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Abstract: The seabed of the Pontine Archipelago (Tyrrhenian Sea) insular shelf is peculiar as it is
characterized by a mixed siliciclastic–carbonate sedimentation. In order to reconstruct the Late
Quaternary paleoenvironmental evolution of the Pontine Archipelago, this study investigates the
succession of facies recorded by two sediment cores. For this purpose, benthic foraminifera and
rhodoliths assemblages were considered. The two cores (post-Last Glacial Maximum in age) were
collected at 60 (CS1) and 122 m (Caro1) depth on the insular shelf off Ponza Island. The paleontological
data were compared with seismo-stratigraphic and lithological evidence. The cores show a deepening
succession, with a transition from a basal rhodolith-rich biodetritic coarse sand to the surface coralline-
barren silty sand. This transition is more evident along core Caro1 (from the bottom to the top),
collected at a deeper water depth than CS1. In support of this evidence, along Caro1 was recorded a
fairly constant increase in the amount of planktonic foraminiferal and a marked change in benthic
foraminiferal assemblages (from Asterigerinata mamilla and Lobatula lobatula assemblage to Cassidulina
carinata assemblage). Interestingly, the dating of the Caro1 bottom allowed us to extend to more than
13,000 years BP the rhodolith record in the Pontine Archipelago, indicating the possible presence of
an active carbonate factory at that time.

Keywords: benthic foraminifera; coralline red algae; paleoenvironmental reconstruction; late quater-
nary; Pontine Archipelago; Tyrrhenian sea

1. Introduction

In non-tropical shelf areas (such as the western Mediterranean), when the terrigenous
input rate is low (lower than 10 mm per 1000 years; [1]), extensive deposits of skeletal
carbonates may accumulate [2]. Non-tropical carbonate sediments are composed almost
entirely of heterozoan skeletal remains (sensu [3]) represented by benthic foraminifera,
bryozoans, bivalves, barnacles and coralline red algae, constituting foramol-rhodalgal
associations (e.g., [4]).

The Mediterranean area is normally characterized by terrigenous sedimentation de-
rived from fluvial inputs and erosional coastal processes; nonetheless, examples of modern
shelf carbonate production are present [5–8], for example, in sectors far from main river
mouths (e.g., insular shelves around islands) or off karstic coastal regions. In the Italian
seas, carbonate deposition occurs in the southern Adriatic Sea, Cagliari Bay (Sardinia),
Adventure Bank (southwestern Sicily), Gulf of Naples and Pontine Archipelago [2,9–16].
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Several studies investigated seabed carbonate sediment from the Pontine Archipelago
(Tyrrhenian Sea), focusing on sedimentary features [15,17] and biogenic facies mainly
constituted of benthic foraminifera [18–20] or coralline red algae [11,16,21–23].

These studies highlighted the occurrence of precious habitats, such as Posidonia ocean-
ica, coralligenous and rhodolith/maërl beds. Rhodolith beds are marine communities
dominated by free-living, non-geniculate coralline red algae that grow with different mor-
phologies. In this view, the term maërl refers to a kind of rhodolith bed dominated by
heavily calcified free-living marine red algae with branched thalli that grow unattached,
usually with no articulated joints between segments. In particular, maërl beds are subject
to protection measures and the two most common maërl-forming species, Phymatolithon
calcareum and Lithothamnion corallioides, are currently included in the Annex V of the EC
Habitats Directive [24–26]. Moreover, they are relevant for their capability to store carbon
dioxide CO2 [27], which is known to be a potent greenhouse gas contributing to global
warming. Today, information regarding the real potential of coralline algae to mitigate the
effect of increasing anthropogenic CO2, as well as that regarding their capacity for carbon
storage, are still scarce [27–29].

The Pontine Archipelago seabed is peculiar as it is characterized by a complex distri-
bution of siliciclastic, carbonate and mixed siliciclastic-carbonate sediments [30]. In wide
sectors of the shelf, the sedimentation is mainly intrabasinal and made up of foraminifera,
bryozoans, mollusks, echinoderms and coralline algae. In the infralittoral and circalit-
toral zones, [15] different facies and sedimentary processes are distinguished. In the
infralittoral zone, erosional processes on the rocky shoreline produce lithoclasts and volcan-
oclastic deposits that are reworked by wave-induced near-shore currents (e.g., longshore
currents, rip currents). In the lower circalittoral zone, the prolific production by photic
biota (coralline red algae) ends, while skeletal remains of the aphotic environment mix
with pelagic sediments characterized by low carbonate content [15]. Regarding benthic
foraminifera, [18,19] recognized three assemblages within seabed sediment: the shallowest
assemblage (20–150 m water depth) is dominated by Asterigerinata mamilla, Lobatula lobatula
and Rosalina bradyi, which at these water depths live as epifaunal taxa on biodetrital cir-
calittoral sediments; the Cassidulina carinata assemblage is reported at intermediate depths
(100–250 m wd); finally, the deepest assemblage is dominated by Uvigerina mediterranea
and Bulimina marginata (200–380 m wd). The rhodolith morphologies and their distri-
bution around the Pontine Islands were investigated by [11], which distinguished three
groups: the unattached, monospecific branches, the small compact “prâlines” and the
vacuolar “boxwork”. More recently, [16] identified two carbonate facies between 40 and
100 m wd: the “calcareous algae facies” (40–70 m wd) and the “carbonate matrix facies”
(70–100 m wd). Despite abundant literature regarding the modern-seabed sedimentation
and foraminiferal assemblages of Pontine Archipelago, stratigraphic and paleoenvironmen-
tal studies are rare (e.g., [31,32]). A relationship between rhodolith facies and Holocene
sea-level rise in four cores recovered at the Pontine Archipelago shelf break was found
by [31], whereas [10,33] investigated events of hardground formation during the Plio-
Pleistocene to Holocene record.

