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The polychaete borings Caulostrepsis taeniola, Caulostrepsis cretacea, Caulostrepsis avipes, Caulostrepsis penicil-
lus isp. nov., Maeandropolydora elegans, Maeandropolydora sulcans, Sulcichnus sigillum, the bryozoan boring
Pinaceocladichnus onubensis and the phoronid boring Talpina cf. hackberryensis occur in coralla of the solitary scler-
actinian coral Ceratotrochus (Edwardsotrochus) duodecimcostatus in the upper Pliocene middle/lower neritic to upper
bathyal fine-grained deposits of NE Tunisia. This very rich assemblage of borings is produced in vivo as suggested by
(1) their occurrence close to the surface and mostly in the upper part of coralla (Caulostrepsis ispp., M. elegans), even if
they are known to penetrate deeply in the substrate, or (ii) evidence of corallum deformation in response to the boring
action (Sulcichnus sulcans). The remaining borings were probably produced post mortem; they penetrate deeply into
the corallum (M. sulcans) or always occur shallowly in the substrate (7alpina) and, in addition, cross cut other borings
(Pinaceocladichnus). The polychaete borings are dominant. The abundance of the borings is probably caused by ecolog-
ical pressure from shallower zones in subtropical waters. This resulted in the colonization of hard, small-sized substrates
located in relatively deep (offshore) waters. The interpretation of age and palacoenvironment was elucidated by the
analysis of benthic and planktonic foraminifers.
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Introduction

The study of bioerosion is a valuable tool to recognize ecolog-
ical relationships between organisms, such as predation, par-
asitism, competition, or symbiosis (e.g., Kelley and Hansen
2003; Gibert et al. 2004) in Recent environments and in the
geological past. Among the plethora of recent and fossil skel-
etons of organisms, scleractinian solitary corals are an object
of in vivo and post-mortem macrobioerosion, but the litera-
ture on this subject is still scarce (but see, e.g., Savazzi 1982;
Bromley and D’Alessandro 1990; Fodor 2001; Martinell and
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Domeénech 2009; Vescogni et al. 2018). It is not clear if this
is because of the rarity of such phenomena or an insuffi-
cient survey. Traces of their bioerosion provide insight into
the ecology of fossil corals and/or the sedimentary environ-
ment of the sediments in which they occur (e.g., Perry 2000;
Scoffin and Bradshaw 2000; Tribollet 2008; Wisshak et al.
2012). In contrast, microendoliths (boring algae, bacteria, and
fungi) in vivo associated with modern corals are ubiquitous.
These microendoliths represent the skeletal microbiome and
are important for coral health and coral reef conditions (Ricci
et al. 2019). The skeletal microbiome of fossil scleractinians
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Fig. 1. A. Location of the studied area in the north-eastern Tunisia and north Africa (inset). (Ben Ali and Gaaloul 2021). B. Detailed geological map of
northern and north-eastern Tunisia (1:50000; National Mining Office of Tunisia) showing Pliocene marine deposits of the Hammamet area. S, study section.
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Fig. 2. Lithostratigraphy and subdivision of the Neogene and Quaternary series of northern (A) and north-eastern Tunisia (B) (Burollet 1951; Colleuil 1976).

deciphered from microborings was only recently recognized
in corals as old as the Jurassic (Salamon and Kotodziej 2022;
Salamon et al. 2022). In this paper, a rich material of borings
in solitary corals from fine-grained deposits of the Pliocene
in north-eastern Tunisia (Cap Bon Peninsula) is presented for
the first time. For better recognition of their stratigraphic and
palacoecological context, planktonic and benthic foramini-
fers have been studied in addition.

The Pliocene sedimentary deposits of the north-eastern
coast of Tunisia are well known for their richness in well-pre-
served fossils, which have been studied for decades. Among
the many groups represented, corals are the least studied.
Cuif (1968) described Ceratotrochus (Edwardsotrochus)
duodecimcostatus (Goldfuss, 1826) from the Pliocene of the
Djebel Hammamet in Tunisia and Liguria in Italy, including
some specimens showing the bioerosion trace Sulcichnus
isp. (Martinell and Doménech 2009), but provided no in-
formation on whether the bioeroded specimens are from
Tunisia or not. Zibrowius et al. (1975) mentioned the same
coral species with borings of Lumbrineris (now Sulcichnus
Martinell and Doménech, 2009) in the collection of the
British Museum of Natural History, London, which spec-
imens derive partially from Tunisia but without a closer
location. Fekih (1970) and later Derbel-Damak and Zaghbib-
Turki (2002) reported the presence of madreporaries with

the species Edwardsotrochus duodecimcostatus but without
providing any description or illustration.

Institutional abbreviations—FSTDG, Faculty of Science,
University of Tunis El-Manar, Tunisia; INGUJ, Institute of
Geological Sciences, Jagiellonian University (collection in
the Nature Education Centre of the Jagiellonian University
[CEP]-Museum of Geology in Krakow, Poland).

Nomenclatural acts.—This published work and the nomen-
clatural acts it contains have been registered in ZooBank:
urn:lsid:zoobank.org:pub:5763EFEE-14 D2-4B02-8706-ECA
3A601B402.

