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Abstract: Mediterranean rhodolith beds are priority marine benthic habitats for the European Com-
munity, because of their relevance as biodiversity hotspots and their role in the carbonate budget.
Presently, Mediterranean rhodolith beds typically occur within the range of 30–75 m of water depth,
generally located around islands and capes, on flat or gently sloping areas. In the framework of
a collaboration between the University of Milano-Bicocca and the Marine Protected Area “Capo
Carbonara” (Sardinia, Italy), video explorations and sampling collections in three selected sites
revealed the occurrence of a well developed and heterogeneous rhodolith bed. This bed covers an
area >41 km2 around the cape, with live coverage ranging between 6.50 and 55.25%. Rhodoliths
showed interesting morphostructural differences. They are small compact pralines at the Serpentara
Island, associated with gravelly sand, or bigger boxwork at the Santa Caterina shoal associated with
sand, whereas branches are reported mostly in the Is Piscadeddus shoal, associated with muddy sand.
Both in the Santa Caterina shoal and the Serpentara Island, rhodoliths generally show a spheroidal
shape, associated with a mean value of currents of 4.3 and 7.3 cm/s, respectively, up to a maximum
of 17.7 cm/s at Serpentara, whereas in the Is Piscadeddus shoal rhodolith shape is variable and
current velocity is significantly lower. The different hydrodynamic regime, with a constant current
directed SW, which deviates around the cape towards E, is responsible for such morphostructural
heterogeneity, with the site of the Serpentara Island being the most exposed to a constant unidirec-
tional and strong current. We can associate current velocity with specific rhodolith morphotypes. The
morphostructural definition of the heterogeneity of rhodoliths across large beds must be considered
for appropriate management policies.

Keywords: rhodolith; morphotype; shape; size; heterogeneity; currents

1. Introduction

Crustose Coralline Algae (CCA) are slow-growing and long-lived organisms that act
as ecosystem engineers secreting high-Mg carbonate, forming both mobile (i.e., rhodoliths)
and stable substrates (i.e., algal reefs). Rhodoliths are unattached nodules, mostly consisting
of CCA [1], at least 50% of the total volume [2], in the form of a single or multiple coralline
algal species, frequently overgrowing one over the other, and with a wide variety of growth-
form, from foliose to fruticose to lumpy [3,4]. They can develop without any type of nucleus
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or around skeletal or non-skeletal nuclei, usually producing a concentric arrangement of
the algal thalli [5].

Three different morphotypes of rhodolith are distinguished, depending on the size, the
inner structure, the external shape, the algal growth forms, and the taxonomic composition:
boxwork, usually large and vacuolar; praline, compact and nodular; and branches [6].
The shape is defined as ellipsoidal, discoidal, and spheroidal [1,6,7]. Rhodolith shape can
depend upon the inherited shape of the nucleus [8,9] or can be the result of species-specific
growth habits and degrees of water motion [10].

Rhodolith survival depends on overturning and consequently on the possibility to
continue their accretion by avoiding overgrowing by other organisms and smothering
by burial [6,11–15]. Water motion, such as waves and currents, has been indicated as the
main responsible for maintaining the rhodoliths unburied [16–19], and rhodoliths are often
associated with sedimentary structures, such as ripple marks and dunes [19–22]. Some
authors demonstrated that rhodoliths do not need to be exposed to threshold hydrodynamic
forces to avoid burial [23,24], suggesting a primary role of bioturbation [23,25]. Despite
this, rhodoliths are often associated with sedimentary structures, such as ripple marks and
dunes [19–22].

The relation between rhodolith outer/inner structure and water energy/water depth
is debated in the literature, and no straightforward interpretation can be drawn. Moreover,
only qualitative indications on velocity and frequency of current related to specific shape or
morphotype have been provided thus far, included both field measurements, experimental
models, and tanks [6,23,24,26–28].