In the framework of a project dedicated to the Quaternary paleoenvironmental evolu-
tion of the Pontine Archipelago, the aim of this study is to investigate the succession of
different paleoenvironments recorded by two sediment cores, collected off Ponza Island, by
means of the benthic foraminiferal and rhodoliths assemblages. This has been conducted
using the information derived by benthic foraminifera, both taking into account knowl-
edge on their distribution in the recent sediments [18,19]. Moreover, the identification of
coralline red algae present along the cores has been used to validate the environmental
considerations derived from micropaleontological analysis.

2. Study Area

The Pontine Archipelago is a typical example of a Mediterranean island in terms
of climate, oceanography and environments. It consists of five major islands that may
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be divided into two groups, Ponza, Palmarola and Zannone (western group) and the
Ventotene and Santo Stefano islands (eastern group), located about 30 km off the Italian
peninsula (central Tyrrhenian Sea, Italy; Figure 1a). The western group represents the
emergent part of a large structural high deeply affected by the Plio-Pleistocene extensional
tectonics and volcanic activity [34–36]). These islands mainly consist of submarine and
subordinate subaerial volcanic products that erupted during the Plio-Pleistocene, with
emplacement of rhyolites and trachytes [37–39].
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Figure 1. (a) Pontine Archipelago and sampling area (red rectangle); (b) shaded relief map of the
Ponza Island offshore, showing the main geomorphologic features and the cores location (red dots);
(c,d) multibeam derived backscatter signatures of the seafloor texture observed surrounding the
cores, and bathymetric cross-sections showing the seafloor profiles reported as blue lines in Figure 1b.

The Plio-Pleistocene geological evolution leads to the formation of a narrow (2–8 km)
and morphologically complex insular shelf characterized by the occurrence of several mor-
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phological highs and thin post-Last Glacial Maximum (LGM) deposits. The main deposits
are located in the outer shelf-shelf break sector (ca. 100–150 m water depth) and are charac-
terized by sandy sediments, forming prograding wedge-shaped lithosomes (submerged
depositional terraces, sensu [40]) formed during the last forced regression-lowstand phases.
These deposits surround the Pontine Archipelago, and their formation has been related
to high-energy events (storm waves) during the last glacial period [40]. This hypothesis
seems to be confirmed by the occurrence of high percentages of glauconitised tests of
shallow-water benthic foraminifera (e.g., Asterigerinata, Elphidium and Lobatula [18,19]),
which are likely related to the LGM lowstand sea level [10].

Locally, large depressions associated with hydrothermal activity host widespread
bacterial mats [41–43] and very peculiar foraminiferal associations [44,45].

Due to the large distance from the Italian coastline as well as the absence of rivers,
the shelf seabed is largely characterized by sandy bioclastic sedimentation, as well as by
accumulation of volcaniclastic sand produced by coastal erosion in the inner shelf [30,46].
The shelf break is well defined and lies at water depth ranging between 105 and 160 m. The
continental slope is characterized by muddy hemipelagic sedimentation and instability
processes, especially in the SW sector, connecting the shelf to the Vavilov abyssal Plain [47].

In particular, the shore sector of Ponza Island is mainly characterized by rocky cliffs,
locally interrupted by small pocket beaches. The cliffs are affected by intense erosional
processes causing their retreatment [30]. On the shelf, the main seafloor sediments are
volcanoclastic sands and gravels in the infralittoral zone; bioclastic sands and gravels,
consisting of coralline red algae, foraminifera, bryozoans, molluscs and echinoderms in
the upper circalittoral zone; and skeletal grains and planktonic foraminifera in the lower
circalittoral zone [15].

In the infralittoral zone, Posidonia oceanica meadows occur from very shallow water to
38–40 m [17,20,48,49].

3. Materials and Methods
3.1. Geophysical Data

Geophysical data (bathymetry and backscatter) were acquired during the research
cruise “MagicIgag0910” carried out on November 2009 onboard R/V Maria Grazia using
Kongsberg EM 3002D (300 kHz, Kongsberg Maritime, Kongsberg. Norway). Sparker-high-
resolution single-channel profiles were acquired during the research cruise “Eleonora 2003”
onboard R/V Urania.

Bathymetric data were post-processed with the software Caris Hips and Sips 8.1.7
(Teledyne CARIS, Fredericton, NB Canada), and the backscatter was processed through
the Geo-Coder tool. High-resolution digital elevation model (DEM) was produced (cell
size 2 m) in order to analyze the surface morphology. Backscatter mosaic with 1 m pixel-
resolution was produced to analyze the areal variability of seafloor sediments.

High-resolution seismic data were processed and analyzed using GeoSuite AllWorks
(Geo Marine Survey Systems, Rotterdam. The Netherlands) and Kingdom Suite soft-
ware (version 8.8, IHS Markit, London. UK). These data were used to characterize the
seismostratigraphic setting of the study area.

3.2. Sediment Samples

Two cores (CS1 and Caro1) were collected off Ponza Island during the research cruises
“Urania 2001” and “Urania 2004”, by a gravity corer on board the R/V Urania. CS1 (218 cm
length) was recovered at 60 m water depth (wd) and Caro1 (69 cm length) at 122 m wd
(Figure 1b).

The lithological description of the cores was carried out at the time of cores sampling.
A total of 32 samples (generally consisting of a 1 cm thick sediment slice) were collected
generally every 10 cm: 25 samples from the core CS1 and 7 from the core Caro1 (Figure 2).
In the levels in which rhodoliths >1 cm were present, the sample thickness was 2 cm.
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Figure 2. Lithological scheme of the studied cores, with samples (black arrows) and position of
radiocarbon-dated levels (red dots).