Geological setting

The Pliocene deposits of Tunisia crop up in several ba-
sins along the Mediterranean coastline from the north-east
to the south-east (Fig. 1). Their depositional environments
were individualized during the Pliocene Mediterranean
transgression, which followed the Messinian salinity cri-
sis (Derbel-Damak 1992; Moisette et al. 2010). The sed-
imentary succession mainly consists of marly and sandy
siliciclastic deposits. In the Ghar El Melah-Bizerte region,
northern Tunisia (Fig. 2) and in the offshore domain, it
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is subdivided into two units (Burollet 1951): (i) the Raf
Raf Formation (lower Pliocene), which unconformably
overlies Messinian deposits and consists of a thick fossil-
iferous greenish clay, and (ii) the Porto Farina Formation
(upper Pliocene), which consists of yellow calcareous beds.
In the Cap Bon Peninsula, north-eastern Tunisia, Colleuil
(1976) defined four sedimentary units (Fig. 2): (i) Argiles
des Potiers Formation, which consists of marine blue clays
with macro- and microfaunal fossils; (i) Sables de Nabeul
Formation, which are yellow continental sands; (iii) Les
argiles de Sidi Barka Formation, which is composed of open
marine grey clays with rich bivalve shells and sandy in-
tercalations in the upper part, and (iv) Sables et Grés de
Hammamet Formation, which embraces marine sand and
sandstones rich in macrofauna. The first two units are as-
cribed to Zanclean (lower Pliocene). The latest unit was
initially attributed to the “Astien” (Fekih 1970), then to the
upper Pliocene (Colleuil 1976; Derbel-Damak and Zaghbib
Turki 2002), and more recently to the Gelasian (Lower
Pleistocene; Temani et al. 2016; Bejaoui et al. 2017).

The present work concerns a sedimentary succession ex-
posed at a tributary of the El Melah stream, a few kilometres
from the tourist town of Hammamet, on the south-eastern
coast of the Cap Bon Peninsula (Fig. 1B). The Pliocene de-
posits in this region are also available in a network of ditches
dug out for hydrographic regulations.

The investigated section, 13 m thick, was logged in the
upper part of the Argiles de Sidi Barka Formation, below
the first siliciclastic beds of the overlying Sables et Gres
de Hammamet unit (Fig. 3). The lower part of the section
consists of 1.5 m of greenish clay with bivalves and scapho-
pods. At their top, these clays become nodular and are rich
in the shells of bivalve Meretrix sp. These are succeeded by
about 10 m of clay and silty clay rich in faunal micro- and
macrofossils, including planktonic and benthic foramin-
ifera, ostracods, bryozoans, pectinids, oysters, scaphopods,
echinids, and corals. Three levels of solitary corals, level I,
level 11, and level 111, are distinguished (Figs. 3, 4A;, C,, D).
Corals are well preserved (Fig. 4A,, C,) and many of them
are bioeroded. The presence of several articulated bivalve
shells (Fig. 3: sample HS8) in association with corals, sug-
gests that they are probably not transported.

The middle to upper part of the section is composed of
fine-grained sand and silt alternating with brown clay. These
deposits are devoid of corals, rich in fragile chalky shells of
molluscs, and have numerous benthic and fewer planktonic
foraminifera. The top of the studied section is marked by
thick bioclastic beds that rest on an erosive unconformity and
mark the base of the Grés de Hammamet Formation.

Material and methods

The study is based on 33 sediment samples (H1-33) and 183
coral specimens (INGUJ265P1-139, 150—193) collected from
three coral levels in the lower part of the section. The material
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was collected in March 2018 and April 2022 from an outcrop
section located in a tributary valley of the El Melah stream,
north-east of Hammamet town (Fig. 1). Twin 250 g sediment
samples were collected and stored in polyethylene bags. The
first was used for the analysis of the microfauna, and the
second for further studies. In the laboratory, after washing
through 63, 125, 250, and 500 pm sieves, all specimens of
foraminifers were observed under a binocular microscope,
picked out, counted, and transferred into cells. Their generic
taxonomical determination was based on Loeblich and Tappan
(1987) and the latest list of the online word register of marine
species (WORMS) data base. The palaeoecological interpre-
tation of the investigated foraminifers is based on Murray
(1991, 2006), Bresler and Yanko-Himbash (2000), Debenay
et al. (1996, 2000), Den Georgescu (2013) and Gaaloul et al.
(2022). The foraminifers were photographed by the scan-
ning electron microscope (SEM) of the ETAP (Tunisian
Company of Petroleum Activities). All foraminifera speci-
mens are archived in the Laboratory of Sedimentary Basins
and Petroleum Geology of the Faculty of Sciences, University
of Tunis El-Manar (specimens FSTDG22H).

The corals and bioerosion structures in them were exam-
ined at the Institute of Geological Sciences of the Jagiellonian
University in Krakéw, Poland, using a binocular microscope.
Some thin sections have also been prepared. Micro-CT
images of a few specimens were made at the Institute of
Paleobiology of the Polish Academy of Sciences in Warsaw.

