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Abstract

The effects of different environmental factors controlling the distribution of different morphologies,
sizes and growth forms of rhodoliths in the western Pontine Archipelago have been studied. The
analysis of 231 grab samples has been integrated with 68 remotely operated vehicle (ROV) videos
(22 h) and a high resolution (< 1 m) side scan sonar mosaic of the seafloor surrounding the
Archipelago, covering an area of approximately 460 km2. Living rhodoliths were collected in
approximately 10% of the grab samples and observed in approximately 30% of the ROV dives. The
combination of sediment sampling, video surveys and acoustic facies mapping suggested that the
presence of rthodoliths can be associated to the dishomogeneous high backscatter sonar facies and
high backscatter facies. Both pralines and unattached branches were found to be the most abundant
morphological groups (50% and 41% of samples, respectively), whereas boxwork rhodoliths were
less common, accounting only for less than 10% of the total number of samples. Pralines and
boxwork rhodoliths were almost equally distributed among large (28%), medium (36%) and small
sizes (36%). Pralines generally presented a fruticose growth form (49% of pralines) even if pralines
with encrusting-warty (36% of pralines) or lumpy (15% of pralines) growth forms were also
present. Morphologies, sizes and growth forms vary mainly along the depth gradient. Large
rhodoliths with a boxwork morphology are abundant at depth, whereas unattached branches and, in
general, rhodoliths with a high protuberance degree are abundant in shallow waters. The exposure
to storm waves and bottom currents related to geostrofic circulation could explain the absence of

rhodoliths off the eastern side of the three islands forming the Archipelago.
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1. Introduction

Rhodoliths are formed by coralline red algae (nongeniculate Corallinales) and occur on soft
substrates as free-living nodules. They represent an important, often predominant component of
shelf sediments in tropical carbonate settings (Carannante et al., 1988; Canals and Ballesteros,
1997; Basso, 2012), in particular where other sources of extra-basinal silicoclastic sediment are
absent, as present in the study area (Bracchi and Basso, 2012). Corallines have an important role in
the carbonate budget of the present Mediterranean shallow waters which until now has been
underestimated (Savini et al., 2012). Coralline red algae may support rich benthic communities
(Barbera et al., 2003; Foster et al., 2013). A comparison between rhodolith beds versus sand flat
communities demonstrated that the presence of rhodoliths enhances species richness and diversity
in the marine benthos (Steller and Foster, 1995; Steller et al., 2003; Nelson, 2009). Rhodoliths
provide three-dimensional habitats for the fauna (Hily et al., 1992; Birkett et al., 1998; Basso and
Brusoni, 2004; Gherardi, 2004; Grall et al., 2006; Nelson, 2009), in particular for crustaceans,
polychaetes (Harvey and Bird, 2008), cnidarians and chitons (Konar et al., 2006). Some species of
the associated fauna seem to be rhodolith-specific (Steller et al., 2003), being influenced by
rhodolithforming species and rhodolith morphologies (Hinojosa-Arango et al., 2004). Rhodolith
beds, including maerl beds (Basso et al., 2015) are highly susceptible to ocean acidification (Martin
and Gattuso, 2009; Basso, 2012) and also to the burial from fine sediments (Figueiredo et al., 2015).
Fish farm waste and maerl extraction have negative effects on rhodolith and maerl communities
(Wilson et al., 2004; Nelson, 2009; Aguado-Giménez and Ruiz-Fernandez, 2012). Due to their
ecological importance and their need to be preserved (Barberd et al., 2003; Steller

et al., 2003; Hall-Spencer, 2005; Nelson, 2009), maerl beds are subject to European and UK
conservation legislation (Wilson et al., 2004). In particular, L. corallioides and P. calcareum are
included in annex V of the Habitats Directive. Rhodoliths and maerl preservation is particularly
important also due to the slow growth rate of coralline red algae (Frantz et al., 2000; Blake and
Maggs, 2003; Rivera et al., 2004; Schéifer et al., 2011), which makes them lowly resilient to
environmental stress (Grall and Hall-Spencer, 2003; Wilson et al., 2004; Nelson, 2009).

The most extensive rhodolith bed has been observed off eastern Brazil, on the Abrolhos Shelf, and
covers about 20,900 km2 (Amado-Filho et al., 2012). In the Mediterranean Sea, rhodolith and maerl
bedshave been described on the Mallorca-Menorca shelf (Canals and Ballesteros, 1997), off the
Maltese Islands (Borg et al., 1998; Sciberras et al., 2009) and in the Tyrrhenian Sea (Bressan, 1974;
Basso, 1996; 1998; Di Geronimo and Giaccone, 1994; Savini et al., 2012).