Rhodolith beds are formed by aggregation of free-living (>10%) rhodoliths [18,29],
constituting an important biogenic marine habitat that represents an important transition
between mobile and stable substrates, generally on flat or gently sloping seabed [29]. The
identification of rhodolith beds, their areal distribution and vitality, their main features
(morphotype, shape), and CCA species are all fundamental topics for the sustainable
management of the marine environment. Their 3D structure serves as a habitat for a diverse
associated community and as a local hotspot of biodiversity, providing a suite of ecosystem
goods and services [29,30]. Rhodolith beds have been reported from the intertidal down to
270 m depth and are distributed worldwide [1,31,32]. Mediterranean rhodolith beds extend
mainly in circalittoral detritic bottoms, while they are more scattered in the infralittoral
zone [33]. In the Mediterranean Sea, they occur between 9 and 150 m [28–30], typically
within 30 and 75 m of water depth [33]. These beds are presently located around islands
and capes, on top of submarine plateaus, seamounts, marine terraces, channels, and
banks [33,34]. Mediterranean rhodolith beds are considered as 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 [35]. They are
one of the marine habitats included in the monitoring program in the Marine Strategy
Framework Directive 2008/56/EC of the European Community. In the framework of an
agreement between the University of Milano-Bicocca and the Marine Protected Area (MPA)
“Capo Carbonara” (Villasimius, South Sardinia, Italy), a monitoring project for the Italian
Marine Strategy Framework Program was conducted between 2017 and 2019 to explore the
seafloor of the MPA where rhodolith occurrence was already reported [36]. Remote datasets
(bathymetry and backscatter data) were already collected by the MPA and provided the
basis for the sampling campaign. This work aims at the morphostructural characterization
of the large and heterogeneous rhodolith bed occurring in the infra- and circalittoral zone
of the MPA “Capo Carbonara”, framing the morphometric features of rhodoliths and the
oceanographic variables to depict the main factors driving the development and survival
of this habitat. The description and characterization of the heterogeneity of rhodoliths
across a bed is a key factor for the identification of appropriate and focused measures of
protection and conservation of this kind of habitat.
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2. Study Site

The MPA “Capo Carbonara” was established by the Ministry of ‘Environment and
Protection of Land and Sea, hereby MITE (Ministry of Ecological Transition), by Ministerial
Decree of 15 September 1998, modified in 1999 and totally replaced by Ministerial Decree
of 7 February 2012 (GU No. 113 of 16 May 2012). The MPA (14,340 hectares and four
different levels of protection) is located along the SE coast of Sardinia (Italy) from Capo
Boi (W) to the area in front of Serpentara Island (E), both placed in the Municipality of
Villasimius (SU, Sardinia, Italy), the local management body of the MPA (Figure 1a,b).
The territory of the MPA is divided into two large gulfs (Carbonara gulf to the W and
Simius gulf to the E) by the granitic ridge of Capo Carbonara and Cavoli Island (Figure 1b).
Capo Carbonara MPA extends seaward on the whole continental shelf, down to an average
of 125 m water depth (Figure 1b). The eastern sector (Simius gulf) is characterized by a
larger gently inclined shelf, except for the area of Serpentara island, whereas in the W the
shelf is steeper [36]. Submerged beaches are characterized by mobile terrigenous sediment,
which becomes finer from W to E [36]. The shelf is characterized by the occurrence of
Posidonia oceanica meadows, quite continuously distributed along the MPA coast, except
for Simius and Molentis channels in the Simius gulf [34]. The meadows extend up to 36 m
water depth. Below this limit down to 60 m water depth, calcareous biogenic sands and
pebbles (rhodoliths) occur [36], with large areas characterized by sedimentary structures,
such as dunes, mega-ripples, and ripples, especially in the W sector (Carbonara gulf) [36].
Rhodoliths are indicated within troughs of such sedimentary structures [36]. Moreover,
between 40 and 50 m water depth, coralligenous elongated banks are also reported. [36].
Below 60 m water depth, sediments are fine sands and mud [36].