MicroCT data were collected with a Zeiss Xradia Micro
XCT-200 imaging system equipped with a 90 kV/8W tungsten
X-ray source in the Laboratory of Microtomography, Institute
of Paleobiology, Polish Academy of Sciences, Warsaw. The
scans were performed using the following parameters: voltage:
80 kV, power: 8W, exposure time: 3 s (INGUJ 265P152_92
and INGUJ265P153 _86) or 4 s (INGUJ265P150), voxel size:
26.78 pm (INGUJ265P153 86 and INGUJ265P150) or 20.45
pum (INGUJ265P152_92). Radial projections were recon-
structed with the XMReconstructor software provided with
the Xradia system. The 3D images of specimens, micro-CT
sections, and animations were obtained with Avizo 7.1 Fire
Edition software.

Results

Scleractinian coral specimens.—The bioeroded solitary
scleractinian corals are herein attributed to Ceratotrochus
(Edwardsotrochus) duodecimcostatus (Goldfuss, 1826) (Fig.
5; see Vertino et al. 2014). Considering major reshuffling in
scleractinian coral phylogenetic relationships resulting from
in-depth molecular and following microstructural analyses of
the skeleton (e.g., Kitahara et al. 2016; Seiblitz et al. 2022), tra-
ditional family (Caryophylliidae) and generic (Ceratotrochus)
attribution of this taxon is tentative. Although the calices of
the majority of specimens are either broken or at least partly
eroded, the morphological features typical of the species can
be discerned. Coralla are trochoid to ceratoid (Fig. 5E,, G).
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Fig. 5. Structural features of the caryophylliid coral Ceratotrochus (Edwardsotrochus) duodecimcostatus (Goldfuss, 1826) coralla from upper Pliocene
deposits in a tributary valley of the El Melah stream, north-east of Hammamet town, Tunisia. A. Virtual sections of INGUJ265P153 in lower (A;) and
in more distal part (A,) of corallum. B. Thin-section 3/76 of INGUJ265P139 that shows nearly completely developed 5 cycles of septa. Positions of
10 S1 septa marked with black dots. C. Thin section 2/118 of INGUJ265P138, enlarged region of transversely sectioned corallum to show diverse pat-
terns of mid-septal zone development (from zig-zag in S1, S2 septa to straight in S4 septa). D. Thin sections of INGUJ265P137, transverse (D, thin
section T1/8) and longitudinal (D,, thin section T1/9) sections to show some variability of septal cycle development (D;), and development of tabular
dissepiments (D,). E. INGUJ265P188, distal (E;) and lateral (E,) views of specimen with major structural features indicated. F. Longitudinal thin sec-
tion 5/29 of INGUJ265P136 with the boring Maeandropolydora sulcans Voigt, 1965. G. Virtual longitudinal section of INGUJ265P188 with the boring

Maeandropolydora elegans Bromley and D’ Alessandro, 1983.

The largest specimens are ca. 45 mm tall, with calice diam-
eter of 22 x 16 mm. Calices are elliptical. Calicular fossa
deep. Typically, septa develop in five cycles according to the
formula: 10 (S1 = S2) > 20 S3 > (variable number of S4 > S5).
Specimens with a full fifth cycle are rarely observed. The
septa of the first two cycles (S1 and S2) are identical, reach-
ing the columella. S3 thinner also reaches the columella. S4
merge at the columella at the bottom of the calice. S5, adja-
cent to the dominant S1 and S2 septa, is fused with S4 septa.
The so-called mid-septal zone (transversely sectioned Rapid
Accretion Deposits sensu Stolarski 2003) has zig-zag pattern
in S1, S2 septa, is slightly undulated in S3 septa, and is rather
straight in S4, S5 septa (Fig. 5C). Numerous tabular dissepi-
ments (Fig. 5D,, E,). Columella is composed of anastomosed
lobes (chicoraceous columella) (Fig. 5A,, B, Dy, E, F, G). In
sectioned upper parts of coralla, the costate wall is trabecu-
lothecal or septothecal (see also Stolarski 1995).

Foraminifera.—The microfaunistic samples from the inves-
tigated section contain planktonic (Fig. 6) and benthic (Fig. 7)

foraminifers, ostracods, bryozoans and molluscs. The plank-
tonic foraminifera include Globorotalia (Globoconella) pun-
cticulata (d’Orbigny in Deshayes, 1832) in samples H2-8,
Globigerinoides ruber (d’Orbigny, 1839b) (Fig. 6B), Globi-
gerinoides (Trilobatus) sacculifer (Brady, 1877), Globigerina
bulloides d’Orbigny, 1826 (Fig. 6A), Orbulina universa (d’Or-
bigny, 1839a) (Fig. 6D), Globigerinoides (Trilobatus) trilobus
(Reuss, 1850), and Globorotalia (Truncorotalia) crassaformis
(Galloway and Wissler, 1927) in sample H30 (Fig. 6E).