In this work we report the results of the study of rhodoliths from the western Pontine Archipelago

(Fig. 1a), which is located on a structural high separating Palmarola and Ventotene sedimentary



intraslope basins (Zitellini et al., 1984), in the central-eastern Tyrrhenian Sea. The Archipelago is
composed of three islands (Palmarola, Ponza and Zannone), mainly formed by submarine and
subaerial eruptions during the Plio-Pleistocene (Barberi et al., 1967).

The three islands are surrounded by a narrow (2—8 km wide) and steep (0.5—1.5°, up to 10° in
presence of rock outcrops and canyons) continental shelf. Shelf sedimentation is mainly intrabasinal
and made up of the biogenic remains of benthic communities, which act as the main sediment
source for both coarse and fine sediment fractions (Bracchi and Basso, 2012). Wave metric data
(http://telemisura.it) recorded for a period of 16 years (from July 1989 until June 2005) in Ponza
island, show dominant wave directions from W. The area is affected by surface geostrofic marine
currents flowing toward NW (Artale et al., 1994) that are deeply modified by the uneven
morphology of the Archipelago and locally enhanced between islands. The tidal oscillation in the
Mediterranean Sea is generally of the order of few cm, except for the north Adriatic Sea, the north
Aegean Sea and the Gulf of Gabes (Tsimplis et al., 1995).

Aim of this work is to study presence, characters and distribution of living rhodoliths on the
continental shelf surrounding the W Pontine Islands by integrating indirect investigation data (side-

scan sonar data and remotely operated vehicle images) with a quantitative analysis of grab samples.

2. Material and methods

Grab samples, side-scan sonar (SSS) data and remotely operated vehicle (ROV) images were
obtained in four oceanographic cruises carried out from 1997 to 2001 onboard the R/V Urania
(CNR) and a small vessel (Vega 1) in the framework of the 1:50.000 geological mapping project
funded by the Italian Geological Survey (CARG Project) (Fig. 1, Table 1).

2.1. Grab samples

Seafloor samples were collected in 2001 using a Van Veen grab (25 1). Sampling sites were targeted
to groundtruth the acoustic classes depicted by side scan sonar data for the definition of both
sediment texture and biological assemblages. A total of 231 stations were sampled between 10 and
250 m depth off Palmarola, Ponza and Zannone islands and La Botte Rock (Fig. 1b). For each
sampling site, the slope gradient of the seafloor was measured on bathymetric data computed after
actual soundings collected by the Italian Navy Hydrographical Institute (IIM).

Immediately after collection, living rhodoliths were separated from sediment and rocks, and
photographed onboard to record the colour of the algal thalli for vitality estimates (Fig. 2a).
According to Steneck (1986) the nodule is classified as “rhodolith” when more than 50% of

the total volume of the nodule is made of coralline algae, otherwise it is classified as a “coating”.

Rhodoliths were classified based on their morphology according to Basso (1998; 2012) in boxwork



(BW), pralines (PR) and unattached branches (BR) (Fig. 2b). BW are mostly irregular multispecific
nodules with internal macroscopic voids filled with sediment, due to periods of growth interrupted
by episodes of partial burial and/or overturning. The nucleus of a BW consists of a biogenic
remains or of a small pebble. PR are mono(oligo)specific compact nodules with a biogenic or lithic
nucleus, bearing variously developed protuberances at their surface. Finally, BR are monospecific
rhodoliths lacking a macroscopic nucleus and possibly characterized by a high protuberance degree
(Basso et al., 2009). Based on their maximum diameter, BW and PR > 1 ¢m in their maximum
diameter were divided in large (d > 3 cm), medium (d=1.5-3 ¢m) and small (d <1.5 cm) rhodoliths.
In addition, based on their growth form, we also divided PR in encrusting-warty, lumpy and
fruticose, according to Woelkerling et al. (1993) (Fig. 2¢).

Selected rhodolith samples from 15 grab stations were sectioned and observed under optical
microscopy to identify species forming the algal nodule. For each sample, two perpendicular
petrographic thin sections were prepared after embedding algal nodules in an epoxy resin.
Mediterranean rhodoliths may show a complex composition, with occasional encrustation by
bryozoans, barnacles, serpulids, and foraminifers, accompanied by a large array of dwellers (small
benthic foraminifers, annelids, boring and infaunal bivalves, gastropods, chitons, articulate
brachiopods, etc). The observed species diversity is associated with the 3-D structure provided by
the rhodoliths (Basso et al., 2015). Macroids mainly composed by foraminifers are unknown

in the Mediterranean, contrarily to tropical environments (Hottinger, 1983; Matsuda and Iryu,
2011). Since corallines are the main builders in the sedimentary environments considered here
(Basso, 1998), we focussed on the identification of the most common and volumetrically

important species of corallines and disregarded the thin, monostromatic thalli and the
accompanying fauna. Anatomical details of corallines composing the rhodolith surface were
observed in radial sections of crustose thalli, and in longitudinal sections of protuberances.
Hypothallus and perithallus observations were performed at 10x magnification, whereas epithallial
cells were studied at 60x magnification. The genera of the non-geniculate Corallinales were
identified based on Harvey and Woelkerling (2007). Details on the anatomy and systematics of the
Mediterranean corallines are reported in Basso (1995); Basso et al. (1996; 1997; Basso and Rodondi
(2006) and Bressan and Babbini (2003).

