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Abstract: Marine caves are complex habitats characterized by intense environmental
gradients from the entrance towards the innermost dark sectors. The submarine caves
at the Cape of Otranto (Mediterranean, SE Italy) host skeletonized invertebrates able to
build 3D structures by intermingling their hard body parts with microbial carbonates, thus
acting as bio-constructors of true marine animal forests. Complex bio-constructions named
“biostalactites” (BSTs) with a core of calcareous tubes of Protula sp. (Serpulidae, Annelida)
have been recently found in the dark sector of the “lu Lampiùne” submarine cave, one
of the most complex and largest in the area. In the present study, we examined the outer
surface of a BST from “lu Lampiùne” in order to evaluate species richness, abundance and
distribution of Serpulidae at proximal, intermediate, and distal positions along the BST and
on the two opposite sides of the BST with different textures (coarse vs. smooth). The BST
surface hosted 1252 specimens belonging to 9 Serpulidae species differently distributed
along the BST and on differently textured surfaces. As expected, sciaphilic Serpulidae
dominated in terms of number of species and individuals. Remarkably, the large Protula
tubes of the BST core that allowed it to grow from 6000 years ago have been largely replaced
by small-sized Serpulidae species. The present study contributes to increase the knowledge
of the metazoans associated with biostalactite fields from “lu Lampiùne” cave and allows
for a comparison with findings from other Mediterranean BSTs.

Keywords: bioconstructions; biostalactites; marine animal forests; Mediterranean Sea;
Salento Peninsula; Serpulidae; submarine caves

1. Introduction
Marine caves are complex habitats characterized by light, hydrodynamics and trophic

input variations from the entrance toward the darkest inner sectors where total darkness
occurs, water movement is negligible, and microbial communities and sessile active filter-
feeders dominate [1–4]. In these confined systems, sessile skeletonized invertebrates may
act as bio-constructors of 3D biogenic frames by intertwining their tubes or skeletons in
association with carbonates whose precipitation is induced by microbial activity [5–7]. In
submarine dark caves, the continuous overlapping of colonizers, whose skeletons are in
turn colonized by the next generations of encrusting organisms intermingled with microbial
carbonate, give rise to bio-constructions which may reach considerable sizes and complexity,
components of the so-called “Marine Animal Forests”.

Marine cave-dwelling taxa able to modify their physical environment and defined as
ecosystem engineers, can be assigned to different categories according to their activity [8].
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Contrary to the ‘bio-constructors’, which build structures by their own mineral skeletons
that remain also after their death, and the ‘binders’, able to unit and expand the habitat
framework by agglomerating its components, the ‘borers’ are those organisms that actively
penetrate the substrate with their erosive activity [4,6,9]. Bio-construction features vary
markedly depending on the local prevalence of builders and consumers. In the submarine
dark caves, the composition of the builder’s guild is affected by the distance from the cave
entrance, the depth, and connections to the open sea. At the entrance of the caves, the
suitable light intensity and hydrodynamic energy allow coralligenic-type bio-structures
similar to those of coralligenic concretions occurring on rocky bottoms outside caves and
mainly depending on algae, with calcareous algae, large-sized erect Bryozoa species and
stony corals acting as the main constructors, opposed to Bivalvia and Porifera promoting
and enhancing erosive processes [10–14]. Conversely, algae disappear as the distance
from the entrance increases and the animal component, represented mainly by Serpulidae
(Annelida), Bryozoa and Porifera, dominates in the innermost sectors of the cave.

Recently, peculiar structures with an unusual cylindrical/conical shape, up to 2 m
in length, have been discovered in the innermost dark sector of the submarine cave “lu
Lampiùne”, one of the most complex and largest caves of the Salento Peninsula (Mediter-
ranean, SE Italy) [15,16]. These bio-constructions, named “Bio-stalactites” (BSTs) due to
their shape resembling true stalactites, are completely organogenic and based on calcare-
ous tubes of the serpulid Protula sp., which constitute the core of the structure. Similar
bio-constructions have already been described by Macintyre and Videtich [17] who named
“pseudostalactites” club-shaped aggregations of Serpulidae tubes belonging to the genus
Vermiliopsis projecting from the ceiling of a submarine cave in the Belize barrier-reef plat-
form. The BSTs from the “lu Lampiùne” cave represent the first record for the whole
Mediterranean basin; however, their presence was later also reported in other Mediter-
ranean marine caves in the Ionian Sea, Levantine Sea, and Aegean Sea [5,18–23].