The benthic foraminifera content includes Uvigerina pe-
regrina Cushman, 1923 (Fig. 7A), Melonis affinis (barleea-
num) (Reuss, 1851) (Fig. 7B), Nonion commune (d’Orbigny,
1846) (Fig. 7C), Textularia (Sahulia) conica d’Orbigny,
1839b (Fig. 7D), Bulimina costata (striata) d’Orbigny, 1852
(Fig. 7L), Elphidium crispum (Linnaeus, 1758) (Fig. 7E),
Neoconorbina terquemi (Rzehak, 1888) (Fig. 7G), Uvigerina
mediterranea Hofker, 1932 (Fig. 7H), Bolivina dilatata Reuss,
1850 (Fig. 71), Amphicoryna scalaris (Batsch, 1791) (Fig. 7J),
Ammonia beccarii (Linnaeus, 1758) (Fig. 7F), Planulina



Fig. 6. Planktonic foraminifera foraminifera from upper Pliocene depo-
sits in a tributary valley of the El Melah stream, north-east of Hammamet
town, Tunisia. A. Globigerina bulloides d’Orbigny, 1826, (FSTDG22H31,
sample H3). B. Globigerinoides ruber (d’Orbigny, 1839b) (FSTDG22H21,
sample H2). C. Globigerinoides extremus Bolli and Bermudez, 1965,
(FSTDG22H71, sample H7). D. Orbulina universa (d’Orbigny, 1839a)
(FSTDG22H181, sample H18). E. Globorotalia crassaformis (Galloway
and Wissler, 1927) (FSTDG22H30, sample H30). F. Globorotalia puncti-
culata (Deshayes, 1832) (FSTDG22H17, sample H17).

ariminensis d’Orbigny, 1826 (Fig. 7K), Spiroloculina sp.
(Fig. 7M), Bolivina punctata d’Orbigny, 1839¢ (Fig. 7N),
Lobatula lobatula (Walker and Jacob in Kanmacher, 1798)
and Cibicoides sp.
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Systematic palaeoichnology

Ichnogenus Caulostrepsis Clarke, 1908

Type ichnospecies: Caulostrepsis taeniola Clarke, 1908, Siegener
Schichten Formation (Devonian: Pragian—-Emsian), Seifen, Germany.

Emended diagnosis.—Borings with one entrance or em-
bedment structure, pouch-shaped, created by a U-shaped
gallery. More complex structures can result from multiple
lobes of similar structure. The individual limbs of the gal-
lery can be clearly visible along their total length. They
can be connected by the vane, or they can be fused in an
oval or flattened pouch shape without the vane. The distal
end has at least double the width of the apertural end. The
cross section is variably flat oval, elliptical, constricted, or
dumbbell-shaped. Symmetrical, radially organized grooves
or deep pits can be developed near the aperture in some
cases. The aperture may have a similar form to the proximal
cross section, or it may be modified by the development of
superficial branches, grooves, and/or holes (modified after
Bromley and D’Alessandro 1983, with some modifications
by Pokorny and Stofik 2017).

Remarks—Information about the number of grooves bran-
ching from the aperture “(normally 2 to 4 in number)” is
removed from the diagnosis of Bromley and D’Alessandro
(1983: 286) because the new ichnospecies of Caulostrepsis
described below has much more grooves. Caulostrepsis is a
boring produced mostly by species of the spionid polychaete
Polydora Bosc, 1802 (Boekschoten 1966), foremost P. cili-

Fig. 7. Benthic foraminifera from upper Pliocene deposits in a tributary valley of the El Melah stream, north-east of Hammamet town, Tunisia. A. Uvigerina
peregrina Cushman, 1923, (FSTDG22H2, sample H2). B. Melonis affinis (Reuss, 1851) (FSTDG22H11, sample H1), side (B;) and apertural (B,) views.
C. Nonion commune (d’Orbigny, 1846) (FSTDG22H10, sample H10). D. Textularia conica d’Orbigny, 1839b, (FSTDG22H12, sample H1). E. Elphidium
crispum (Linnaeus, 1758) (FSTDG22H25, sample H25). F. Ammonia beccarii (Linnaeus, 1758) (FSTDG22H201, sample H20). G. Neoconorbina ter-
quemi (Rzehak, 1888) (FSTDG22H21, sample H21). H. Uvigerina mediterranean Hofker, 1932, (FSTDG22H17, sample H17). 1. Bolivina dilatata
Reuss, 1850, (FSTDG22H22, sample H2). J. Amphycoryna scalaris (Batsch, 1791) (FSTDG22H1, sample H17). K. Planulina ariminensis d’Orbigny,
1826, (FSTDG22H24, sample H2). L. Bulimina costata d’Orbigny, 1852, (FSTDG22H9, sample H9). M. Spiroloculina sp. (FSTDG22H72, sample H7).

N. Bolivina punctata d’Orbigny, 1839c, (FSTDG22H241, sample H24).
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ata (Johnston, 1838) (Radwanski, 1969), and the eunicid
polychaete Lysidice ninetta Audouin and Milne-Edwards,
1833 (Bromley 1978, 2004). Caulostrepsis ranges from the
Devonian to the present (Clarke 1908; Bromley 2004). It
occurs mainly in the infralittoral Plio-Pleistocene and the
recent Mediterranean coasts (Bromley and D’Alessandro
1990), but mostly in the lower intertidal and subtidal zones,
rarely deeper, and very rarely on the continental slope and
the abyssal zone (Ekdale et al. 1984: 127).