2.2. ROV images

68 ROV video surveys (22 h) were conducted in June 2001 between 10 and 120 m offshore the
three islands and La Botte Rock (Fig. 1). A Hyball [2] ROV equipped with a video and photo

camera was used. Like grab-sampling sites, ROV sites were chosen to groundtruth the acoustic



classes defined by side scan sonar facies. ROV images were used to characterize the substrate and
qualitatively estimate rhodoliths presence, abundance and habitat.

2.3. SSS data

A full-coverage, high resolution (< 1 m) side scan sonar mosaic of the seafloor surrounding the
Archipelago was collected during two oceanographic cruises, in 1997 and 2001, covering an area of
approximately 460 km2. A 100 kHz side scan sonar was run along contourparallel routes with 150
m per channel swath. The following six acoustic facies were identified: high backscatter (HB),
rocks and high backscatter (r-HB), dishomogeneous high backscatter (D-HB), dishomogeneous low
backscatter (D-LB), low backscatter (LB) and Phanerogams (i.e. Posidonia oceanica, POS) (Table
2). Sonar images were integrated with medium-resolution bathymetry derived from original
soundings collected for nautical charting by the IIM (5 m isobath interval).

2.4. Statistical analysis

The univariate statistical test ANOVA was performed using the Statistica software v. 5.5, in order
to establish the variation of the abundance of rhodoliths respect to depth and slope gradients, in
different regions and in relation to grain size. Depth values were grouped into 5 classes (039 m,
40-59 m, 60—79 m, 80-110 m and > 110 m), regions into 6 groups (E islands, saddles, NE PA, NW
PA, N ZA and BOTTE, Fig. 1), bottom slope into 4 groups (0-2°, > 2-3°, > 3-4° and > 4°) and
grain size into 3 groups (gravel, sand and mud). Multivariate statistical analyses were also
performed to test for differences among the percentage of rhodoliths with variable morphology
(BW, PR and BR), size (large, medium and small) and growth form (encrusting-warty, lumpy and
fruticose) versus depth, regions, slope and grain size. According to rhodoliths occurrence, 3 groups
of depth were considered (40—-59 m, 60—79 m and 80—110 m), as well as 4 groups of regions
(saddle, NE PA, NW PA and N ZA), 4 groups of seafloor gradient (0-2°, > 2-3°, > 3—4° and > 4°)
and 3 groups of grain size (gravelly sand+slightly gravelly sand (gS+(g)S), gravelly muddy sand
(gmS) and muddy sandy gravel (msG)). Euclidean distances between pairs of samples were
calculated to obtain a triangular distance matrix. Differences between rhodolith morphology, size
and growth form at different depths, slopes and grain sizes were tested through the non-parametric
analysis of similarities (ANOSIM test). ANOSIM is a resemblance-based permutation method used
to test the null hypothesis of “no differences” between a priori defined groups of multivariate
samples. Multivariate statistical analyses were performed with Primer software v.6 (Clarke, 1993;

Clarke and Gorley, 2006).

3. Results

3.1. Grab samples



A total of 813 living rhodoliths were collected in 27 out of the 231 sampling stations. Main
characters of collected samples (e.g., grain size) and sampling sites (depth, region, slope), together
with rhodolith characteristics, are shown in Table 2, whereas the percentage of grabs with
rhodoliths at the different depths, regions and slopes, and corresponding to the different sediment
grain sizes, is shown in Fig. 3. Both PR and BR were present in 18 out of 27 grab stations (67%)
and represented the most abundant morphological groups (50% and 41% of samples, respectively).
BW represented the less abundant morphological group, being present in 11 out of 27 grab stations
(41%), accounting only for the 9% of the total number of samples. PR and BW were almost equally
distributed among large (28%), medium (36%) and small sizes (36%). PR generally presented a
fruticose growth form (49% of PR) with encrusting-warty (36% of PR) or lumpy (15% of PR)
growth forms subordinated. Rhodoliths were sampled in five of the six sonar facies but with an
uneven distribution. In fact, HB and D-HB accounted for 65% (30% and 35%, respectively) of the
specimens, whereas LB accounted for 1% (i.e. 3 specimens) (Fig. 4). The following rhodolith
species were identified: Lithothamnion valens Foslie, Lithothamnion minervae Basso,
Lithophyllum racemus (Lamarck) Foslie, Spongites fruticulosus Kiitzing and Phymatolithon
calcareum (Pallas) W.H. Adey and D.L. McKibbin (Fig. 5). L. racemus was collected in 47% of
grabs and represented the dominant species, followed by S. fruticulosus (40%), L. valens (33%), L.
minervae (20%) and P. calcareum (7%). In some specimens, moving from the nucleus to the
periphery, different species were observed.