Geobiological studies have revealed that Metazoa and bacteria are the main build-
ing engineers of the BSTs, with tubes of the genus Protula (Annelida, Serpulidae) as the
structural components of the original inner core, which has been dated to approximately
6000 years [16]. A complex texture of microbialite and Metazoa skeletons enveloping the
central core contributes to the general framework [7].

The role of Serpulidae as primary builders has been acknowledged not only by in-
vestigations on bio-structures in present-day environments, but also widely in studies
concerning geological past [24–30]. In fact, the oldest evidence of fossil Serpulidae dates
back to the middle Triassic (about 244 Mya), and from the late Jurassic (about 146 Mya),
Serpulidae colonized hydrocarbon seep environments and possibly even the deep sea,
where they developed even encrusting preexisting speleothemes [26].

These marine worms are sedentary filter-feeders living in a self-constructed tube
cemented to the substrate and made of crystalline calcium carbonate in a mucopolysac-
charide matrix, which provides protection from predators and adverse environmental
conditions [31–34]. Serpulidae are among the few selected taxa living in the innermost dark
sector of marine caves able to cope with the extreme environmental conditions hostile to
most marine invertebrates [2,3,35,36]. In these confined sectors of the marine caves, they
usually grow as isolated individuals or in clusters, forming crusts of variable thickness on
the hard substrate [2,3,20–22,35–37].

The only available data regarding a BST from the “lu Lampiùne” cave come from the
study of Rosso et al. [38], who provided the basis and highlighted the need for further
research on this topic. These authors gave, for the first time, information on present-day
BST-associated communities, which seems to differ from those of individual BSTs from
other Mediterranean submarine caves. The data from this previous study, however, refer
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only to one of the two halves into which the BST had been longitudinally sectioned, and
available for analysis.

The present study is a contribution to increase the knowledge of the metazoans
associated with BSTs which are the result of at least 6000 years of biological activities
within the “lu Lampiùne” cave. An entire BST from the innermost dark sector of the
cave was examined in order to detect and identify the encrusting Serpulidae on the whole
outer surface. The coverage of Serpulidae hard skeletons on the two opposite sides of the
BST, recognized on the basis of different textures of the surface (coarse vs. smooth), was
evaluated. For each side, species richness, abundance and distribution were estimated
along the longitudinal axis of the BST at proximal, intermediate, and distal positions in
relation to the point of detachment from the ceiling of the cave.

A clear preferential distribution of Serpulidae at different positions along the length
and on the differently textured sides of the BST was highlighted, with sciaphilic Serpulidae
dominating in terms of the number of species and individuals. Remarkably, the large
tubes of Protula individuals, which by 6000 years ago had built the core of the BST and
provided biogenic substrates for the next bioconstructors, have been largely replaced by
small-sized species.

2. Materials and Methods
The investigated BST was sampled in the submarine cave “lu Lampiùne” (Figure 1),

one of the most complex and largest submerged caves of the Salento coast (Cape of Otranto,
Apulian Peninsula, SE Italy, 40.0052778◦ N–18.5072222◦ E).
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Figure 1. Map (section) of the “lu Lampiùne” cave with indication of the BST field position within
the innermost chamber (dotted circle) and sampling site at Cape of Otranto (orange asterisk).

After the cave was discovered and mapped in 1989 [39], a new and more detailed
topographic survey [15] was provided with the description of a new passage not described
in the survey previously carried out. The cave consists of two chambers: a larger one
communicating with the open sea at several points, and a smaller Y-shaped one, which is
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internal (Figure 1). The two chambers are connected to each other by two narrow passages
at 17 and 20 m depth below the sea surface which do not impede the passage of scuba
speleo-divers. The ceiling of the shallower passage has an opening that allows light to
penetrate inside, hence the name of the cave itself (lu Lampiùne = light spot). The innermost
dark sector of the smaller chamber where the BST field is located (40 m from the entrance
at the level/section of about 8–10 m below the sea surface and over the deepest point of the
floor) is crowded with hundreds of BSTs hanging vertically from the ceiling or obliquely
protruding from the walls of the cave towards the center of the chamber (Figure 2).
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Figure 2. Innermost dark sector of the “lu Lampiùne” cave (8 m depth, 40 m from the entrance)
crowded with BSTs protruding from the walls and extending obliquely towards the center of the
chamber (a) or vertically hanging from the ceiling (b).