Figure 1. (a,b) geographical location of the studied area, with the indication of the MPA limit;
(c) backscatter photomosaic of the area (property of the MPA) with the indication of the ROV tracks
and sampling location. Is Pis is for Is Piscadeddus, SC is for Santa Caterina, and Serp is for Serpentara.
Service layer credit in (b,c): Esri, HERE, Garmin, (C) OpenStreetMap contributors.
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3. Materials and Methods
3.1. Sampling

In this study we identified 3 sites in the MPA “Capo Carbonara” at a distance of >200
m (Figure 1c, Table 1): the Is Piscadeddus shoal (from here on Is Piscadeddus) towards W,
the Santa Caterina shoal (from here on Santa Caterina) in the middle, and the Serpentara
Island (from here on Serpentara) towards E. Each site was investigated by a remotely
operated vehicle (ROV Steelhead Seamore, property of the University of Milano-Bicocca,
Milan, Italy), equipped with two cameras, to ascertain the occurrence of live rhodoliths, and
to select the sites for sampling. For each site, 3 replicas were obtained. At Is Piscadeddus,
samples were collected using a Van Veen Grab (1100 cm2), whereas in the other 2 sites,
samples were collected by scuba divers (Santa Caterina and Serpentara 1600 cm2).

A pristine sample of 200 g was sub-sampled from each replica to conduct grain size
analysis. Then, all the live rhodoliths were manually extracted at the time of collection
from each replica.

Each rhodolith was classified per morphotype (Boxwork-BX, Praline-PR, and Branches-
BR) following Basso [5].

BX and PR were measured (long, intermediate, and short axes (Table S1) to describe
the size and the shape. Only the long axis of BR has been measured. Ternary plots per site
were realized by using the Excel spreadsheet Triplot [37] modified from Sneed and Folk [38]
to identify the most important shape per site. Moreover, long axis measures per site were
expressed by boxplots to highlight differences in maximum size of rhodoliths among sites.

We calculated the coverage (cm2 and %) of live rhodoliths per replica by placing them
on a centimeter sheet and measuring the covered area (cm2). We then expressed the results
of coverage both in cm2 and % with respect to the total sampled surface (Van Veen grab
sampler/divers) (Table 2). Rhodolith coverages were also calculated by separating different
morphotypes to obtain ternary plots of the contribution, in %, of each morphotype coverage
per replica.

Table 1. List of samples, with the indication of the year of collection, coordinates, depth, and type of
sampler.

Samples Year Coordinates Depth (m) Type

Is Piscadeddus 1 2018 39.112; 9.4518
45 Van Veen grabIs Piscadeddus 2 2018 39.112; 9.4518

Is Piscadeddus 3 2018 39.1074, 9.4558

Santa Caterina 1 2017 39.0865, 9.4966
40 Scuba diverSanta Caterina 2 2017 39.0863, 9.4964

Santa Caterina 3 2017 39.0861, 9.4963

Serpentara 1 2019 39.1493, 9.6124
59 Scuba diverSerpentara 2 2019 39.1493, 9.6124

Serpentara 3 2019 39.1493, 9.6124

Moreover, to better evaluate and describe differences in the rhodolith size, BX and
PR were subdivided into two subgroups identified upon the dimension of the long axis:
greater and lesser than 2 cm. We reported the coverage of these subgroups separately
(Table 2).
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Table 2. Coverage of live rhodoliths and grain size analysis. Boxwork (BX) and praline (PR) have
been subdivided in rhodolith with the long axis greater or lesser than 2 cm. In the first four columns,
coverage is expressed in cm2. Coverage (%) is expressed per morphotype (column 5), and as total
(cm2 and %, column 6) For grain size (column 7): G for gravel. S for sand, and M for mud.