3.2. ROV images

Living rhodoliths were observed in 21 ROV dives. In the majority of the ROV dives (43%),
rhodoliths appeared associated with bifurcated and symmetrical megaripples (1-1.5 m wavelength)
with low relief (usually less than 10-20 cm) (Table 3), usually hosting rhodoliths on the ripple
trough. Rhodoliths were also observed in the vicinity of rocks (33% of ROV dives) and on the flat
seafloor (24% of ROV dives) (Table 3). The occurrence of rhodoliths in ROV videos and side scan
sonar facies indicates that they are associated to the sonar facies R-HB (48% of ROV dives), HB
(29% of ROV dives), D-HB (19% of ROV dives) and LB (4% of ROV dives), thus confirming the
association derived from the comparison between grab samples and sonar facies.

3.3. Statistical analysis

Results from the univariate statistical test ANOVA evidenced significant differences in the
abundance of rhodoliths among the 6 sampled regions of the Archipelago (Table 4a). Based on the
results of the multivariate ANOSIM test, rhodolith morphology, size and growth form were
significantly different depending on depth (Table 4b).



4. Discussion

4.1. Integration of side scan sonar data, ROV dives and grab samples

In this study, we combined sediment sampling, ROV video surveys and acoustic facies mapping
derived by side scan sonar data. The information provided by the three techniques is
complementary. Side scan sonar data allow inferring the distribution of rhodoliths in large, deep
areas. ROV video surveys are useful for groundtruthing and assessing live rhodolith distribution
and habitat features. Seafloor sampling is essential to study rhodolith morphology, size, growth
form and species composition. A similar approach was used in studies carried out in the south-
western Atlantic Ocean and in the Mediterranean Sea in which ROV surveys suggested that specific
acoustic facies can be used as a proxy of the presence of rhodoliths (Pereira-Filho et al., 2012;
Savini et al., 2012). We recovered living rhodoliths mainly in the HB facies and in the D-HB facies.
The HB facies relates to coarse sand and the D-HB facies relates to backscatter (usually parallel to
isobaths), with prevalence of high backscatter patches. Moreover, the higher percentage of
rhodoliths in the D-HB than in the D-LB facies (46% and 3%, respectively) suggests that high
backscatter is enhanced by the rhodoliths themselves. These observations are consistent with other
studies, such as those carried out by Micallef et al. (2012) off the Maltese archipelago and Parnum
and Gavrilov (2012) in different sites around Australia, where the high backscatter intensity
correlates well with rhodolith beds.

4.2. Factors controlling rhodoliths distribution in the study area

The distribution of rhodoliths is controlled by a combination of environmental variables, like
temperature, salinity, irradiance, nutrients and water chemistry (Wilson et al., 2004; Teichert et al.,
2012). We studied the distribution of rhodoliths with different morphology, size and growth form in
the continental shelf off the western Pontine Islands. We focused on the variation of the abundance
and characteristics of rhodoliths along water depth and slope gradients, and in different regions,
whose combinations are proxies of different oceanographic settings.

4.2.1. Water depth

The relationship between rhodoliths and water depth depends on the variation along the depth
gradient of environmental variables affecting algae, like light availability and hydrodynamic regime
at the seafloor. In addition, the input of terrigenous material from subaerialcoastal erosion, and
therefore rhodoliths exposure to sediment burial, is higher at shallow water than at depth. Finally,
species zonation and the transport of rhodoliths from the continental shelf to deeper waters vary
with depth and may also control rhodoliths distribution. The bathymetric distribution of the
sampling stations in the study area is rather homogeneous, with a higher concentration between 60

and 110 m w.d. (Fig. 3a). The deepest rhodolith findings (112 m depth at station PO-ZA 5) match