In the present study, we examined a single BST (Figure 3) collected in 2003 in the
innermost dark sector of the lu Lampiùne cave by detaching it from the ceiling covered
by a field of tightly packed BSTs of considerable dimensions, with various lengths. In
order to preserve this natural heritage, still novel for marine biology, we avoided a new
sample collection, and we used for the study the BST collected in 2003 and conserved in
the Marine Biology Museum “Pietro Parenzan” with the catalogue number MBMPPbst3.
This BST is the only complete specimen of a group of three, the other two consisting only of
longitudinal halves (the lacking halves being fragmented in preceding analyses). The size of
the collected BSTs was chosen among structures of intermediate value (whose dimensions
fell into the most common size group of about 50 cm in length) to avoid the removal of
extra-sized structures, still unique to the science, from their natural site.
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Figure 3. The BST collected from the “lu Lampiùne” cave oriented according to its vertical growth
with the proximal part corresponding to the point of attachment to the ceiling. (a) Coarse side view
of one of the two halves into which the BST was cut longitudinally, (b) Smooth side view of one of
the two halves into which the BST was cut longitudinally.



J. Mar. Sci. Eng. 2025, 13, 639 5 of 15

The BST is roughly conical in shape, approximately 42 cm long, with a diameter of
16 cm measured at the point of detachment from the ceiling of the cave chamber.

We examined the outer surface of the BST in order to detect the calcareous tubes of the
encrusting Serpulidae, which were identified at the species level. By examining the BST
surface, however, many areas including skeletons appeared blackened by oxidation due
to the exposure after sampling and/or mineralization processes, thus making it difficult
to identify taxa underlying the uppermost biogenic crust or in some cases even those on
the most external layer. In this case, Serpulidae were identified at the lowest possible
taxonomic level.

Species richness, abundance and distribution were evaluated:

- on the two opposite sides of the BST, recognized on the basis of different textures
(coarse vs. smooth) of the outer surface.

- for each side, at proximal, intermediate, and distal positions along the longitudinal
axis of the BST, in relation to the point of detachment from the ceiling.

The BST was sectioned longitudinally in order to examine it for radiocarbon dating
analyses, and micromorphological observations, UV-epifluorescence and micro-Raman
spectroscopy analyses in order to investigate the internal structures and growth pattern.
Therefore, the two different external surfaces were not considered in the cutting, and both
a smooth and a wrinkled surface were present in each half (Figure 3a,b).

The identification of Serpulidae species was performed with a Zeiss magnifying glass
(Zeiss, Oberkochen, Germany) and the images were acquired using the OM System Tough
TG-7 (Olympus, Processor TruePic™ VIII, https://support.jp.omsystem.com/en/support/
imsg/digicamera/download/notice/notice.html, accessed on 17 March 2025).

3. Results
The present study allowed the detection of 1252 serpulid tubes on the whole surface of

the BST. A total of nine taxa belonging to the subfamilies Filograninae (7) and Serpulinae (2)
were identified, with a different distribution of specimens along the BST longitudinal axis
(Table 1). The total number of individuals detected along the longitudinal axis of the
BST was lower at the intermediate position, where only 18% of the total Serpulidae were
recorded, and higher at distal and proximal positions (about 41% of the total Serpulidae).
The only exception to this pattern of distribution was the species Josephella marenzelleri
showing the lowest abundance value recorded at the proximal position with only 13% of
the total specimens belonging to this species, whereas higher values equal to 53% and
34% of the remaining individuals were found at the distal and intermediate positions,
respectively (Figure 4).

Table 1. Abundance of Serpulidae tubules on the external surface of the investigated BST from
the “lu Lampiùne” cave. The total specimens found along the BST longitudinal axis on the two
opposite sides, coarse and smooth, are reported. Each side is divided into three positions: proximal,
intermediate, and distal, according to their distance from the substrate/base.

