

Heterogeneity characterizes the studied rhodolith beds in terms of rhodolith mor-
photypes and shape (Figures 2 and 3, Supplementary Files S1 and S2). This suggests
that despite a similar depth (Table 1) or similar current values (Figure 8), non-univocal
combinations of rhodolith coverage can be expected. Hydrodynamics is generally indicated
as one of the most important drivers for rhodoliths growth and survival. Since rhodoliths
are able to cover a wide bathymetric range [1], the current speed values can differ a lot,
for example, between the Atlantic Ocean ([24], order of m s−1) and the Mediterranean
Sea (this paper, order of cm s−1), leading to different conclusions on the relation between
hydrodynamics and habitat complexity. Consequently, the exclusive use of morphometric
rhodolith features is not exhaustive to reconstruct environmental/paleoenvironmental
conditions. This has to be considered in the framework of the study of a rhodolith bed, its
description, and characterization, as well as in the management and conservation of these
important habitats [3,24].

In this paper, we consider rhodoliths as elements composing the sedimentary substrate,
having an obvious influence on the associated mollusk biocoenoses/thanatocoenoses.
Considering the size of most of the mollusk shells, each rhodolith acts as a complex of
microhabitats. In the three-dimensional structure of the rhodolith, a mollusk can find a
niche for its survival that does not correspond to the surrounding seafloor substrate [58]. For
example, in the voids and microcavities of boxwork rhodoliths, local mud accumulation
supports VP species (Thanatocoenosis A). Moreover, the complex surface of pralines
mimicking a small build-up can support C species (Thanatocoenosis E). This suggests that
the occurrence of rhodoliths and their structural heterogeneity contribute to creating a
very complex suite of substrates, even at the same site, where species linked to different
biocoenoses can occur closely, contributing to the formation of complex thanatocoenoses.
Another interesting consideration is that the complete list of mollusk thanatocoenoses is
dominated by species related to “hard substrate” (Supplementary File S2). At the scale
of the mollusk size, the coarse fraction (gravel) of the sediments, largely composed of
rhodoliths, represents the suitable (in term of size) hard substrate to support such species.
This also suggests that rhodoliths highly influence mollusk distribution.

The study of mollusk thanatocoenoses associated to rhodolith beds can be a pow-
erful tool to complement this approach because of their fidelity to edaphic factors and
oceanographic conditions and their ability to respond quickly to environmental change
(Table 2). In our study, the Shannon Index of mollusk thanatocoenoses shows variable
values (Table 1). The lowest values have been found at the Serpentara site (0.58), which
interestingly corresponds to the site where currents reach maximum values (Figure 7),
and rhodolith morphotypes are quite exclusive (Figure 2, Supplementary File S1). Higher
hydrodynamics can affect the stability of the rhodoliths, bringing to fragmentation of the
habitat itself and consequently to a paucity of mollusk thanatocoenoses. The higher values
of this index are less straightforward. We can infer that a higher substrate complexity,
such as the one provided by the heterogeneous shape and morphotype of the studied
rhodoliths (where boxwork are abundant, for example, at site Egadi1), or associated with
mixed sediment, can support a higher mollusk biodiversity. Moreover, in this research,
we considered thanatocoenoses to be representative also of spatially averaged properties
because of the mosaicking seascape made of different adjacent habitats, which can partially
contribute to the biodiversity increase. This can be the case for thanatocoenosis B, which
includes several mollusk species belonging to AP/HP biocoenoses (Table 2).
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Table 2. A summary of the main features related to the identified thanatocoenoses. “Thanat.” in the
first column is s for thanatocoenosis.

Thanat. Species Sediment Morphotype Current

A DC/VP Mixed Boxwork-praline Medium-low

B AP/HP/DC Sand Branch-praline Medium-high

C DE/DL/SGCF Sand Praline-branch Medium-high

D DE/DL/DC/VP Gravelly sand Praline High

E DE/DL/DC/VP/C Mixed Praline-branch Medium

The statistical treatment of the mollusk abundance identifies several distinctive thana-
tocoenoses corresponding to different combinations of environmental drivers (Table 2)
within the known variability of the DC association [41]. Interestingly, the cluster analysis
performed on Reduction 2, a subset list of ecologically significant mollusk species (Figure 5),
identifies 5 thanatocoenoses at 40% of similarity and appears more informative than the
cluster analysis performed on the whole dataset (Figure 4). This confirms the usefulness of
marine bionomics as a tool to interpret the main significance of thanatocoenoses, associated
sediment, and environmental/paleoenvironmental conditions [45,46,59]. Thanatocoenosis
A corresponds to a DC/VP assemblage that characterizes the whole Egadi station, where
rhodoliths have different features. In fact, typical DC facies with exclusive pralines occurs
at the site Egadi1 [50,51]. In this specific case, the rhodolith morphotype and mollusk
thanatocoenosis match very well. Moreover, at Egadi1, the associated sediment is sandier
than in Egadi2, where boxworks and a higher percentage of mud are indicated, supporting
the occurrence of also VP species as well. Thanatocoenosis B also includes DC species but
with an abundant stock of species related to AP and HP biocoenoses. As already indicated
before, this can be the result of mixing due to a coeval source of mollusk shells from adjacent
vegetated habitats. A more complex assemblage characterizes thanatocoenoses C-E, which
points to the mixing of circalittoral species. In particular, all three thanatocoenoses list
species related to muddy detritic bottoms (DE, DL) (Figure 5, Supplementary Files S2–S5),
together with DC species (thanatocoenoses D and E) and C species (Thanatocoenosis E). The
mixing of species related to different biocoenoses suggests that environmental conditions at
the corresponding sampling sites can significantly vary.