the lowest bathymetric limit of the photic zone in the western Mediterranean Sea (Di Geronimo and
Giaccone, 1994; Basso, 1996). In our study, the high tolerance of rhodoliths to different intensities
of light is confirmed by the wide bathymetrical distribution of rhodolith-associated megaripples
(from 45 to 114 m depth) and of rhodolith-associated sonar facies (from 20 to 100 m depth).
According to Basso (1996), among macrobenthic algae, the non-geniculate corallines show the
widest depth range. Depending on the species, the upper limit of their depth range can be related to
the risk of desiccation or can depend on photosynthesis inhibition under high-irradiance conditions
(Basso, 1996; Wilson et al., 2004; Basso et al., 2009). As regards the deepest limit of their
distribution, red algae are well adapted to live in dim light conditions (Kiihl et al., 2001), both in
deep waters (Littler et al., 1985; Lavrado, 2006; Figueiredo et al., 2012) and in polar regions
(Freiwald and Henrich, 1994; Wiencke and Clayton, 2002; Roberts et al., 2002; Teichert et al.,
2012). In our study, water depth seems to be the best proxy for rhodoliths morphology, size and
growth form (Table 4b). The reverse distribution of BW and BR, with the first increasing with
depth and the latter decreasing (Fig. 6a), is in agreement with the high protuberance degree that
characterizes rhodoliths living under high energy conditions, like the maerl species Phymatholithon
calcareum and Lithothamnion corallioides, which is related to the apical abrasion resulting from
frequent overturning (Bosence and Pedley, 1982; Basso, 1996). On the contrary, in deeper settings,
the fine sediment which accumulates among the concentric algal strata prevents the formation of
compact nodules, fostering the growth of BW. The low hydrodynamics typical of deep seafloor is
responsible for the asymmetric growth-form characterizing the BW morphological group (Basso,
1998). In the study area, BW showed a bimodal distribution with depth (Fig. 6a); we suggest that
the deepest samples may represent recent colonizations of relict BW. The presence of larger
rhodoliths in deeper water (Fig. 6b) is in agreement with previous studies carried out in the southern
coast of Espirito Santo State (Brazil) (Amado-Filho et al., 2007) and off Newfoundland and
Labrador (Canada) (Gagnon et al., 2012), but contrasts with the lack of relationship between depth
and nodules diameter found by Pefia and Béarbara (2008) or with the inverse relationship found by
other authors (Littler et al., 1991; Steller and Foster, 1995; Riul et al., 2009; Bahia et al., 2010). The
direct relationship between size and water depth suggests that size increases at high depths thanks to
the infrequent motion of rhodoliths, which is related to the reduced bottom currents and the limited
bioturbation (Marrack, 1999) and competition with soft-bodied algae. A bias may exist between
rhodolith morphologies (Fig. 6a) and size (Fig. 6b), as BW are always larger than PR and BR. PR
and BR would need high hydrodynamic energy to become large rhodoliths while maintaining their
morphology. Probably, PR and BR, at some time of their growth, die buried or stop moving and

transform into BW. Finally, the variation in the protuberance degree may be speciesspecific (Steller



and Foster, 1995), but a reduced rhodolith motion at depth could also be responsible for the low
protuberance degree characterising deep rhodoliths in the study area (Fig. 6¢), as it has been
observed in other studies (Foster et al., 1997).

4.2.2. Region

The distribution of the sampling stations in the study area is rather homogeneous (Fig. 3b) and our
results suggest that exposure to storm waves (i.e., bottom currents related to wave action), along
with bottom currents due to local forcing of geostrophic circulation, should represent the main
factors controlling the occurrence of rhodoliths at comparable depths (Table 4a). Moderate
hydrodynamics are considered adequate for rhodoliths (Ryan et al., 2007) and preferable than
lowest and highest energies. Low hydrodynamics seem to prevent rhodolith formation by
smothering from excessive fine sedimentation and, in agreement with the wave data collected at the
meteorological station located in Ponza, could explain the absence of rhodoliths off the eastern side
of the three islands forming the Archipelago (Fig. 3b). High hydrodynamics are useful to prevent
fouling (Steller and Foster, 1995) and the burial of the algal nodules, but can cause rhodoliths
excessive abrasion or their transport out of favourable growing conditions (Marrack, 1999; Foster,
2001). However, in our study, we found that the action of relatively strong bottom currents
suggested by the presence of bedforms and particular SSS facies (dishomogenous high backscatter
related to coarse-grained sediment belts) did not prevent the presence of rhodoliths. Overturning
influences the morphology of rhodoliths, and, for this reason, the distribution of different
morphologies is related to bottom currents (Post et al., 2006; Basso et al., 2009). In the study area,
the high percentage of BW and of rhodoliths with an encrusting-warty growth form off NE
Palmarola (Fig. 7a and c) is in accordance with the presence of westerly storm waves (Fig. 1).
Additionally, the high percentage of PR both along the saddle between Palmarola and Ponza and the
saddle between Ponza and Zannone (Fig. 7a) agrees with relatively strong bottom currents
hypothesized for the saddles between the islands. It also confirms the results of tank experiments
and field observations, showing a correlation between high protuberance degree of fruticose
rhodoliths and exposure to currents (Bosence, 1976; Basso and Tomaselli, 1994). Nevertheless, we
did not find statistically significant correlations between the factor “region” and the morphology,
size or growth form of rhodoliths (Table 4b).