Positions
-BST-

Whole Surface
(n. Specimens)

-BST-
Coarse Surface
(n. Specimens)

-BST-
Smooth Surface
(n. Specimens)

ThProximal 520 184 336
Intermediate 223 94 129

Distal 509 183 326
Total specimens 1252 461 791

https://support.jp.omsystem.com/en/support/imsg/digicamera/download/notice/notice.html
https://support.jp.omsystem.com/en/support/imsg/digicamera/download/notice/notice.html
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Lampiùne” cave at proximal, intermediate and distal positions along its longitudinal axis.

Semivermilia crenata was the most abundant and broadly distributed species on the
whole BST, accounting for 57% of the total serpulid coverage, followed by Vermiliopsis
labiata (20%) and Hydroides pseudouncinata (14%) (Figure 4). Semivermilia crenata and H.
pseudouncinata were more abundant at the proximal position of the BST with 344 and
68 individuals, respectively, while the abundance of V. labiata was higher at the distal
position where 138 individuals were identified (Table 1). The other two species, belonging
to the genus Semivermilia, Semivermilia pomatostegoides and Semivermilia cribrata, showed
lower abundances than S. crenata.

In addition to S. pomatostegoides and S. cribrata, the remaining taxa including Spi-
raserpula massiliensis, Janita fimbriata, J. marenzelleri, and Protula sp. also occurred with
a low number of individuals on BST. Among these subordinated taxa, J. fimbriata and
S. cribrata were more abundant at the proximal position, although with no more than
10 individuals, while S. pomatostegoides and J. marenzelleri showed higher abundances with
greater values at the distal position than those reported for the other positions along the
BST axis. Spiraserpula massiliensis and Protula sp. were present each with a total of only
seven specimens, which were the lowest abundances recorded on the BST. Furthermore,
the few specimens of S. massiliensis were detected only at the distal end while Protula sp.
was absent at the intermediate position, occurring at distal and proximal ends as isolated
and/or coiled intermingled tubes (Figure 5). Although detectable on the most external
layer of the BST, Protula specimens were unrecognizable as belonging to a given species due
to their heavy degradation caused by the mineralization process and the dark oxidation,
hindering the identification.
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Figure 5. Serpulidae of the BST from the “lu Lampiùne” cave. (a) Detail of the BST transversal section
of the investigated BST showing the core mainly constituting large Protula tubes; (b,c) aggregates of
irregularly coiled Protula tubes colonized by other superimposed serpulids on outer BST surface;
(d) Vermiliopsis labiata; (e) Semivermilia crenata.

The examination of the two BST sides, with different textures, highlighted differences
in Serpulidae abundance (Table 1) and species distribution (Figure 6).

The coarse surface of the BST hosted 37% of the total Serpulidae; however, only 7%
were positioned at the intermediate position. Although higher abundance values were
found on the smooth surface, the number of individuals at the intermediate position
was still lower on this side (10% of the total Serpulidae) compared to the proximal and
distal ends.

The lowest values in terms of the number of taxa were also reported for the coarse
side of the BST and at the intermediate position along its longitudinal axis. In particular,
S. massiliensis and Protula sp. were not found on the coarse surface, being exclusive of the
opposite smooth side, where were detected only at distal and proximal positions. On the
contrary, J. marenzellerii was recorded only on the coarse surface where specimens colonized
crevices and microcavities forming intricate networks with their long and thin tubes. On
the smooth surface, S. crenata and V. labiata were present with double and triple the number
of individuals, respectively, than on the rough surface.
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4. Discussion
Through their mineral skeletons, Serpulidae are known to be able to form several

types of assemblages based on a single or few species, depending on the environment and
the species involved [26,37,40–43]. The occurrence of conspicuous Serpulidae aggregations,
even overgrowing on preexisting speleothemes, has been reported from the geological
past as well as the present-day [24–28,30,37,44–46]. In particular, the formation of BSTs
in the Mediterranean submarine caves starts from a single or few Serpulidae species and
proceeds after the outer surface of the assemblage is encrusted by other invertebrates, with
Serpulidae still dominating, followed by Bryozoa, Porifera and Foraminifera [16,18,19,38].