In the laboratory, the sediment was wet-sieved through a 125 µm mesh and then
dried at 60 ◦C. As the sediment was generally abundant, washing residues were split
with a microsplitter, and at least 300 benthic foraminifera with well-preserved tests from
each sample were handpicked and counted using a binocular microscope [50]. Concomi-
tant counts of planktonic specimens were performed to calculate plankton percentages
as P/(P + B)%, in which P is the number of planktonic foraminifera and B is the number
of benthic foraminifera in each sample. This ratio is normally considered an indicator of
bathymetry [51]. Moreover, the sediment of each sample was sorted under a stereomicro-
scope in order to pick up the thalli of the coralline red algae present in the, samples and
both the algae with entire thalli and algae with fragmented thalli were considered. Then,
the algal thalli were separated according to the prevailing morphology, splitting them into
the two main morphotypes: unattached branched thalli and prâlines. Then, each fraction
was weighed using a precision scale in order to estimate the relative abundance of the
algal morphotypes in each portion of sediment. In addition, the species were classified by
using Scanning Electron Microscopy (SEM) to identify the skeletal microstructures, and the
algal taxa were classified according to [52]. However, the analysis was carried out on the
prevailing morphotypes and not on the single species. In fact, according to [11], on the basis
of the occurrence of the different growth forms of corallinaceans it is possible to reconstruct
the prevailing hydrodynamic conditions. Benthic foraminifera were classified at genus
level according to [53]. Their species identification was also based on [54–56]. In order to
delineate in detail the assemblage structure, the following parameters were calculated for
each sample: the α-Fisher index [57], which is a relationship between the number of species
and the number of specimens in each assemblage; the Shannon index [58,59], which takes
into account both the number of species and the distribution of individuals among species
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and is commonly used as an index of diversity; and the percentage of dominance [60],
which is the highest percentage abundance of foraminiferal species in a sample. The di-
versity indices were calculated by using the PAST (version 3.25, Natural History Museum,
University of Oslo, Oslo. Norway)—Palaeontological Statistics data analysis package [61].

The Q-mode Hierarchical Cluster Analysis (HCA) was performed on foraminiferal
assemblages using SPSS (version 13.0, IBM, NY. USA) statistical software. The statistical
analysis on foraminifera was restricted to the 17 species that were more abundant than 5%
in at least one sample. Infrequent taxa (<5% relative abundance) with insignificant effects on
the formation of major groups were omitted [62,63]. Consequently, the cluster analysis was
performed using a matrix of 17 species and 32 samples. The Ward method was used as the
amalgamation rule, and the Squared Euclidean distance as a similarity measurement [64].
The Q-mode HCA classified the samples into clusters, including samples with similar
foraminiferal composition.

3.3. Radiocarbon Dates

A total of seven radiocarbon dates (AMS) by Accelerator Mass Spectrometry were
performed at the CEDAD (Laboratory of the Department of Engineering Innovation of the
University of Salento, Italy), with a 3-MV Tandetron accelerator manufactured by High
Voltage Engineering Europa, Amersfoort, The Netherlands. The analyses were carried out
on well-preserved and autochthonous tests of benthic foraminifera from four samples of
core CS1 and three samples of core Caro1. In order to facilitate comparisons with other
studies, data were expressed as instrumental ages (14C AMS dates) and as calibrated ages
(Table 1). The calibrates ages were derived applying the program CALIB Radiocarbon
Calibration 7.1 (Queen’s University of Belfast, Belfast. Northern Ireland, UK) [65]. To
calculate the ∆R (reservoir age) for include local effects, two sites were selected from the
Marine Reservoir Correction Database of CALIB: the first in the central Tyrrhenian Sea
and the second in the Gulf of Naples. The calculated weighted mean ∆R values was 50,
with a standard deviation of 18. The calibrated age ranges were reported in years BP and
referred to 2σ.

Table 1. Radiocarbon data available for cores CS1 and Caro1.

Cores/Samples Radiocarbon 14C Age (yr BP) Calibrated 14C Age (yr BP, 2σ)

CS1
38 cm 2014 ± 45 1519 ± 134

108 cm 4712 ± 55 4918 ± 148
148 cm 7431 ± 55 7831 ± 125
218 cm 9024 ± 55 9672 ± 168
Caro1
20 cm 10399 ± 75 11470 ± 287
50 cm 11702 ± 75 13119 ± 190
69 cm 13771 ± 65 16012 ± 223

4. Results
4.1. Seabed Morphology and Seismo-Stratigraphic Evidences

The two core samples were recovered on the insular shelf located in the eastern sector
of Ponza Island (Figure 1b). The shallower core (CS1) was collected at 60 m wd, in an
area characterized by a relatively smooth morphology. Upslope at about 40 m wd, the
lower limit of the P. oceanica meadow occurs. A cluster of small outcrops (average height
of 3 m) is present toward the north, at a water depth varying from 30 to 50 m (Figure 1b).
Backscatter data show a seafloor characterized by homogeneous-medium backscatter
intensity (Figure 1c).

The deeper core (Caro1) was recovered at 122 m wd close to the shelf break (Figure 1b).
In this sector, the seabed has a smooth morphology and lower slope gradient (Figure 1b).
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In addition, several small circular outcrops are present (Figure 1b). The backscatter data
show a seafloor characterized by heterogeneous-medium backscatter intensity (Figure 1d).

The subsurface structure of the study area was imaged by high-resolution seismic
profile EXb crossing the insular shelf between 30 and 200 m wd. It shows the occurrence
of a prograding unit resting above a seaward dipping unconformity (U2 in Figure 3).
Above the prograding unit, a thin (<10–15 m thick) unit, thinning toward the shelf break,
is present, separated by a seaward dipping unconformity (U1 in Figure 3). According to
previous interpretations (e.g., [30]), the prograding unit can be related to lowstand-forced
regression deposits, whereas the thin unit can be ascribed to postglacial deposits formed
after the LGM.

Figure 3. Uninterpreted (upper panel) and interpreted (lower panel) sparker seismic profile (A-A1 in Figure 1b) across the
western Pontine shelf with an indication of location of sediment cores CS1 and Caro1 (projected).

Core Caro1 recovered deposits from the distal part of postglacial deposits. In contrast,
Core CS1, which is located in the inner shelf, recovered the proximal part of these deposits.