Caulostrepsis taeniola Clarke, 1908
Figs. 8B, D, 9A4, SOM 1.

Diagnosis.—Gallery cylindrical, bent in a narrow U-form
which is sometimes enlarged in the shape of a tongue. The
inward facing margins of the limbs are always intercon-
nected by a distinct vane. Limbs closer or partially fused
towards the apertural extremity. Transverse section dumb-
bell-shaped, aperture 8-shaped (cited from Bromley and
D’Alessandro 1983).

Material —INGUI265P153, 154, 161, 162, 180; U-shaped,
tongue depressions on the surface of coralla; El Melah stream
section, the upper part of the Argiles de Sidi Barka Formation
(upper Pliocene) of Tunisia.

Description.—A narrow, straight, curved, or slightly wind-
ing tongue depression running along the surface of coralla
within the corallum wall, usually along their axis. The de-
pression widens slightly distally. It is bordered by semi-cir-
cular cylindrical marginal gutter (limbs). The distal part
of some depressions has a thin roof built of the corallum
wall. The vane (the area between the limbs) is equal to or
wider than the limbs. The boring is up to 21 mm long and
up to 1-1.5 mm wide. It is concentrated in the corallum wall
(SOM 1 available at http://app.pan.pl/SOM/app68-Gaaloul
etal SOM.pdf).

Remarks—The presence of the roof at the end of some
depressions suggests that the roof was more extensive but
was broken or collapsed. Caulostrepsis taeniola is the
most common ichnospecies of Caulostrepsis. It is pro-
duced mainly by the spionid polychaete Polydora ciliata
(Johnston, 1838), which is common on mid-latitude Atlantic
coasts (Radwanski 1969, and references therein), mostly
up to a depth of 25 m (Boekschoten 1966). Polydora lives
in different substrates and conditions; it can also live in
polar regions (Hanken et al. 2012) and in brackish waters
(D’Andrea et al. 1996; Murina 1997).

Stratigraphic and geographic range—Lower Devonian—
Recent, worldwide, Cenzoic occurrences mostly in the
Atlantic and the Mediterranean regions.

Caulostrepsis cretacea (Voigt, 1971)
Figs. 8A, 12C,.
Diagnosis—Galleries bent in a long, narrow U-form with

the inward-facing walls of the limbs fused by complete re-
moval; the original position of the median wall is sometimes

indicated by a very shallow axial depression along the struc-
ture. Vane absent. Transverse section always flattened-ellip-
tical but showing gradual decrease in width toward the aper-
ture. Shape of aperture flattened-oval (cited from Bromley
and D’Alessandro 1983).

Material —INGUJ265P151, 156, 166; U-shaped, tongue de-
pressions on the surface of coralla; El Melah stream section,
the upper part of the Argiles de Sidi Barka Formation (upper
Pliocene) of Tunisia.

Description.—Straight to slightly winding depression/gal-
lery, which is distinctly gradually widened towards the dis-
tal semicircular termination, from 0.25 mm up to 1 mm,
up to 10.5 m long, without vane. In the illustrated case,
two groves converge in the proximal part and diverge at an
angle of 40°. About 1 mm before the aperture, the galleries
diverge again. It is not clear whether this is an effect of the
intersection of two galleries or the divergence of one fused
gallery. The borings are concentrated within the corallum
wall. Some depressions have a roof in the most distal part.

Remarks—Bromley and D’Alessandro (1983) observed
broader specimens, which are at least 2 mm wide and
never show interpenetration. However, the character-
istic distal widening is diagnostic of this ichnospecies.
Originally, this ichnospecies was described by Voigt (1971)
as Dodecaceria cretacea. Later, it was transferred to
Trypanites by Bromley (1972) and finally to Caulostrepsis
by Bromley and D’Alessandro (1983). Voigt (1971) and
Bromley and D’Alessandro (1983) regarded it as having
been produced by the cirratulid polychaete Dodecaceria
concharum Orsted, 1843, but Gibson (2016) who exam-
ined the material studied by the aforementioned author and
compared it with recent borings of this polychaete, ques-
tioned this view and suggested that Caulostrepsis cretacea
is similar to the borings of Polydora.

Stratigraphic and geographic range—Santonian (possibly
Cenomanian) (Voigt 1970)—Recent. However, poorly docu-
mented specimens are known since the Cenomanian (EI-
Hedeny 2007) to the Recent (Voigt 1970); the Atlantic and
the Mediterranean regions.

Caulostrepsis avipes Bromley and D’ Alessandro,
1983
Figs. 8C, 9A;.

Emended diagnosis.— Caulostrepsis with or without a vane,
dumbbell-shaped to flattened oval in cross section, charac-
terized by the possession of two to four grooves branched
out from the aperture. The grooves are shorter than the tri-
ple width of the boring. In some cases, the branching occurs
beneath the substrate surface, so that each diverging branch
bears its own aperture.