Sample BX (cm2) PR (cm2) Morphotype (%) Rhodoliths
Coverage Grain Size (%)

<2 cm >2 cm <2 cm >2 cm BX PR BR cm2 % G S M

Is Piscadeddus 1 0 0 19.7 34 0 70.3 29.7 76.4 6.95 11.7 72.9 15.4
Is Piscadeddus 2 0 0 24.7 26.7 0 55 45 93.5 8.50 12.3 73.5 14.2
Is Piscadeddus 3 0 0 27.4 24.6 0 72.7 27.3 71.5 6.50 7.98 76.1 16

Santa Caterina 1 0 535 135 137 60.5 30.7 8.8 884 55.25 26.5 72.4 1.12
Santa Caterina 2 0 214 45.4 347 33.2 51.7 15 642.7 40.17 29.3 70.5 0.2
Santa Caterina 3 0 201 149 240 27.8 53.8 18.4 723.48 45.22 32 67.5 0.46

Serpentara 1 0 0 109 84.8 0 87.7 12.3 220.6 13.79 35.3 59.1 5.56
Serpentara 2 0 0 297 184 0 94.6 5.4 507.9 31.74 50.7 43.7 5.57
Serpentara 3 0 0 234 113 0 78.4 21.6 442.4 27.65 36.5 57 6.52

3.2. Statistical Analysis

The coverage percentage of total live rhodoliths, the coverage area (cm2) for every
morphotype, and the grain size per replica were used as the main response variables. The
size of rhodoliths was considered only for PR as BX. Data were analyzed by means of
univariate statistical analyses using the software GMAV5 [39]. Cochran’s test was run prior
to each ANOVA to test for homogeneity of variances and normality was assured by the
Kolmogorov–Smirnov test. Student–Newman–Keuls (SNK) tests were used for a posteriori
comparison of means in case of significant ANOVA results [40]. First, one-way ANOVAs
were overall run to test for differences in the total coverage percentage (%) of rhodoliths.
Another two-way ANOVAs were performed to test for differences in the coverage area for
pralines of different sizes among sites (3 levels, fixed: Is Piscadeddus vs. Santa Caterina
vs. Serpentara) and sizes (2 levels, fixed: <2 cm vs. >2 cm for pralines). Two more two-
way ANOVAs were run to highlight differences in the coverage area, respectively, among
sites (3 levels, fixed: Is Piscadeddus vs. Santa Caterina vs. Serpentara) and morphotypes
(3 levels, fixed: pralines vs. branches vs. boxworks). The percentage of sediment belonging
to the three main size classes (mud, sand, and gravel) was considered as the main response
variable, and a two-way ANOVA was run to test for differences in the percentage of
sediment among sites (3 levels, fixed: Is Piscadeddus vs. Santa Caterina vs. Serpentara)
and grain sizes (mud vs. sand vs. gravel).

3.3. Environmental Data

Monthly 3-dimensional oceanographic variables (temperature, salinity, and currents)
were obtained from the high-resolution Mediterranean Sea Monitoring and Forecasting
Centre (MFC) physical reanalysis product (MEDSEA) [41], retrieved from the E.U. Coperni-
cus Marine Service Information platform, available at https://resources.marine.copernicus.
eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION (accessed on
3 December 2021). The time interval considered was 2017-2019. These data were produced
by assimilating temperature, salinity, and sea level anomaly observations in numerical sim-
ulations performed with the Nucleus for European Modeling of the Ocean (NEMO) model.
The model exploits a horizontal grid spacing of 1/24◦ (roughly 5 km), and 141 stretched
vertical levels, with thickness ranging between 1 and 6 m in the upper 80 m of the ocean. As
the samples were relatively close to the coastlines and the numerical model had a smoother
bathymetry with respect to the real one (for numerical stability constraints), an area of
roughly 25 km × 25 km centered on the sample positions was used to retrieve the average
current to characterize each site. Current velocity was expressed in cm/s, whereas current

https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
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direction was expressed as counterclockwise angles with respect to the E. Temperature and
salinity were retrieved pointwise using a nearest neighbor approach.

4. Results

All the three sites were characterized by the occurrence of live rhodoliths forming
large coverages of the seafloor (Figure 2a–c, Table 2). Based upon these results and an
already available remote dataset, we were able to map the limit of a wide area covered
by rhodoliths possibly forming a unique but highly heterogenous bed around Carbonara
Cape, with an extension of 41.08 km2 (Figure 2d).