4.2. Lithology and Sediment Composition

The lithology of the core CS1 is represented mainly by coarse to fine clayey sands
(Figure 2). From the bottom (218 cm) to 176 cm muddy coarse sand rich in rhodoliths was
found: in particular, between the bottom core and 205 cm rhodolith fragments centimeters
in size were recognized. The interval from 176 to 160 cm was characterized by fine sand
with mud, followed by a level (160 to 154 cm) of muddy coarse sand with bivalve fragments.
Successively, from 154 to 130 cm, fine sand with mud was found again. Hence, muddy
fine sands were present between 130 and 40 cm, where millimetric bioclastic levels (with
mollusks and rhodoliths) were recognized. Finally, fine sand with mud characterized the
interval from 40 cm to the top.

The core Caro1 consists of muddy coarse sand with abundant rhodoliths from the
bottom to 62 cm (Figure 2). Between 62 and 55 cm core-depth, a very big rhodolith
(9 × 8 cm boxwork) was recognized. From 55 to 34 cm, muddy fine sand containing
abundant rhodolith and mollusk fragments was found. From 34 to 15 cm, a muddy coarse
sand with abundant bivalves and rhodoliths was present. Finally, between 15 cm and the
top, muddy fine sand rich in small mollusk fragments was found.

4.3. Benthic Foraminifera

The conservation status of foraminiferal tests is generally good, and consequently,
between 301 and 372 benthic foraminifera were counted and classified in each sample. A
total of 186 species belonging to 86 genera were identified (Supplementary Table S1). The



Geosciences 2021, 11, 179 8 of 21

samples are generally well diversified, without great differences between the two cores in
terms of diversity indices and percentage of dominance (Table 2). Seventeen species show
a relative abundance ≥5% in at least one sample, but only five species have a frequency
>10% in at least one sample: Asterigerinata mamilla, Cassidulina carinata, Lobatula lobatula,
Quinqueloculina stelligera and Rosalina bradyi (Table 2; Figure S1). The relative abundances
along the cores of 17 benthic foraminiferal species utilized for statistical analysis are shown
in Figures 4 and 5.

Table 2. Range and median values of species number, α-Fisher index, Shannon index, percentage of dominance, P/(P + B)%
and the five more abundant species (>10%) calculated for each core separately and globally.

Summary of Sample
Characteristics CS1 Caro1 Total (CS1 + Caro1)

Min Max Median Min Max Median Min Max Median

species number 41 65 52 48 61 53 41 65 52
α-Fisher index 12.66 25.16 17.79 15.51 22.39 18.39 12.66 25.16 17.79
Shannon index 2.99 3.59 3.26 3.17 3.54 3.32 2.99 3.59 3.30
Dominance% 9.4 29.1 18.8 12.8 21.1 19.2 9.4 29.1 18.9
P/(P + B)% 1.5 15.4 5.6 6.3 29.5 17.3 1.5 29.5 7.4
A. mamilla 9.4 29.1 18.8 1.9 16.3 9.5 1.9 29.1 16.3
C. carinata 0.0 2.0 0.6 0.3 15.5 4.5 0.0 15.5 0.9
L. lobatula 5.9 14.4 8.8 6.3 21.1 19.2 5.9 21.1 9.0

Q. stelligera 0.0 10.3 1.6 0.0 3.7 1.6 0.0 10.3 1.6
R. bradyi 1.6 10.0 4.0 0.9 4.6 1.9 0.9 10.0 3.8

Figure 4. Relative abundance along the core CS1 of 17 benthic foraminiferal species utilized for statistical analysis.
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Figure 5. Relative abundance along the core Caro1 of 17 benthic foraminiferal species utilized for statistical analysis.

The P/(P + B)% ratio ranges from very low to high values, with significant differences
between the two cores (Table 2). Along the CS1 core, it shows generally low values
(maximum 15.4%), whereas it ranges from low to high values (up to 29.5%) in the Caro1
core. The highest percentages are at the upper part of Caro1 core, from 30 cm to the top
(17.3–29.5%).

The Q-mode HCA grouped the analyzed samples into clusters, characterized by
distinct foraminiferal assemblages reflecting different ecological conditions and helpful
to reconstruct the paleoenvironmental evolution of the studied record. The resulting
dendrogram contains three main clusters (A, B and C; Figure 6).

Cluster A is characterized by the dominance of A. mamilla and is present in 14 samples
of CS1 core, from the bottom to 158 cm, 138 cm, and finally 108–178 cm (Figure 7). Lobatula
lobatula and Q. stelligera are other typical species. The values of diversity indices are the
lowest recognized, whereas the values of dominance are the highest (Table 3).
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Figure 6. Dendrogram of Q-mode hierarchical cluster analysis of the samples, based on the relative
abundance of species >5% (Cluster A: A. mamilla assemblage; Cluster B: A. mamilla and L. lobatula
assemblage; Cluster C: C. carinata assemblage).

Figure 7. Summary of main data of core CS1: lithology; calibrated radiocarbon dating (yr BP); estimated water paleodepth
(according to the sea-level rise curve of [66]); distribution of must abundant benthic foraminiferal species along the core
(Asterigerinata mamilla and Lobatula lobatula); P/(P + B)%; prâlines and maërl abundances; percentage of coralline red algae
on total weight; distribution of clusters recognized from Q-mode HCA (cluster A: dark green; cluster B: light green) and
relative benthic foraminiferal assemblages (BFA).
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Table 3. Main features of 3 clusters: dominant species, accompanying species, species number, α-Fisher index, Shannon
index, percentage of dominance and P/(P + B)%.