Material —INGUJ265P153, 176; U-shaped, tongue depres-
sions, preserved on the surface of coralla; El Melah stream
section, the upper part of the Argiles de Sidi Barka Formation
(upper Pliocene) of Tunisia.
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Fig. 8. Caulostrepsis, a domichnion produced by polychates, in the skeleton of caryophylliid coral Ceratotrochus (Edwardsotrochus) duodecimcostatus
(Goldfuss, 1826), from the El Melah stream section, the upper part of the Argiles de Sidi Barka Formation (upper Pliocene) of Tunisia. A. Caulostrepsis
cretacea (Voigt, 1971), INGUJ265P156. B. Caulostrepsis taeniola Clarke, 1908 and Pinaceocladichnus onubensis Mayoral, 1988 (Pn), INGUJ265P154.
C. Caulostrepsis avipes Bromley and D’ Alessandro, 1983, INGUJ265P176. D. A cluster of Caulostrepsis taeniola Clarke, 1908, INGUJ265P162. E-G. Caulo-
strepsis penicillus isp. nov. E. INGUJ265P158 holotype (a), and paratype (b). F. INGUJ265P174 paratype. G. INGUJ265P172, partial views (G}, Gy).
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Description—Surface or shallow subsurface, straight, cur-
ved, or slightly winding tongue-like depression/gallery with
or rarely without vane, up to 9-13 mm long, up to 0.8—
1.5 mm wide. The groves branching from the aperture are
slightly divergent and bifurcating at the end. The borings are
concentrated within the corallum wall.

Remarks.—Most probably, the surface depressions resulted
from erosion/collapse of the roof of subsurface galleries.
The roof is still present in the distal part of some galleries.
Information that the grooves branching out from the aper-
tures are much shorter than the remaining part of the boring is
added to the diagnosis by Bromley and D’Alessandro (1983)
in order to describe the distinction between Caulostrepsis
avipes and the new ichnospecies described in the following.
The grooves were probably produced by the tentacles of spi-
onid polychaetes. It is the first appearance of this ichnospe-
cies beyond the Upper Cretaceous, where it is documented
by Reis (1921) but without assignation to any ichnotaxon,
and by Hillmer and Schulz (1973) under Ramosulcichnus bi-
forans Gripp, 1967, which was transferred to Caulostrepsis
and split into Caulostrepsis as C. biforans and C. avipes (see
Bromley and D’Alessandro 1983).

Stratigraphic and geographic range.—Santonian—Maas-
trichtian of Germany, Denmark, England, and Ukraine, up-
per Pliocene of Tunisia.

Caulostrepsis penicillus isp. nov.

Fig. 8E-G.

Zoobank LSID: urn:lsid:zoobank.org:act:5763EFEE-14D2-4B02-8706-
ECA3A601B402.

Etymology: From Latin penicillus, brush, in reference to the overall
shape.

Type material: Holotype INGUJ265P158 (Fig. 8E: a) well preserved,
straight, U-shaped surface structure with several grooves branch-
ing out fom the apertures (Fig. 8E: a). Paratypes: INGUJ265P158
(Fig. 8E: b) well preserved, curved, U-shaped surface structure with
several grooves branching out fom the apertures (Fig. 8E: b), INGU-
J265P174 incomplete, straight, U-shaped surface structure with several
grooves branching out fom the apertures; marginal tunnel almost invi-
sible (Fig. 8F) from the type locality and horizon.

Type locality: El Melah stream, north-east of Hammamet town, Tunisia.
Type horizon: Coral level 11, Argiles de Sidi Barka Formation (upper
Pliocene).

Material —Type material and INGUJ265P172 (Fig. 8G),
NGUJ265P185, surface, slightly lobate depression, with sev-
eral grooves in the apertural part, from the type locality and
horizon.

Diagnosis—Caulostrepsis with a vane, characterized by
the possession of several commonly overlapping grooves
branched out from the aperture, forming a fan-like struc-
ture. The grooves are generally longer than the tripled width
of the boring.

Description.—Surface depressions or shallow subsurface
galleries, straight, curved, or slightly winding tongue-like
depression with a vane, up to 4.5-8 mm long, up to 0.8—

1.8 mm wide. It can be slightly wider in the distal part. The
surface depressions can transit into a roofed gallery in the
distal part. Several slightly curved or slightly winding groves
run out from the proximal part (aperture). They overlap and
form a symmetric or an asymmetric fan-like structure, which
is up to 7 mm wide and up to 7 mm long. With the remaining
part of the boring, it looks like a brush. The groves, about 0.1
mm wide, can bifurcate at the end under low angles, become
gradually shallower, emerge, and disappear.

Remarks.—Similarly to the other described ichnospecies
of Caulostrepsis, it is interpreted that C. penicillus isp. nov.
was originally a subsurface gallery, whose roof was eroded
or collapsed. It is most similar to C. avipes, but its grooves
branch out from the aperture, and they are much more nu-
merous and distinctly longer. The grooves were probably
produced by the tentacles of spionid, cirratulid, or simi-
lar bioeroding polychaetes, but the tracemaker presumably
had them much more than the tracemaker of C. avipes.
There were no transitions between C. penicillus isp. nov.
and C. avipes observed in the material studied.

Stratigraphic and geographic range.—Upper Pliocene,
Tunisia.