Figure 2. (a) Is Piscadeddus, (b) Santa Caterina, and (c) Serpentara video frames extracted from the
ROV survey certifying the occurrence of a live and well-developed rhodolith bed. The scale bar
indicates 5 cm. (d) map of the rhodolith bed in the MPA “Capo Carbonara”. Service layer credit in
(d): Esri, HERE, Garmin, (C) OpenStreetMap contributors.

4.1. Sampling

Differences in live coverage among sites were statistically significant (File S1), with
Santa Caterina having the highest coverage (up to 55.25%), followed by Serpentara (up
to 31.74%), and then Is Piscadeddus that had the lowest coverage (up to 6.50%) (Table 2).
There was a statistically significant difference in coverage in the three studied sites among
the dominant morphotypes (Figures 2a–c and 3, Table 2 and File S1. Is Piscadeddus had
a similar coverage value for pralines and branches (BX (absent) < PR = BR, Table 2 and
File S1). Santa Caterina was dominated by the boxworks, followed by pralines, and then
branches (BX > PR > BR, Table 2 and File S1). Serpentara had mostly pralines, followed by
branches and no boxwork (BX (absent) < BR < PR, Table 2 and File S1). Santa Caterina was
different from the other two sites because of the unique occurrence of boxwork rhodoliths
(Table 2 and File S1). The coverage of pralines was similar between Santa Caterina and
Serpentara (Table 2 and File S1). Branches were identified in all three sites, but they were
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considerably abundant, in terms of coverage, only in Is Piscadeddus (Figure 3, Table 2 and
File S1).

Rhodolith size was not constant (Figure 4, Table S1). At Is Piscadeddus, pralines (only
12 specimens) showed a wide range (max: 7.1 × 6.4 × 1.6 cm, Figure 4, Tables 2 and S1),
whereas branches usually had a diameter <1.5 cm. At Santa Caterina, all the boxworks
and pralines were >2 cm (max: 9.9 × 7.8 × 4.5 cm, Figure 4, Table S1). Moreover, in Santa
Caterina long axis of pralines was mostly between 3 and 4 cm, whereas the long axis of
boxwork was between 4 and 7 cm (Figure 4, Table S1). Serpentara was characterized by
>2 cm pralines (max: 4.5 × 2.8 × 1.5 cm, Figure 4, Table S1). The long axis of pralines was
mostly between 2 and 3 cm (Figure 4). Both in Santa Caterina and Serpentara, branches
were present and showed a diameter ranging from 1 to 4 cm.

Statistical analysis on the relation between site and praline dimension supports the
distinction of Santa Caterina because of the occurrence of bigger pralines than in Serpentara
(File S1).

Figure 5 shows the ternary plots of the boxwork and praline shapes. Is Piscadeddus
was characterized by a very low number of specimens (only 12 pralines), and the shape
of these rhodoliths was variable, not corresponding to a specific category (Figure 5a).
Both Santa Caterina (Figure 5b) and Serpentara (Figure 5c) were dominated by spheroidal
rhodoliths (Santa Caterina = 81 specimens: Serpentara = 90 specimens, Figure 5d). In both
sites, discoidal (Santa Caterina = 9 specimens: Serpentara = 7 specimens), and ellipsoidal
(Santa Caterina = 4 specimens: Serpentara = 2 specimens) or the combination of the two
(Santa Caterina = 19 specimens: Serpentara = 914specimens) rhodoliths were reported
(Figure 5b–d).

Figure 3. (a) Is Piscadeddus 1, (b) Santa Caterina 2, and (c) Serpentara 3 replicas of live rhodoliths.
Scale bar indicates 5 cm. (d) ternary plot of the three main morphotypes (coverage in %) per site. Is
Pis is for Is Piscadeddus, SC is for Santa Caterina, and Serp is for Serpentara.
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Sand characterized all three sites, but with statistically significant differences of gravel
(mostly abundant in Serpentara) and mud percentages (relatively more abundant in Is
Piscadeddus) (Table 2 and File S1).