Within marine animal forests, the BSTs recently described from the submarine cave
“lu Lampiùne” are peculiar bio-constructions built by Serpulidae belonging to the genus
Protula [15,16,18–20,38]. The BST core exclusively consists of Protula tubes while other
superimposed species, also including other smaller Serpulidae, contribute to the building
of the general framework. Our findings concerning the abundance and distribution of the
encrusting Serpulidae on the outer surface of the BST from the “lu Lampiùne” submarine
cave are in agreement with previous studies on Mediterranean marine caves that reported
increased abundances of sciaphilic, deep water and cave Serpulidae inwards according
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to the environmental gradients [20–22]. All the species detected in the present study are
reported in the inventory of the Serpulidae fauna from the marine caves along the Italian
coasts [3], which includes more than two-thirds of the whole Serpulidae living in the
Mediterranean Sea, and the Salento coasts [47]. In particular, sciaphilic species largely dom-
inated in terms of both the number of taxa and abundances, similar to what was reported
by Rosso et al. [38] who first examined the external surface of one-half of a BST from “lu
Lampiùne” cave. This is not surprising considering that submarine dark caves have been
suggested as representing mesocosms of deep-sea conditions in the shallow littoral zone,
providing simplified models for the study of less easily accessible marine ecosystems, such
as ocean depths [2,48–51]. The innermost sector of a littoral submarine cave has a darkness
that increases in a manner that is comparable to the reduction in light intensity at depths
of 50 to 400 m in a deep-sea environment [52]. This lowlight level, combined with water
confinement and oligotrophy, results in a submarine cave ecosystem that is analogous
to deep-sea ecosystems and leads to faunal affinities [4,20,22,42,48,50,51]. Accordingly, S.
crenata and V. labiata, which in the present study were the most abundant and broadly
distributed species on the whole BST surface, fall within the ecological group “Sciaphilic
and/or coralligenic taxa” according to the classification scheme of the Serpulidae by Rosso
et al. [53] and Sanfilippo et al. [22]. Both these species, however, are also considered
characteristic of the dark caves, although not exclusive to these environments [3,22,54,55].
Furthermore, S. crenata and V. labiata strongly increased the surface roughness of the BST
due to the large number of individuals, thus providing diversification of microhabitats for
further colonization by smaller organisms [19,22,38,56]. Compared to the previous data
on the half BST investigated by Rosso et al. [38], the present study of a complete BST from
the same cave did not detect the Filogranula species reported as subordinate species in the
previous study. In addition, Spiraserpula massiliensis, and Janita fimbriata (both among the
most typical species of the cave habitat), already known as fossils from the Pleistocene and
recorded in Aegean caves and on Sicilian BSTs [20,22], occurred with very few specimens
on the here-investigated BST. The deep-water species S. pomatostegoides and S. cribrata
were also subordinate taxa, different from the congeneric S. crenata. Conversely, Hydroides
pseudouncinata, which is actually a very common species of the littoral hard substrates,
is frequently found abundant in the caves, which likely constitutes intrusions from the
outside [54]. The same considerations also apply to the microserpulid Josephella marenzelleri.
Differently from H. pseudouncinata, however, this species occurred at low abundance and
only on the coarse side of the examined BST, where the fragile thin tubes less than 0.2 mm
in diameter and even longer than 20 mm formed intricate nets filling small cavities.