Ichnogenus Maeandropolydora Voigt, 1965

Type ichnospecies: Maeandropolydora decipiens Voigt, 1965, Kunrader
Member of the Maastricht Formation, upper Maastrichtian, Kunrade,
the Netherlands.

Diagnosis.—Long cylindrical galleries having two or more
apertures, running through the substrate sinuously or in
irregular contortions. Galleries may run parallel in con-
tact with each other in pairs, with or without fusion. Loose
or tight loops may occur; the limbs of these may be con-
nected by a vane or form a pouch (cited from Bromley and
D’Alessandro 1983).

Remarks.—Maeandropolydora Voigt, 1965, is a boring
of suspension-feeding spionid polychaete (e.g., Bromley
and D’Alessandro 1983). It occurs since the Triassic and
Palaeozoic occurrences are uncertain (Bromley 2004).

Maeandropolydora elegans Bromley and
D’Alessandro, 1983
Figs. 5G, 9A,, 10, 11A, 10B, 13B,, SOM 2.

Material —INGUJ265P150, 151, 153-155, 159, 163, 170,
171, 184, 188, 192; branched, flat galeries on the surface
of coralla; the El Melah stream section, the upper part of
the Argiles de Sidi Barka Formation (upper Pliocene) of
Tunisia.

Diagnosis.—System composed of cylindrical galleries of
constant diameter, irregularly sinuous, tending to run in
paired fashion, the limbs touching but normally not fused.
Numerous apertures (cited from Bromley and D’Alessandro
1983).

Description.—Surface groves or subsurface branched gal-
leries running in pairs, mostly parallel, within the corallum
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Fig. 9. Snapshots from micro-CT images of Caulostrepsis in the skeleton of caryophylliid coral Ceratotrochus (Edwardsotrochus) duodecimcostatus
(Goldfuss, 1826) (INGUJ265P153), from the El Melah stream section, the upper part of the Argiles de Sidi Barka Formation (upper Pliocene) of Tunisia.
A. The surface with indications of bioerosion traces, with partial transparency, and without corallum, A—A,, respectively; Ct, Caulostrepsis taeniola
Clarke, 1908; Me, Maeandropolydora elegans Bromley and D’Alessandro, 1983. B. View from the other side, B—B,, respectively; Ca, Caulostrepsis

avipes Bromley and D’ Alessandro, 1983.

wall. Some stretches of the subsurface galleries capped by a
thin roof commonly transit into surface grooves (Fig. 10D).
Most of the surface grooves show overhanging side margins.
These pairs are 0.5—-1 mm wide, with a very narrow, usually
indistinct, vane between the galleries/grooves or without a
vane. The observed length may exceed 10 mm. Branches at
an acute or normal angle. The plane of the borings is usually
more or less parallel to the corallum, but some segments are

perpendicular. The boring is concentrated in the corallum
wall (SOM 2).

Remarks.—The surface galleries are usually a part of sub-
surface galleries, where the roof was broken or collapsed.
So far, Maeandropolydora elegans is known from bivalve
and brachiopod shells.

Stratigraphic and geographic range—Middle Triassic
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Fig. 10. Maeandropolydora elegans Bromley and D’ Alessandro, 1983, a dominichnion produced by polychates, in the skeleton of caryophylliid coral
Ceratotrochus (Edwardsotrochus) duodecimcostatus (Goldfuss, 1826), from the El Melah stream section, the upper part of the Argiles de Sidi Barka
Formation (upper Pliocene) of Tunisia. A. INGUJ265P171. B. INGUJ265P155. C. INGUJ265P159. D. INGUJ265P163.

(Knaust 2007)—Recent; the Atlantic and the Mediterranean
regions.

Maeandropolydora sulcans Voigt, 1965
Figs. SF, 11B, SOM 3.

Material —INGUJ265P152, 166, 169, 181, and thin sec-
tion 5/29 from INGUJ265P136; cylindrical, contorted tun-
nels in coralla; El Melah stream section, the upper part of
the Argiles de Sidi Barka Formation (upper Pliocene) of
Tunisia.

Diagnosis.—Cylindrical gallery having at least two aper-
tures, irregularly contorted, commonly bent to loops, never
showing fusion where walls are in mutual contact; vane
absent (cited from Bromley and D’Alessandro 1983).

Description.—Loosely contorted cylindrical tunnels
spreading through the whole volume of the corallum,
1.3-2 mm in diameter (SOM 3). They show a few oval
openings that are oblique or perpendicular to the surface
of the corallum.

Remarks—Maeandropolydora sulcans is usually described
from diverse skeletal elements, mostly shells, and rarely the
rocky substrates (e.g., Laska et al. 2021).

Stratigraphic and geographic range—Common in the
Cretaceous and the Cenozoic, foremost in the Atlantic and
the Mediterranean regions; the Paleozoic occurrences are
rare and problematic (Bromley 2004).

Ichnogenus Pinaceocladichnus Mayoral, 1988

Type ichnospecies: Pinaceocladichnus onubensis Mayoral, 1988, Are-
nas de Huelva Formetion (lower Pliocene), Moguer, Huelva Province,
Spain.