4.2.3. Seafloor slope gradient

The seafloor slope gradient measured on medium-resolution bathymetric data indicates the
“overall” slope of the seafloor and does not reflect microtopography, that in some ROV images
appears to be relevant for rhodoliths occurrence. Slope varies between 0 and 10° and the

distribution of sampling stations is rather homogeneous (Fig. 3¢). We did not find a statistically



significant correlation between bottom slope and the percentage of grabs with rhodoliths (Table 4a).
Rhodoliths were always absent from areas with slope values higher than 6° (Fig. 3¢), but we also
observed an unexpected high percentage of large BW and rhodoliths with an encrusting-warty
growth form in relatively steep bottoms (slope > 3°) (Fig. 8).

4.2.4. Sediment grain size

In the western Pontine Archipelago, samples had different percentages of mud (d < 0.063 mm),
sand (0.063 mm< d <2 mm) and gravel (d >2 mm). According to Folk (1954) grain size
classification, in our study, rhodoliths appeared associated to muddy sandy gravel (msG) (33% of
grabs with rhodoliths), gravelly sand (gS) (27%), slightly gravelly sand ((g)S) (14%) and gravelly
muddy sand (gmS) (13%) (Fig. 3d). Even if the data indicate a direct relationship between coarse
sediment and presence of rhodoliths (Fig. 9), the amount of muddy sediment varied considerably
among stations with rhodoliths (it varied between ~2% at station PO-PA 13 and ~43% at station
PO-ZA 5). This would indicate that locally rhodoliths may develop also under low hydrodynamic
conditions. Although we did not find a significant correlation between sediment grain size and the
presence (Table 4a) or the characteristics (Table 4b) of living rhodoliths, they appeared preferably
associated with sandy sediment with gravel of bioclastic origin, therefore, to the biocenosis of the
coastal detritic bottom (Pérés and Picard, 1964).

4.3. Rhodolith-forming species

In our samples, Phymatolithon calcareum was identified only in one station (NW PA2), where it
was present as BR (Table 1). This fact is in agreement with the idea that this species, together with
Lithothamnion corallioides, have a species-specific fruticose growthform (Basso, 1994). The
occurrence of L. valens, that more rarely corresponds to the BR morphology (Basso, 1995),
corresponded to the presence of BR at stations PO-PA6, PO-PA13 and N ZA1, but not at stations
PO-PA11 and PO-PA14, where it formed PR and BW (Table 1). PR were found at the three stations
were Lithothamnion minervae (Basso, 1998) was identified. On the contrary, PR were found only at
five of the seven stations where Lithophyllum racemus, another species related to the formation of
PR (Basso, 1996), was identified (Table 1). Our results confirm that rhodolith morphology can be
related to the algal species forming the nodule surface (Basso, 1996), as expected from the
correlation between morphology and depth gradient. It is also clear that the overall morphological

variation within rhodolith species is large (Riosmena-Rodriguez et al., 1999).

5. Conclusions
As a whole, The seafloor classification based on acoustic backscatter performed at western Pontine

Archipelago provides a tool to adequately map benthic habitats. The combination of sediment



sampling, ROV video surveys and acoustic facies derived by side scan sonar data confirmed that the
presence of rhodoliths can be associated to specific acoustic facies. In particular, rhodoliths are
mainly associated with the dishomogeneous high backscatter sonar facies and the high backscatter
facies, which are related to sandy sediment with gravel of bioclastic origin, although no significant
correlation was found between sediment grain size and the occurrence or the characteristics of
living rhodoliths. In addition, based on ROV data, rhodoliths appear associated with megaripples,
thus confirming as favouring factor an active hydrodynamics affecting the seafloor, even if not
particularly high-energy as half of the specimen with rhodoliths contains more than 30% of mud.
Both pralines and unattached branches were found to be the most abundant morphological groups,
whereas boxwork rhodoliths are less common, accounting only for less than 10% of the total
number of samples. Pralines and boxwork rhodoliths were almost equally distributed among large,
medium and small sizes, although boxwork rhodoliths reach the largest size. Pralines generally
presented a fruticose growth form even within a large variability, since encrusting- warty or lumpy
growth forms were also present. After considering the effects of water depth, region, seafloor slope
gradient and grain size on the distribution of rhodoliths with different abundance, morphology, size
and growth form, the main factor controlling rhodolith morphology is the depth gradient, with
unattached branches decreasing with depth and boxwork rhodoliths increasing. At comparable
depths, the exposure to storm waves along with bottom currents due to morphological forcing of
geostrophic circulation represents the main factor controlling the abundance of rhodoliths and could
explain their absence off the eastern side of the three islands forming the Archipelago. Finally, our
results confirm that rhodolith morphology is related to the algal species forming the nodule surface,