Cluster Values A B C

Dominant species A. mamilla (16.2–29.1%) A. mamilla (9.4–18.7%) and
L. lobatula (7.3–21.1%)

C. carinata
(12.8–15.5%)

Accompanying species L. lobatula (5.9–11.9%),
Q. stelligera (0–10.3%)

R. bradyi (1.0–10.0%),
S. wrighti (1.9–8.5%)

C. crassa (4.6–9.7%),
T. bocki (6.9–9.4%),

L. lobatula (6.3–8.9%),
S. wrighti (2.6–6.3%)

Species number 41–56 48–65 49–61

α-Fisher Index
range 12.66–20.13 15.51–25.16 16.38–22.39

median 16.98 19.53 22.35

Shannon Index
range 2.99–3.37 3.17–3.59 3.32–3.54

median 3.23 3.37 3.46

Dominance%
range 16.2–29.1 9.4–21.1 12.8–15.5

median 22.7 15.9 13.5

P/(P + B)%
range 1.5–16.4 1.7–21.6 17.3–29.5

median 6.5 6.3 26.6

Cluster B includes samples both of CS1 and Caro1 cores showing a dominance of A.
mamilla and L. lobatula. It is recognisable in the lower part of the Caro1 core (4 samples from
the bottom to 25 cm; Figure 8) and in three intervals of the CS1 core (11 samples): around
148 cm, between 128 and 118 cm and, finally, from 68 cm to the top of the core (Figure 7).
Rosalina bradyi and Spiroplectinella wrighti are the only other species showing significant
frequencies. The diversity indices show intermediate values as well as the dominance
(Table 3).

Figure 8. Summary of main data of core Caro1: lithology; calibrated radiocarbon dating (yr BP); estimated water paleodepth
(according to the sea-level rise curve of [66]); distribution of must abundant benthic foraminiferal species along the core
(Asterigerinata mamilla, Lobatula lobatula and Cassidulina carinata); P/(P + B)%; prâlines and maërl abundances; percentage of
coralline red algae on total weight; distribution of clusters recognized from Q-mode HCA (cluster B: light green; cluster C:
light blue) and relative benthic foraminiferal assemblages (BFA).

The small cluster C groups only three samples, from 25 cm to the top-core of Caro1
(Figure 8), in which C. carinata prevails. Cassidulina crassa, Textularia bocki, L. lobatula and S.
wrighti are accompanying species. The diversity indices show the highest values, whereas
the percentage of dominance is generally low (Table 3).

The samples belonging to clusters A and B show generally low values of P/(P + B)%
ratio (Figures 7 and 8; Table 3). On the contrary, in the samples grouped into cluster C
P/(P + B)% the ratio reaches the highest values (Figure 8; Table 3).
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4.4. Coralline Red Algae

The quantitative analysis shows that at the bottom of core CS1 (Figure 7; Supple-
mentary Table S2), the percentage of coralline red algae on total weight is the highest of
the whole core (78.2%) and decreases in the five subsequent samples (7.3–28.4%). Along
the successive interval between 168 and 138 cm, they are generally scarce (0.9–7.2%). An
increase is evident in the interval from 138 to 98 cm (5.1–10.3%) and more and more at
88–82 cm core-depth, where they reach percentages of 20.2–52.6%. Then, between 78 and
48 cm, the coralline red algae show a decreasing frequency (7.2–16.4%) and become scarce
to the top (3.8–8.0%). In the same way, the coralline red algae are very abundant at the
bottom of core Caro1 (58.2%), decreasing significantly along the upper part (4.0–18.5%), and
almost disappear in the two top samples (0.6–1.0%) (Figure 8; Supplementary Table S2).

The qualitative analysis of the core sediments reveals a conspicuous presence of fossil-
unattached coralline algae (Corallinales, Rhodophyta) in the growth form of branched
thalli and prâlines (sensu [11]). The branched morphotype consists of unattached branches,
whereas prâlines form mainly consist of encrusting-warty, lumpy and fruticose thalli
(sensu [22]). The branched thalli were widely predominant in the investigated samples.

It was possible to identify the main species occurring in the sediment cores: the great
abundance of the collected specimens belonged to the species Phymatolithon calcareum
(Pallas) Adey et McKibbin but was well represented also in the other branched species
Lithothamnion corallioides (P. Crouan and H. Crouan) and Lithothamnion valens Foslie; this
species association is consistent with the habitat Phymatolitho-Lithothamnietum corallioidis
Giaccone, 1965, a sciaphilous facies widespread in the Mediterranean Sea [67]. Less
abundant were Lithophyllum racemus (Lamarck) Foslie and Lithothamnion minervae Basso,
species characterized by a typical prâlines growth form (Figure S2). It was not possible to
determine the epiphytes grew on the bigger thalli due to a wide loss of pigmentation and
erosion of the epithallus.

Both the core CS1 and Caro1 are characterized by large fluctuations in the coralline
algae abundances, although a general increasing trend downward along the cores can
be recognized. The branched thalli, attributable to the maërl-forming species, such as
P. calcareum and L. corallioides, were the dominant growth form in both the investigated
cores. In addition, the branched morphotype abundances generally increase upward
along the cores, whereas prâlines increase toward the bottom of the cores (Figures 7 and 8;
Supplementary Table S2).

More in detail, in the core CS1, the branched thalli were the most abundant growth
form in almost all the investigated samples of sediment (93.5 ± 9.1% of the total coralline
algae). From the top to 78 cm, the only morphology recorded in the sampled rhodoliths
consists of unattached branched thalli (Figure 7). It must be noted that the percentage of
rhodoliths on the total sediment weight was quite low, with values ranging from 6.1 to
16.4%. At 82 cm depth, an increase was recorded in prâlines with max. size of 1.2 cm in
the growth form of lumpy and fruticose thalli (33.9% of the total sampled coralline algae)
belonging mainly to the species L. minervae and L. racemus. This sample also showed an
increase in the percentage of rhodoliths on the total sediment weight reaching 52.6% of
the total value. From 88 to 168 cm depth, a consistent increase was again recorded in the
branched thalli, although the percentage in weight was not high. At 178 cm depth, the
prâlines’ morphology increased (31.5%), with max. 0.8 cm size.

From 188 to 213 cm depth, the trend showed again a dominance of the branched
morphotype. The bottom interval was the only sample that showed a dominance of the
prâlines growth form (51.1%) with max. 1.5 cm size. It is necessary to specify that in the
deeper samples, from 208 cm depth to the bottom, a marked increase was recorded in
the relative weight of the thalli on the total sediment weight, with a peak on the bottom
(78.2%), in correspondence with the decrease in the maërl growth form. As recorded in the
82 cm depth sample, also in this case, the prâlines grew up in lumpy and fruticose thalli.