4.2. Environmental Data

The three studied sites were characterized by similar temperature and salinity ranges
(Table 3, Figures S1 and S2).

Table 3. Minimum and maximum values (between 2017 and 2019) of monthly three-dimensional
oceanographic variables from the high-resolution Mediterranean Sea MFC physical reanalysis product
(MEDSEA) [39], retrieved from the E.U. Copernicus Marine Service Information platform, available
at https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_00
4/INFORMATION (last accessed: 3 December 2021). In brackets is the indication of the month (from
1 = January to 12 = December). PSU = Practical Salinity Units.

Sites
T (◦C) Salinity (psu) Current Velocity (cm/s)

Max Min Max Min Max Min Mean

Is Piscadeddus 19.9 13.9 38.5 37.9 7.3 0.7 3.1

Santa Caterina 21.1 13.9 38.5 37.9 9.9 0.7 4.3

Serpentara 17.5 13.9 38.5 37.9 17.7 1.2 7.3

Figure 6. Monthly horizontal current (direction and velocity) obtained from the high-resolution Mediter-
ranean Sea MFC physical reanalysis product (MEDSEA) [39], retrieved from the E.U. Copernicus Marine
Service Information platform, available at https://resources.marine.copernicus.eu/product-detail/
MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION (accessed on 3 December 2021).

https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_004/INFORMATION
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Interestingly, the bottom current direction and velocity showed the main differences
among sites (Table 3, Figure 6). Velocity ranged between 0.7 and 7.3 cm/s in Is Piscadeddus,
0.7 and 9.8 in Santa Caterina, and 1.2 and 17.7 cm/s in Serpentara (Figure 6, Table 3), with a
mean velocity ranging between 3.1 (Is Piscadeddus) and 7.3 (Serpentara) (Figure 6, Table 3).
At Serpentara, the current was mostly directed SW, whereas both in Is Piscadeddus and
in Santa Caterina it showed a more variable direction (Figure 6). Monthly maps of ocean
currents between 2017 and 2019 (Figure 7) showed that a dominant current, between 10
and 17 cm/s in velocity and generally directed S-SW, characterized the eastern side of
Capo Carbonara (Figure 7a,b). This current, passing the Carbonara cape, often deviated
slightly westward, generating a weaker closed anticyclonic loop current to the W of Capo
Carbonara (Figure 7a,b). Such a closed-loop current sometimes was not present, as shown
in panels (c) and (d). This kind of configurations was rare in the time frame considered
(2017–2019) and apparently did not show any link with the seasonality.

Figure 7. Example of the maps of monthly mean currents at 45 m depth from the MEDSEA reanalysis
product. (a,b) show a dominant current (10–15 cm/s, directed S-SW), characterizing the eastern side
of Capo Carbonara and deviating westward, generating a weaker closed anticyclonic loop current to
the W. (c,d) are examples of the rare configuration of the local circulation with no anticyclonic loop.

5. Discussion

This study confirms the existence of a large and well-developed rhodolith bed in the
territory of the MPA “Capo Carbonara” (Figure 2), with a coverage raging between 6.50 and
55.25% (Table 2). Is Piscadeddus shows the lowest values, but the observation conducted by
ROV (Figure 2a) indicates that in Is Piscadeddus the inherent randomness of the sampling
possibly underestimated the abundance of rhodoliths.

The heterogeneity is firstly due to the morphostructural variation of rhodoliths around
the Carbonara cape. The Is Piscadeddus shoal is the westernmost site, and it is placed
very next to the shoreline, at 45 m water depth, in a sheltered location (Figure 1c). The
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rhodoliths are sparser, both thin unattached branches and rare praline that are not charac-
terized by a specific shape (Figures 2–5). Associated sediment is a muddy sand (Table 2),
which is consistent with the low and inconstant (non-unidirectional) hydrodynamic regime
(Figures 6 and 7, Table 3). The low live coverage and the variable praline shapes suggest
that this part of the bed is under unfavorable conditions for its development. Burial is
detrimental for rhodolith survival [11–15], and the occurrence of mud suggests that these
rhodoliths possibly undergo periodical burial by sediments.