as shown by the praline-forming L. minervae and L. racemus.
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Fig. 1. Study area with sampling stations in Ponza.
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Fig. 2. Living rhodoliths photographed onboard (a), rhodolith morphology (b) and growth form (c).
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Fig. 3. (a) Relative and absolute abundance of grabs with rhodoliths with respect to the total number of grabs at
different water depths. Total number of grabs in each depth interval: 13 (10-40 m); 13 (40-50 m); 14 (50—60 m); 27
(60-70 m); 34 (70-80 m); 30 (80—90 m); 18 (90-100 m); 24 (100-110 m); 7 (110-120 m); 39 (120-260 m). (b)
Relative and absolute abundance of grabs with rhodoliths with respect to the total number of grabs at the different
regions. Note how the eastern sectors of the islands (*) lack rhodoliths. Number of grabs in each region: 12 (NW PA); 7
(NE PA); 19 (E PA); 78 (PO-PA); 45 (E PO); 24 (PO-ZA); 13 (N ZA); 20 (E ZA); 8 (BOTTE). (c) Relative and
absolute abundance of grabs with rhodoliths with respect to the total number of grabs at different slopes. Number of
grabs in each slope interval: 35 (0—1°); 64 (> 1-2°); 51 (> 2-3°); 28 (> 3—4°); 11 (> 4-5°); 9 (> 5-6°); 7 (> 6-7°); 22 (>
7°). (d) Relative and absolute abundance of grabs with rhodoliths with respect to the total number of grabs
corresponding at different sediment grain size. Number of grabs corresponding to each sediment grains size group: 8

((@M); 15 ((g)sM); 1 (gM); 74 ((2)S); 44 ((2)mS); 24 (gmS); 41 (gS); 1 (mG); 3 (msG); 7 (sG).
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Fig. 4. Percentage of grabs with rhodoliths with respect to the total number of grabs corresponding to each side scan
sonar facies. (D-HB: dishomogeneous high backscatter; HB: high backscatter; D-LB: dishomogeneous low backscatter;
R-HB: rocks high backscatter; LB: low backscatter; POS: marine fanerogame, i.e. Posidonia oceanica). (Number of

grabs in each acoustic facies: D-HB: 17; HB: 47; D-LB: 15; R-HB: 45; LB: 74; POS: 3).
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Fig. 5. Anatomical feature of dominant coralline algae.
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Fig. 6. Effects of depth on rhodolith morphology, size and growth form. Relative and absolute abundance of BW (a),
PR (b) and BR (c) with respect to the total number of rhodoliths at different water depths. Relative and absolute
abundance of small (d), medium (e) and large (f) rhodoliths with respect to the sum of BM and PR at different water
depths. Relative and absolute abundance of PR with encrusting-warty (g), lumpy (h) and fruticose (i) growth form with
respect to the total number of PR at different water depths.
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Fig. 7. Effects of the region on rhodolith morphology, sizes and growth form. Percentage of BW (a), PR (b) and BR (c)

with respect to the total number of rhodoliths at the different regions. Percentage of large (d), medium (e) and small (f)

rhodoliths with respect to the sum of BW and PR at the different regions. Percentage of PR with encrusting-warty (g),

lumpy (h) and fruticose (i) growth form with respect to the total number of pralines at the different regions. (PO-PA:
saddle between Palmarola and Ponza; NE PA: region off the NE of Palmarola; NW PA: region of the NW of Palmarola;

PO ZA: saddle between Ponza and Zannone; N ZA: region of the N of Zannone).
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Fig. 8. Effects of the bottom slope on rhodolith morphology, size and growth form. Percentage of BW (a), PR (b) and
BR (c) with respect to the total number of rhodoliths at different slopes. Percentage of large (d), medium (e) and small
(f) rhodoliths with respect to the sum of BW and PR at different slopes. Percentage of PR with encrusting-warty (g),
lumpy (h) and fruticose (i) growth form with respect to the total number of PR at different slopes.
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Fig. 9. Effects of sediment grain size on rhodolith morphology, size and growth form. Percentage of

BW (a), PR (b), and BR (c) with respect to the total number of rhodoliths corresponding at different

sediment grain size. Percentage of large (d), medium (e) and small (f) rhodoliths with respect to the

sum of BW and PR corresponding at different sediment grain size. Percentage of PR with

encrusting-warty (g), lumpy (h) and fruticose (i) growth form with respect to the total number of PR

corresponding at different sediment grain size. ((g)S: slightly gravelly sand; gS: gravelly sand;

msG: muddy sandy gravel; gmS: gravelly muddy sand).
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Description of the 27 grabs with living rhodoliths including the algal species (Lithothamnion
valens, Lithothamnion minervae, Lithophyllum racemus, Spongites fruticulosus, Phymatolithon
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Table 2

Description of the 8 sonar facies where rhodoliths were sampled.