The statistical analysis supports the identification of patterns between thanatocoenoses
and environmental drivers (Figures 7 and 8, Supplementary File S6). Depth, although
statistically significant, cannot be considered a discriminant because, from the ecological
point of view, it is a gradient along which the relevant drivers vary (Figures 7 and 8). Grain
size associated with thanatocoenoses results to be statistically significant in distinguish-
ing the assemblages, together with the values of maximum and minimum current speed
(Figures 7 and 8, Supplementary File S6). The occurrence of gravel is associated with DC
mollusk species being locally dominant (thanatocoenosis A). In the case of mixed sedi-
ment, VP species (thanatocoenosis A) or a wider assemblage of species (thanatocoenoses D
and E) occurs. DC/VP species (thanatocoenosis A) characterizes the boxwork-dominated
rhodolith bed in the site Egadi1, whereas thanatocoenosis B (DC + AP/HP) identifies a
branch-dominated bed. These observations confirm the validity of the model of distri-
bution of rhodolith morphotypes [30] based on two main drivers (hydrodynamics and
sediment grain size) in the framework of Mediterranean bionomics. Incidentally, where
praline is the most abundant morphotype, the correspondent thanatocoenoses show the
different contributions of DC, DE, DL, and C species. The relation between identified
thanatocoenoses and hydrodynamics is not univocal (Table 2). Thanatocoenosis A is char-
acterized by the lowest hydrodynamic regime (Figure 7). This condition supports both
the occurrence of boxwork morphotype and mud-loving species (VP). Thanatocoenoses
B and C have medium-high current values, and they are mostly related to pure sand and
higher branch coverage. Thanatocoenosis D includes species associated with the highest
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hydrodynamic (Table 2), with rhodoliths characterized by quite exclusive small praline
(Figure 2) and gravelly sand sediments supporting a thanatocoenosis in which DE and
DL species are dominant. Interestingly, thanatocoenosis D, which occurs at the site with
the highest current values (Figure 7), does not contain any mollusk species of biocoenoses
strictly related to currents such as SGCF (Table 2). On the contrary, they occurred only
in thanatocoenosis C, where they are never statistically significant or with only juvenile
specimens/one occurrence (Table 2). This suggests that, although the highest values of
currents are observed where thanatocoenosis D occurs (Figure 7), these highest peaks are
only sporadic and do not support the occurrence of specific-related mollusk species.

5. Conclusions

Heterogeneous rhodolith beds, not easily distinguishable based on the dominant
rhodolith shape/morphotype within and among beds, are associated with at least five
different mollusk thanatocoenoses. Subtle but effective differences exist among environ-
mental conditions at the studied stations, together with a different sedimentary regime.
All five different thanatocoenoses point to a circalittoral environment within the known
variability of the DC association. DC/VP species strongly distinguish thanatocoenosis A,
while a suite of features and drivers control the separation of the other assemblages, such as
the proximity of photophilous environments (thanatocoenosis B), a more mixed sediment
and medium hydrodynamic (thanatocoenosis E), a higher percentage of gravel and a more
intense hydrodynamic regime (thanatocoenosis D), and sandier sediment (thanatocoenosis
C). Being the rhodoliths part of the sediment itself, they provide microhabitats that are
suitable for a wide and variegate range of mollusk species than expected, and consequently,
the occurrence of complex thanatocoenoses. Moreover, our results support that the study
of mollusk thanatocoenoses provides evident insights within and among heterogenous
rhodolith beds, that can be of support also for paleoenvironmental reconstruction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15040526/s1. Supplementary File S1: Data on rhodolith mor-
photype, shape, and coverage. Supplementary File S2: Complete list of the mollusk species, the
Abundance (A, sx is for left valve, dx is for right valve), together with the indication of Status (S),
Conservation (C), Biocoenosis, Habitus, and Edaphic preferences per site. In biocoenosis: AP is for
photophilous algae, HP is for Posidonia meadows, SFBC is for fine well-sorted sand, SVMC is for
shallow muddy sand under low hydrodynamic, C is for coralligenous, DC is for coastal detritic, DL
is for offshore detritic, DE is for muddy detritic, VTC is for coastal terrigenous mud, VP is for deep
mud, and SGCF is for coarse sand and fine gravel under bottom currents. “Sspr” is for species that
do not have a precise ecological meaning, “lre” is for species that have a large ecological distribution,
“excl” is for exclusive species, “pref” is for preferential species, and “acc” is for accidental species.
Supplementary File S3: List of the subset of mollusk with expressed fidelity in the benthic marine
bionomy system of Pérès and Picard (1964) (Abundance), together with the data on environmental
parameters (depth in m, current in cm s-1, and temperature in ◦C) and grain size results (percentage).
Supplementary File S4: Results of the SIMPER test for mollusk dataset “Reduction 1” and Cluster
analysis cut at 25% of similarity. Supplementary File S5: Results of the SIMPER test for mollusk
dataset “Reduction 2” and Cluster analysis cut at 40% of similarity. Supplementary File S6: MDS
graphs with the overlaid contribution (pink bubbles) of Boxworks, Pralines, and Branches (%), grain
size (%), and currents (cm s-1). For absolute values, please refer to Supplementary File S3. Overlay
clustering (green line) is with a similarity of 40% for mollusk dataset “Reduction 2”.
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