Both Santa Caterina and Serpentara sites show a well-developed bed with high percent-
age of live coverage, although the rhodoliths have significant differences in morphotype,
shape and dimension (Figures 3–5, Tables 2 and 3 and File S1). Santa Caterina is placed
in the central zone of the MPA at 40 m water depth (Figure 1c). This site is character-
ized by very large boxwork and praline rhodoliths with a prevalent spheroidal shape
(Figures 2–5). Interestingly, branches are usually thick. The associated sediments are coarse
sands (Table 2). Serpentara is the easternmost site, at 60 m water depth (Figure 1c), and in
this site rhodoliths are mostly compact spheroidal pralines (Figures 2–5), with a mean long
axis ranging between 2 and 3 cm (Figure 4). These rhodoliths are associated with gravelly
sand (Table 2). These results firstly underline that, although in MPA “Capo Carbonara” we
identified a unique rhodolith bed, there is a strong morphostructural heterogeneity, as typi-
cal for some other Mediterranean rhodoliths beds [42,43]. The morphometrics definition of
rhodoliths based on the quantitative description of morphotype and shape easily depicts
such heterogeneity and surely represents the first and mandatory step for the evaluation of
the variability of this kind of habitat, as suggested by Basso et al. [29].

No straightforward interpretation exists on the relation between the rhodolith shape [1,7],
morphotype [6,16,44], and size [10,14,45–48] with respect to the water energy and depth.
Due to the evident heterogeneity of the rhodoliths across the studied bed, in a relatively
similar bathymetric interval (45–60 m water depth), we focused our attention on the
identification of possible environmental variables as drivers for such diversity.

Salinity and temperature are quite constant across the MPA (Table 3, Figures S1 and S2)
and, therefore, cannot be the factors underlying differences in the rhodoliths shape, size, and
morphotype. As expected, the most variable environmental parameter is the hydrodynamic
regime, and this work links specific combinations of shape/morphotype/size to specific
values of current velocity and associated grain size. Serpentara site records the most
energetic regime with a quite constant unidirectional current (SW-directed) with a velocity
ranging between 1.2 and 17.7 cm/s and a mean of 7.3 cm/s (Figures 6 and 7, Table 3). On
the contrary, both Santa Caterina and Is Piscadeddus sites are characterized by a generally
low current velocity that is not unidirectional during the time interval considered for this
study (Figures 6 and 7, Table 3). The dominant current, SW-directed in the studied area,
often deviates slightly westward passing the Carbonara cape, generating a weaker, closed
anticyclonic loop current to the W of the cape (Figure 7a,b). In rare periods, this loop
does not appear (Figure 7c,d). This firstly suggests that currents might be determined
by some large-scale features of the Tyrrhenian Sea, whose characterization goes beyond
the scope of the present study. In the studied sites, the differences in current velocity
and direction translate in morphostructural diversification of rhodoliths across the bed,
generating such heterogeneity.

These observations partially match with previous literature. Basso [5] firstly discussed
the distribution of different rhodolith morphotypes in the framework of the Mediterranean
benthic zonation. The author suggested that frequent overturning under high water energy
generates compact pralines, generally in shallow water. On the contrary, more stable
facies can undergo burial under high sedimentation rates, or alternatively, in case of low
sedimentation rate, neighboring rhodoliths can coalesce and generate a rigid, highly porous,
more stable framework (boxwork and then coralligenous), this generally in deeper settings.
As expected from this predictive scheme, small, compacted pralines characterize Serpentara
site, which experienced the highest and more constant hydrodynamic regime, although
being the deepest site, whereas in Santa Caterina boxwork and bigger pralines are dominant.
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Moreover, pralines generally show a compact and small structure with no voids [7,21,49],
such as the rhodoliths in Serpentara. In Santa Caterina instead, the dominance of boxwork
is consistent with a lower hydrodynamic regime [7,21,49] even if under a low sedimentation
rate [7].