In the present study, differences in the abundance and distribution of Serpulidae were
highlighted on the two opposite sides of the BST and along its longitudinal axis, with
the coarse side and the intermediate position showing the lowest value in terms of both
individuals and taxa. Differences in the distribution pattern related to the surface texture
have been already described by Guido et al. [21] for the BSTs from Kakoskali submarine cave
in Cyprus. Contrary to our findings, however, these authors reported a lower diversity and
a negligible number of individuals on the smooth surface, whilst a higher species richness,
albeit with a relatively low number of individuals, was noted on the rough surface. Similar
results were also reported by Rosso et al. [38] for the “lu Lampiùne” cave. These authors
observed a colonization degree higher in the distal part of the BST where the outer surface
was rougher than in the proximal one. However, as only one-half of the BST was available
for examination in that previous study, the different pattern was actually observed along
the same BST side, with smoother areas only at the proximal end and an overall rougher
distal end with cavities and crevices colonized by J. marenzelleri. Different BST features
mainly related to the growth direction and spatial orientation could provide an explanation
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for the differences between our results and previous data concerning the other known
Mediterranean BSTs. Available information on the bioconstructions of the Mediterranean
area recorded after Onorato et al. [15] and Belmonte et al. [16] first described BSTs from the
“lu Lampiùne” cave allows the recognition of comparable features and highlight differences
among those described for the submerged caves of another Italian locality at Plemmirio
Marine Protected Area (SE Sicily, Ionian Sea) [18–20], Cyprus (Levantine Sea) [21,23] and
Lesvos Island (N Aegean Sea) [22]. The BSTs from “lu Lampiùne” cave have a conical shape
ranging in length from a few dm up to 2 m exceptionally and protrude from the walls of
the cave inclined towards the center of the chamber or hang vertically from the ceiling.
In particular, these bio-structures are the result of a complex intermingling of skeletons
and micrite with two different building engineers, invertebrates and bacteria, differently
acting from the internal core towards the outermost encrusting layers [7,16,57]. According
to Guido et al. [7], in the BST core, the tubes of Serpulidae belonging to the Protula genus
give rise to a self-supporting frame reinforced by the skeletons of other smaller organisms,
including other Serpulidae, while microbialite plays a subordinate role representing only 8%
of the BST main components. Conversely, the outer crust layers enveloping the core consist
of 60% micrite and 85% mixing of micrite and skeletal remains on the downward- and
upward-facing sides, respectively. Differently from BSTs occurring within “lu Lampiùne”
cave, the bio-constructions recorded from two submerged caves in Sicily can have different
morphologies although roughly cylindrical/conical, and be mushroom-, dome- or fan-
shaped and also have a digitate surface [19,20]. In addition to the morphological diversity,
also the dimensional range, which is in the order of cm to dm, differentiates the Sicilian
bio-constructions from the former. However, comparable features to “lu Lampiùne” cave
can be highlighted with regards to the growth direction of the Sicilian BSTs, which similarly
can protrude obliquely from the walls or perpendicularly from the ceiling. In contrast to
the investigated BSTs from the Apulian and Sicilian caves and the other known from the
eastern Mediterranean areas, the BST from the Kakoskali cave (Cyprus) have been described
as exclusively protruding from the walls and extending obliquely to nearly horizontally
toward the center of the cave chamber [21]. Although circumscribed to a single BST, the
present study suggests a succession of Serpulidae species either in time or in space. The core
is dominated by Protula sp. tubes, but the species is almost absent on the surface. This could
be explained by a core development (intertwined tubes) preceding that of the enveloping
crust. On the surface, on the contrary, we can recognize a spatial succession of species
from the basis to the free extremity of the BST. Notwithstanding the larger availability of
surface at the basis (the BST is about “conical”), we note that only four species are more
abundant than elsewhere: S. crenata, S. cribrata, H. pseudouncinata, and J. fimbriata. Four
other species (V. labiata, S. potamostegoides, J. marenzelleri, S. massiliensis), on the other hand,
are sensibly abundant on the free extremity, notwithstanding the smallest space available.
Based on these observations, a spatial preference (and a different environment) can be
supposed for the above-described situation, while a more general change in environmental
conditions should have affected the structural change of builders from Protula sp. in the
inner core to the encrusting community well described by Rosso et al. [38] and here limited
to the serpulid component. However, an interaction of several small-scale environmental
factors, including surface roughness, orientation and exposition to different flow regimes
within the cave, has been suggested accounting for the differences between proximal and
distal parts, as well as the opposite sides of the BSTs from “lu Lampiùne” examined by
Rosso et al. [38]. In particular, the reason for the development of the BST towards the center
of the cave and the orientation towards the main chamber of the cave could be dated back
to the early phase of colonization of the Protula nucleus, with an inclination and downward
growth direction of the specimens functional to intercept the main inflow carrying oxygen
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and food [16,21,38,58]. Similarly, the oblique orientation of the BSTs within caves from
Cyprus has been indicated as the result of a growth in predominantly incoming water
circulation. In addition, the two opposite sides of the BSTs showing an oblique orientation
are also differently affected by sediment deposition [21]. Therefore, although the light
availability and hydro dynamics are the most obvious abiotic factors influencing the pattern
of distribution, abundance and diversity of species-dwelling submarine caves, as well as
recruitment and organism interactions [2,36,42,59–63] the settlement of fine sediment on the
upper surface, which according to Harmelin [64] likely prevent larval attachment, should
be also considered as to explain the distribution pattern inside caves as described for the
submarine caves in the Plemmirio peninsula [20] and Cyprus [20,21].