Fases mame  Low Liny haeksim ther High hadiseatter High backsmtter Roeks-high Poadoaeks
vl eatter disomogeneons (D-1E) (HE) disom oge neots (I-HE) ha elseatter (r- oer e | POS)
LBy HE}

Descrip@on  Pime sad iment Alermation of high and low harse biocles e Alternatiom of high and low R sorroumded Typical sonar fases of
badeemaser. Prevalence of low sadiment with badceater. Premlence of high by high haeksase., Fosldonds sevamiea
hacierafer anems g ndant rhod oliths Thacioer T ameas T dome.

Table 3

Description of the 21 ROV videos were rhodoliths were observed.

ROV video Latitude Longitude Deseription

Rl 315853 4530815 Megaripples
R2 319657 4536273 Megaripples
R3 316818 4536799 Megaripples
R4 315733 4536020 Megaripples
RS 31715 4534905 Megaripples
R 24425 4526805 Rocks

R7 323246 4527611 Megaripples
RB 23017 4528175 Flat battom

RO 319694 4527925 Rocks

R10 323059 4531450 Flat battom

R11 323355 4520650 Megaripples
R12 321523 4530745 Flat battom
R13 319796 4528171 Rocks

R14 319709 4527241 Rocks

RIS 40562 4538937 Flat battom
R16 343378 4530243 Rocks

RI7T 343430 4539557 Flat battom
R1B 340297 4537643 Rocks

R19 337167 4538039 Megaripples
R20 338471 4538112 Megaripples
R21 334581 4539152 Rocks




Table 4

Results of the univariate (a) and multivariate (b and c) statistical tests. Significant differences are in
bold. Results of the univariate statistical test ANOVA for the abundance of rhodoliths and depth (0—
40 m, 40—-60 m, 60—-80 m, 80—110 m and > 110 m), region (E islands, saddle, NW PA, NE PA, N
ZA and BOTTE), slope (0-2°, 2-3°, 3—4° and > 4°) and grain size (gravel, sand and mud) for all
grabs (a). Results of the multivariate statistical test ANOSIM for rhodoliths morphology, size and
growth form, and the four environmental variables: depth (40-60 m, 60—80 m and 80—110 m),
region (saddle, NW PA and NW ZA), slope (0-2°, 2—-3°, 3—4° and > 4°) and grain size ((g)S + gS,
msG and gmS) (b). Results of the multivariate statistical test ANOSIM separately for rhodoliths
morphology, size and structure, and the four environmental variables: depth (40-60 m, 60-80 m and
80-110 m), region (saddle, NW PA and NW ZA), slope (0-2°, 2—-3°, 3—4° and > 4°) and grain size
((g)S + gS, msG and gmS) (c).

“SS” means “Sum of Squares” .

“DF” means “Degrees of Freedom” .

“MS” means “Mean Squares” and is obtained dividing the sum of squares by the degrees of freedom.

“F”  represents the result of the F-Test and is obtained dividing the mean squares of the inter-group variability by the mean squares of the intra-group variability.

Variahle Environmental parameter Variability 55 DF MS F plevel
Abundance Depth Effect 2120733 4 532433 0.956 0.433
Error e L 177 556809
Region Effect 26600.68 5 5320.137 12,639 0. D00
Error T4084.18 176 420.933
Slope Effect 023.638 3 307.880 0.549 0649
Error 907122 178 560456
Grain size Effect 171556 2 B5.778 0153 0859
Error 1005133 179 561.527
(a)
Variahle Environmmental parameter Global R P
Maorphology, size, structure Depth 09 0.0z
Region .56 03
Slope 1 0.1
Grainsize 0.2 05
]
Environmental parameter Variable
MORPHOLOGY SIZFE GROWTH FORM
Depth R=0.75; P=0.03 R=0.65; P=0.06 R=0.95; P=0.01
Region R=0.56; P=0.30 R=-0.56; P=0.80 B=0.33; P=0.40
Slope R=0.78; P=0.20 R=0.10; P=0.10 R=0.11; P=0.50
Grainsize B=1.00; P=0.17 R=-1.00; P=1.00 R=020; P=0.50

(e}