The core Caro1 measured 69 cm from the top to the bottom and also in this case
the branched thalli were the dominant growth form, although with lower mean values
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(67.7 ± 27.7%) compared to CS1. However, the values varied consistently, not showing
a clear trend (Figure 8). In fact, from the top to 10 cm depth, only very few unattached
branched thalli were observed (respectively 1.0 and 0.6% of the total sediment weight),
whereas at 20 and 30 cm depth was recorded an increase of the prâlines in the encrusting-
warty growth form (respectively 56.8 and 41.6%). In these last samples, the percentage of
rhodoliths showed an increase (respectively 11.7 and 4.4% of the total sediment weight).
Moreover, in the following samples a fluctuating trend was recorded, with a decrease in
the abundance of unattached thalli (100% at 40 cm depth, 37.7% at 50 cm depth and 34.6%
at the bottom); on the other hand, these samples showed an increase of the percentage of
rhodoliths on the total sediment weight (respectively 4%, 18.5% and 58.2%). In fact, in this
sample, the prâlines growth form showed high values at 20 and 50 cm depth and on the
bottom surface (respectively 56.8, 62.3 and 65.4%).

However, mean values in terms of relative weight of the thalli on the total sedi-
ment weight were similar in both the cores Caro1 and CS1 (respectively 14.5 ± 11.0 and
14.1 ± 13.9%), with a peak again on the bottom interval (respectively 78.2 and 58.2%).
Moreover, clear evidence of praline levels (e.g., at centimeter scale) cannot be observed
from the visual description of these cores. Differently results from the relative abundance of
pralines (Figures 7 and 8) would suggest the occurrence of intervals with relatively higher
abundance of pralines.

4.5. Age Model and Sedimentation Rates

The 14C AMS datings indicate that the sediments of core CS1 were deposited during
the last ~9600 yr BP, whereas the core Caro1 was deposited during the last 16,000 yr BP.
The age model is provided by four and three 14C AMS datings for CS1 and Caro1 cores,
respectively (Table 1). Assuming invariant sedimentation rates between two successive
radiocarbon dates, it is possible to estimate the sedimentation rates along the cores, which
result as low for core CS1 and very low for core Caro1. In core CS1, the highest sedi-
mentation rate has been recognized from the bottom to 148 cm (0.038 cm/yr); up-core, it
decreases up to 108 cm (0.014 cm/yr) and increases between 108 and 38 cm (0.021 cm/yr)
and toward the top (0.025 cm/yr). Along core Caro1, the sedimentation rate is very low
from the bottom to 50 cm (0.007 cm/yr); it increases up to 0.018 cm/yr between 50 and
20 cm, while at the top of core it decreases up to 0.002 cm/yr.

5. Discussion
5.1. Ecological Considerations Based on Benthic Foraminiferal Assemblages

Based on Q-mode CA, the three clusters A, B and C, corresponding to three benthic
foraminiferal assemblages, were identified (Figure 6). Two clusters (A and B) are similar
regarding the composition at least regarding the main species and their lifestyle, while the
third (C) is different, reflecting different ecological conditions. In general, the diversity in-
dices of these clusters show values similar or higher than recent foraminiferal assemblages
recognized in the Pontine Archipelago [19], indicating normal marine environments with
good species diversity. Along the cores, diversity indices show an increase from the bottom
to the top in both the cores, following the change from cluster A to B in CS1 core and from
cluster B to C in Caro1.

Cluster A is characterized by the prevalence of A. mamilla with relatively high percent-
ages. Lobatula lobatula and Q. stelligera are the other species having significant frequencies.
Asterigerinata mamilla was reported as very abundant from the infralittoral zone, especially
on vegetated seabed [20,68–70] but also from circalittoral detrital bottoms [18,19,55,71–73].
Lobatula lobatula shows a similar distribution in the Mediterranean area: it is abundant
from the infralittoral zone, especially on Posidonia meadows [20,69,71,74–77], but it is also
present from circalittoral detrital bottoms [18,19,55]. Quinqueloculina stelligera is frequent
in the infralittoral zone, mainly on coarse sandy or vegetated bottoms [18,55,70], but, in
general, all miliolids are commonly described as linked to a vegetated seafloor [69,78].
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Cluster B is dominated by taxa typical of infralittoral/upper circalittoral bottoms
such as A. mamilla and L. lobatula. Rosalina bradyi and S. wrighti are other significant
components. Similar foraminiferal assemblages dominated by A. mamilla, L. lobatula
and Rosalina bradyi are typical of Recent Mediterranean infralittoral vegetated bottoms
(e.g., [18–20,69,70,77,79–81]). Nevertheless, these taxa are described also as epifaunal sus-
pension feeders, living permanently or temporarily attached to coarse substrates, such as
bioclastic sands and gravels [7,59]. The same assemblage is present in the modern seafloor
of the Pontine Archipelago [18,19] and, precisely, between 30 and 100 m wd, where the
bottom is characterized by coarse biodetrital sediment.

The differences between clusters A and B do not seem related to different ecological
preferences of dominant and accompanying species: they are generally adapted to live
as epifauna attached to coarse substrate. The differences can be found in the values of
diversity indices and percentages of dominance (Table 3). The diversity is rather lower
in cluster A (α-Fisher Index: 12.66–20.13) than in cluster B (α-Fisher Index: 15.51–25.16),
while the dominance shows an opposite trend: 16.2–29.1% and 9.4–21.1%. These data
indicate relatively more stressed (or worse) conditions for cluster A, probably due to high
current activities.

Cluster C groups only three samples from 25 cm to the top of the Caro1 core, domi-
nated by C. carinata. This species is typical of circalittoral and bathyal muds [55,68,75,82].
In the modern sediments of the Pontine Archipelago, the C. carinata assemblage is reported
in the lower circalittoral zone (100–200 m; [18,19]).