Our results show that around Carbonara cape, intermediate energy generates the
largest rhodoliths, as suggested by Amado Fihlo et al. [47] and Gagnon et al. [48], and
in contradiction with some other authors [10,14,45,46]. Where hydrodynamic regime is
too low, rhodoliths are less abundant (Is Piscadeddus), whereas, in the most energetic
regime, rhodoliths are well developed but with small and compact structures (Serpen-
tara) [7]. Branches occurring in all three sites do not contribute to the definition of such
heterogeneity. Finally, our findings also suggest that the bathymetry cannot be considered
as a discriminant for rhodolith shape, size, and morphotype. Rather it is a specific and local
combination of current direction, current velocity, and seafloor geomorphology that drives
the morphostructural heterogeneity of rhodoliths.

In this study, we focused on the morphometric definition of live rhodoliths as a direct
measure and expression of the heterogeneity of rhodolith beds. We demonstrated that,
with this kind of approach, it is possible to easily identify zones of the rhodolith bed
characterized by the highest conservation values and providing a powerful tool to manage
in an appropriate way large seafloor area interested by the occurrence of live rhodoliths.
As suggested by other authors [10], such heterogeneity also translates into differences in
the algal community and the genera/species distribution, which may be future interesting
studies on these samples.

6. Conclusions

The rhodolith bed in the territory of the MPA “Capo Carbonara” (Italy) has been
mapped, covering an area of more than 41 km2. Live rhodoliths have a variable coverage,
ranging between 6.50% at the Is Piscadeddus shoal, up to 55.25% at the Santa Caterina shoal.

This rhodolith bed shows strong morphostructural heterogeneity. At Is Piscadeddus,
they are sparser, branch-dominated, with rare praline, and associated with muddy sand. At
Santa Caterina, rhodoliths are generally boxwork and pralines, large and with a spheroidal
shape and associated with sand. At Serpentara, pralines are dominant but usually with
a small spheroidal shape (long axis ranging between 2 and 3 cm) and associated with
gravelly sand.

The different hydrodynamic regime around the cape supports such heterogeneity,
being Serpentara site under a more constant (SW directed) and strongest (mean velocity
current 7.3 cm/s) hydrodynamic regime, which translates in small spheroidal praline
according to Basso [5]. Santa Caterina has an intermediate hydrodynamic regime, and
rhodoliths generally have bigger sizes as the results of a long-lasting development of such
rhodoliths in a more stable condition. At Is Piscadeddus, the low hydrodynamic regime is
responsible for the mud abundance in the associated sediments, which makes the rhodolith’
survival difficult because of possible periodical sediment burial.

The heterogeneity of the rhodolith bed of the MPA “Capo Carbonara” has been
described based upon the morphostructural characterization and quantification of live
rhodoliths coverage, morphotypes, and shapes. The identification of such heterogeneity,
above all in large rhodolith beds, is crucial for the appropriate identification of seabed areas
with the highest conservation values and for the marine spatial planning management
policy aimed at the conservation of this kind of habitat.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14010051/s1, Figure S1: Monthly three-dimensional temperature obtained from the high-
resolution Mediterranean Sea Monitoring and Forecasting Centre (MFC) physical reanalysis product
(MEDSEA) [33], retrieved from the E.U. Copernicus Marine Service Information platform, avail-
able at https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_00
6_004/INFORMATION (accessed on 3 December 2021). Figure S2: Monthly three-dimensional
salinity obtained from the high-resolution Mediterranean Sea MFC physical reanalysis product
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(MEDSEA) [33], retrieved from the E.U. Copernicus Marine Service Information platform, available
at https://resources.marine.copernicus.eu/product-detail/MEDSEA_MULTIYEAR_PHY_006_00
4/INFORMATION (accessed on 3 December 2021). Table S1: Measures of the long, intermediate,
and short axes of boxwork and praline rhodoliths of the three studied sites. File S1: Results of the
ANOVAand SNK tests.
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