Among the subordinate species found on the outer surface of the here-investigated
BST, Protula sp. was detected to a lesser extent and with the same low number of individuals
as S. massiliensis. Large-sized tubes of this taxon occurred isolated or forming intermingled
aggregates of irregularly coiled tubes. Few isolated specimens belonging to the Protula
genus have been already found in other Mediterranean marine caves [3,15,16,26,45,55,65],
including others in the Salento peninsula neighboring “lu Lampiùne” [47] and often referred
to as P. tubularia. As stressed by ten Hove and Kupryianova [66] in their review of the
taxonomy of the Serpulidae genera, however, the genus Protula is the most problematic
serpulid taxon. However, several authors [29,55,66] have advised against giving specific
names to specimens of the genus Protula, given the need for a worldwide revision of the
genus needed to clarify the taxonomic position of the Mediterranean specimens. In the
present study, therefore, individuals identified as belonging to Protula genus have not been
assigned a species name and have been reported as Protula sp.

According to Ten Hove and Van den Hurk [26], the gregarious behavior of Protula
and other Serpulidae is controlled by environmental factors and is triggered in extreme or
unstable marine habitats especially to avoid predation and/or competition. It is more likely
that the relatively high food supply during the early phase of the cave colonization could
have favored gregariousness leading pioneer Protula specimens to act as primary buildings
promoting the formation of the BST [14,20]. The following growth of the structure started
about 6000 years ago when during the last postglacial period the sea submerged the cave
and the early nucleus of aggregated Serpulidae became substrate for succeeding colonizer
generations superimposed to each other [14,16,57,58,67].

Our findings support the previous observation by Rosso et al. [38] that large Protula
tubes that built the core of BSTs within “lu Lampiùne” cave are to date largely replaced
by smaller-sized Serpulidae. In particular, on account of a large number of individuals,
S. crenata and V. labiata strongly contributed to the increase in the roughness of the here-
examined BST, providing crevices and microcavities for subsequent colonization by smaller
Serpulidae. In agreement with previous data, there is evidence that among the superim-
posed species colonizing the outer BST surface, S. crenata act as secondary constructors,
while others, coating the surface of the underlying tubes and filling crevices such as J.
marenzelleri, act as binders [19,22,38,56,68]. The accretion of Protula tubes, however, started
to slow down about 3000 years ago, as 14C dating suggests a shift in bioconstructors likely
due to environmental changes [16,57,58,67]. In this scenario, it is likely that a low metabolic
requirement linked to the small size of specimens as well as some environmental factors
such as negligible water dynamics and the absence of light-dependent competitors may
have facilitated the success of the detected small-sized constructors in the dark sector of the
“lu Lampiùne” cave. Changes in environmental conditions allowing a shift in community
composition and BST accretion rate have also been suggested for the BSTs from the Plem-
mirio caves in Sicily [19,20], showing a comparable pattern with a Protula core enveloped
by smaller skeletonized organisms.
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5. Conclusions
• Sciaphilic Serpulidae dominated in terms of number of taxa and abundances on the

studied BST from “lu Lampiùne” submarine cave;
• Semivermilia crenata and Vermiliopsis labiata, characteristic of the dark cave, although

not exclusive, largely contribute to the increase in the roughness of the BST surface
providing crevices and microcavities;

• In an early phase of the cave colonization, the relatively high food supply likely led
larger species (Protula) with a gregarious behavior to promote the formation and
growth of the BST;

• Remarkably, the large Protula tubes that built the core of BTS and allowed it to grow
6000 years ago have now been replaced by smaller-sized Serpulidae

• As indicated by 14C dating, the accretion of Protula tubes started to slow down about
3000 years ago, with a shift in Serpulidae bioconstructors, likely due to environmen-
tal changes;

• Among the superimposed species, S. crenata and V. labiata currently act as secondary
builders, while others, including smaller specimens such as Josephella marenzelleri, act
as binders coating the surface of the underlying invertebrate skeletons and filling
crevices of the BST surface;

• Negligible water dynamics, the absence of light-dependent competitors, as well as a
low metabolic requirement linked to the small size may have facilitated the success of
small-sized constructors in the dark sector of the cave.
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