As a whole, both cluster A (A. mamilla) and cluster B (A. mamilla and L. lobatula) indicate
bathymetries ranging between 30 and 100 m. Nevertheless, these two clusters can be related
to biodetrital circalittoral sediments, because the recent benthic foraminiferal communities
found in the Posidonia meadows near Ponza Island (<50 m wd) are characterized by the
dominance of L. lobatula and R. bradyi with high abundances of symbiont-bearing species
Peneroplis pertusus [20]. On the contrary, cluster C (Cassidulina carinata) indicates clearly a
deeper environment (currently, 100–200 m wd).

5.2. Environmental Conditions Required for the Free-Living Red Algae Growth

The coralline red algae assemblages recognized along the cores can occur both in
temperate and tropical waters with a vertical distribution usually limited to the sciaphilous
habitats in the lower infralittoral zone and in the circalittoral zone. It must be noted that the
Mediterranean maërl beds show much higher biodiversity compared with Atlantic maërl
beds [25,52,83]. Moreover, rhodoliths are considered coastal ecosystem engineers, and both
their morphology and bed distribution are highly affected by the coastal environment. In
this view, fossil free-living coralline algae can be considered as palaeoindicators of the past
environmental and hydrodynamic conditions [84].

Although temperature and light are basic environmental factors known to control their
distribution, also the water energy affects significantly both morphology and growth form
as well as the sedimentation rate [85–87]. In fact, if the water flow is too slow, rhodoliths can
be smothered by silt, but in the case of a too fast water flow, rhodoliths can be susceptible
to breakage [88]. In Brittany (France), rhodolith beds are found in areas where mean
current velocity ranges from 0.02 to 0.73 m/s, with the lowest percentage of rhodolith cover
(<59% covered) occurring in areas of water velocities exceeding 0.50 m/s [89]. In addition,
rhodoliths volume and branching density generally decrease with water depth [90].

It is well known that the observed species are typical of sciaphilous habitats and can be
found within a relatively wide bathymetric range, from the infralittoral to the circalittoral
zone (usually from 20 to 40 m depth; 65 m depth for Lithophyllum racemus) [52,83,91]. Off
western Pontine islands, rhodoliths can be found between 40 and 100 m wd [11,15,16,22].
They are a growing in situ species that accumulates to form assemblages frequently associ-
ated with submarine bedforms (e.g., ripple marks or dunes) [92].

The collected taxa are consistent with the results reported in previous studies in the
same geographical area [86] and the branched thalli, attributable to the maërl-forming
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species, such as P. calcareum and L. corallioides, were the dominant growth forms. These
species usually constitute the Phymatolitho-Lithothamnietum corallioidis Giaccone association,
1965, a facies typical of the circalittoral zone, but also developed in the lower infralittoral
zone. This sciaphilous habitat is assumed to have fairly narrow ecological requirements,
and its distribution seems to be in close connection to specific controlling environmental
factors [67].

From considering the hydrodynamic and sedimentological requirements of the sam-
pled branched coralline species, it emerges that those are all taxa typical of habitat character-
ized by relatively high energy environments, characterized by vigorous hydrodynamism,
laminar bottom currents, clean water, coarse sand mixed with muddy sediments and
bottom instability [11,52,67,93]. On the other hand, prâlines-shaped thalli grow preferen-
tially in the biocenosis of sand and gravel (S.G.C.F.) under strong and turbulent bottom
currents [52,94]. In addition, according to the laboratory studies carried out by [25], the
maërl-forming species P. calcareum seems to be deleteriously affected by the presence of
fine sediment with a high organic matter content.

The multibeam data acquired in the area surrounding the sediment cores do not show
evidence of the action of vigorous bottom currents able to rework the seabed in bedforms
(e.g., ripples, dunes) at present. Nonetheless, according to [22], the absence of a significant
muddy component in bioclastic sediments, especially for the Caro1, would support the
occurrence of moderate bottom currents at the seafloor, and this can support the occurrence
of rhodoliths.

5.3. Paleoenvironmental Reconstruction

The bottom of CS1 core is dated 9672 ± 168 cal BP, corresponding to a sea level about
30 m lower than the current one, if plotted on the sea-level rise curve related to “Italia site
7” (Fondi area) ([66]; Figure 9). Consequently, the bathymetric variation along the core
would be limited from 30 (bottom) to 60 m (top-core). From the bottom to 150 cm (between
9672 ± 168 and 7831 ± 125 cal BP), the sediments are dominated by cluster A (A. mamilla;
Figure 7). In this interval, two peaks of rhodoliths are present at the bottom and at 178 cm.
From 148 to 68 cm, a fluctuation is present between cluster A and cluster B (A. mamilla and
L. lobatula). In particular, two other levels with abundant rhodoliths are recognized at 108
and 82 cm, always corresponding to cluster A. Although the rhodoliths are not abundant
in all the samples of cluster A, in which A. mamilla dominates, a link between rhodoliths
content and A. mamilla can be supposed. This relationship could be due to the occurrence
of bottom currents, in which rhodoliths grow. On the other hand, the present sediments of
Pontine Archipelago characterized by abundant A. mamilla are also rich in rhodoliths [18,19].
Around 60 cm, and up to the top-core, cluster B is definitely established, and rhodolith
frequencies decrease. At 38 cm depth-core (1519 ± 134 cal BP), the CS1 core reaches a water
depth of 59 m, which is very similar to the current water depth (60 m; Figure 9). In general,
both these foraminiferal assemblages can be referred to as a recent A. mamilla, L. lobatula
and R. bradyi assemblage. It is actually present in these bathymetric range of Pontine
Archipelago in areas not covered by P. oceanica meadows [18,19]. The presence of these
similar benthic foraminiferal assemblages and the relatively few variations in the lithology,
together with the stable values of P/(P + B)%, confirm that there are no interesting large
bathymetrical variations in the CS1 core (Figure 7).
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Figure 9. Eustatic and glacio-hydro-isostatic predictions for Italian sites for the past 20,000 years
(redrawn and simplified from [66]). Samples of the cores CS1 (red dots) and Caro1 (blue squares) are
plotted on the curve (1: CS1_38 cm; 2: CS1_108 cm; 3: CS1_148 cm; 4: CS1_bottom; 5: Caro1_20 cm;
6: Caro1_50 cm; 7: Caro1_bottom).

On the contrary, a clear bathymetric change is recorded in the Caro1 core. From
the bottom to 30 cm core-depth, cluster B (A. mamilla and L. lobatula assemblage actually
present between 30 and 100 m wd) is recognized, whereas above and up to the top, it
is replaced by cluster C (C. carinata), typical of the 100–200 m range (Figure 8). In this
core, the relationship between A. mamilla abundance and rhodolith content is not clear
as in core CS1. According to the radiocarbon date (16012 ± 223 cal BP) plotted on the
sea-level rise curve of [66], the bottom was deposited at a water depth approximately 95 m
lower than the actual one (Figure 9). Considering the water depth of coring (122 m), the
bottom of Caro1 was deposited at a water depth of 27 m, during the final phase of the
last glacial lowstand. Between 62 and 55 cm (i.e., in the time interval from 16,012 ± 223
to 13,119 ± 190 cal BP), a very big rhodolith (boxwork) is present. This could testify to an
active carbonate deposition during a cold period (close to the LGM), which was rarely
described (e.g., [95]). The subsequent sea level rise involves the increase of the water depth
that at 20 cm (11,470 ± 287 cal BP) approximates 70 m (cluster C). The top 10 cm probably
corresponds to the highstand phase that occurred along the Tyrrhenian margin 6000 years
ago. This basin deepening is also confirmed by the sharp transition from coarser to finer
lithology and by the P/(P + B)% shift (Figure 8). It is low (6.3–10.9%) until 40 cm core-depth
and subsequently strongly increases (17.3–29.5%), reaching typical values of these water
depths [19].

Overall, foraminifera assemblages indicate that core Caro1 records a well-defined
deepening of the paleoenvironment. This is also mirrored by the coralline algal abundance,
which decreases upward along the core (Figure 8), consistently to what was observed in
other sectors of the Pontine Archipelago [31].

Both the core CS1 and Caro1 are characterised by large fluctuations in the coralline
algae abundances that might indicate variable hydrodynamic conditions and/or input of
finer sediment.

Interestingly, for both the bottom cores, the radiocarbon dates plotted on the sea-level
rise curve (“Italia site 7” [66]) provide a paleobathymetry of about 30 m. This water depth
is compatible with the recognized benthic foraminiferal assemblage (clusters A and B), and
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with dispersed rhodoliths in the Pontine Archipelago (30–100 m; [15,16]). The occurrence
of extensive rhodolith on the present-day shelf [22] and the long depositional record of
rhodoliths make this place a relevant natural site to study the present and past conditions
of carbonate production. The occurrence of a possible boxwork and the relatively higher
abundance of rhodoliths older than 13,000 years in the basal part of core Caro1 suggest the
possible presence of an active carbonate factory at Pontine Archipelago, for a longer time
than known so far (10,000 years, according to [31]). In addition, the finding of rhodolite-rich
sediment in the postglacial stratigraphic record represents a relevant aspect, as they play a
relevant role in carbon cycling and sequestration [27].

6. Conclusions

In this study, two sediment cores collected off Ponza Island (central Tyrrhenian Sea)
were analyzed. Paleontological data (benthic foraminifera and coralline red algae), inte-
grated with geophysical data and radiocarbon dates, have led to a paleoenvironmental
reconstruction of the last 16,000 yr BP in the Pontine Archipelago. Sediments from core
Caro1 recorded an evident deepening succession, with a transition from a basal rhodolith-
rich biodetritic coarse sand to the surface coralline-barren silty sand. This water depth
increasing is also reflected in the increase of the P/(P + B)% and in the change of the benthic
foraminiferal assemblages, from cluster B (A. mamilla and L. lobatula; infralittoral-upper
circalittoral zones) to a deeper-water assemblage cluster C (C. carinata; lower circalittoral
zone). These assemblages are similar to those found at different water depths in the present
seafloor of the Pontine Archipelago. A slightly different situation was recorded by core CS1
that is located at shallower depth (middle shelf), in which the water-depth increases from
the bottom to the top is probably limited to a few tens of meters. Nevertheless, the decrease
in rhodolith content from the bottom to the top is recognisable also in this core. Regarding
the benthic foraminiferal content, it is rather constant along the core with an alternation
between cluster A (A. mamilla) and cluster B (A. mamilla and L. lobatula). These assem-
blages are both referable to the infralittoral-upper circalittoral zones and show the presence
of dominant species having similar ecological preferences. A difference between these
two clusters can be found in the species diversity, which is lower in cluster A, indicating
relatively more stressed conditions.

Overall, this study extends the rhodolith record in the Pontine Archipelago at a time
between 16,000 and 13,000 years BP (occurrence of a big rhodolith in the lower part of
the core Caro1) compared to what has been observed so far (around 10,000 years BP).
Consequently, it is possible to consider that a mixed siliciclastic-carbonate sedimentation
was already active during the post-LGM.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11040179/s1, Figure S1: Scanning electron micrographs of some significant benthic
foraminiferal species recognized in the CS1 and Caro1 cores. Scale bar = 100 µm: 1. Spiroplectinella
wrighti, side view; 2. Textularia bocki, side view; 3. Quinqueloculina stelligera, side view; 4. Cassidulina
carinata, side view; 5. Asterigerinata mamilla, spiral view; 6. Asterigerinata mamilla, umbilical view;
7. Rosalina bradyi, spiral view; 8. Rosalina bradyi, umbilical view; 9. Lobatula lobatula, spiral view;
10. Lobatula lobatula, umbilical view, Figure S2: Different growth forms detected in the sampled
rhodoliths. Scale bar = 1 cm: a. small branched thalli; b. larger branched thalli; c. fragmented
branched thalli; d. prâlines, Table S1: Relative abundances of the foraminiferal species recognized in
each sample of CS1 and Caro1 cores, Table S2: Quantitative analysis of coralline red algae.
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