Diagnosis.—Boring pattern constituted by a regular net-
work of fine tunnels, slightly curved and laterally opposite
(cited from Botquelen and Mayoral 2005).

Remarks.—This boring is a network of stolon tunnels with
apertures produced by ctenostome bryozoans similar to
those produced by the genus lmmergentia Silén, 1946, or
Terebripora d’Orbigny, 1847 (Mayoral 1988). This trace fos-
sil occurs in marine environments from the littoral to neritic
zones on calcareous substrates. Pinaceocladichnus occurs
since the Ordovician (Mayoral 1991; Toom et al. 2019).

Pinaceocladichnus onubensis Mayoral, 1988
Figs. 8B, 12A.

Material —INGUJ265P151, 152, 154, 189; cylindrical, con-
torted tunnels in coralla; El Melah stream section, the upper
part of the Argiles de Sidi Barka Formation (upper Pliocene)
of Tunisia.

Diagnosis.—Pinaceocladichnus with very regular bifurca-
tion systems. They present sub-oval or fusiform openings
located very close to the corresponding tunnels that connect
with elongated, cylindrical or sac-shaped chambers. They
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Fig. 11. Micro-CT images of the skeletons of caryophylliid coral Ceratotrochus (Edwardsotrochus) duodecimcostatus (Goldfuss, 1826) with domichnia
Maeandropolydora elegans Bromley and D’Alessandro, 1983, INGUJ265P150 (A) and Maeandropolydora sulcans Voigt, 1965, INGUJ265P152 (B)
from the El Melah stream section, the upper part of the Argiles de Sidi Barka Formation (upper Pliocene) of Tunisia; surface view (A}, By), surface view
with indication of bioerosion structures (A,, B,), partial transparency (As, B3), and without corallum (A4, By).

are arranged parallel to the previous tunnels (translated
from Mayoral 1988).

Description.—A system of furrows, which are ca. 0.1-
0.15 mm wide, composed of straight, slightly curved, or
slightly winding master furrows, and shorter straight to
slightly curved furrows that branch from the same point
of the master furrow (pinnate branching) under the angle
35-65°. Very small, elongated widenings are situated along
or very close to the furrows.

Stratigraphic and geographic range.—Ordovician (Estonia;
Toom et al. 2019) to the Recent (worlwide).

Ichnogenus Sulcichnus Martinell and Domenech,
2009

Type ichnospecies: Sulcichnus maeandriformis Martinell and Domé-
nech, 2009, upper Zanclean (Pliocene) silt, Velerin, Estepona Basin,
E Andalusia, Spain.

Diagnosis.—Long grooves, sometimes branched, running
along the surface substrate sinuously or in a contorted fash-
ion. Grooves never run in parallel, and loose or tight loops
may occur (cited from Martinell and Doménech 2009).

Remarks.—Sulcichnus is a fixichnion produced by com-
mensal polychaetes, recently by Helmutneris flabellicola
(Fage, 1936), formerly Lumbrineris flabellicola Fage, 1936,
on deep-sea solitary corals, but the fossil examples are known
mostly from the shallow-marine Pliocene of the Western
Mediterranean (Martinell and Doménech 2009). Sulcichnus
occurs since the Ordovician (Knaust and Dronov 2013).

Sulcichnus sigillum Martinell and Domenech, 2009
Fig. 13.

Material —INGUJ265P167, 170, 173, 175, 179, 190, 191;
semicircular grooves, perpendicular to the axis of coralla;
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Fig. 12. Pinaceocladichnus onubensis Mayoral, 1988, (a domichnion produced by ctenostome bryozoans) and associated trace fossils in the skeleton of caryo-
phylliid coral Ceratotrochus (Edwardsotrochus) duodecimcostatus (Goldfuss, 1826), from the El Melah stream section, the upper part of the Argiles de Sidi
Barka Formation (upper Pliocene) of Tunisia. A. INGUJ265P152, different places of the same corallum (A, A,). B. INGUJ265P154, also Maeandropolydora
elegans Bromley and D’ Alessandro, 1983 (Me). C. INGUJ265P151, C,, C, different places of the same corallum, also Caulostrepsis cretacea (Voigt, 1971) (Cc).
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Fig. 13. Sulcichnus sigillum Martinell and Doménech, 2009, a fixichnion
produced by commensal polychaetes in the skeleton of caryophylliid
coral Ceratotrochus (Edwardsotrochus) duodecimcostatus (Goldfuss,
1826), from the El Melah stream section, the upper part of the Argiles de
Sidi Barka Formation (upper Pliocene) of Tunisia. A. INGUJ265P173.
B. INGUJ265P170 in different side views (B, B,). C. INGUJ265P175
in different side views (C;, C,). Abbreviation: Me, Maeandropolydora
elegans.

El Melah stream section, the upper part of the Argiles de
Sidi Barka Formation (upper Pliocene) of Tunisia.

Diagnosis.—Shallow groove parallel to the columella and
bending 90° close to the calyx, to form a deeper, ring-shaped
groove (cited from Martinell and Doménech 2009).

Description—Sulcichnus sigillum Martinell and Doménech,
2009, is a semi-circular furrow, 1.5 mm wide, running around
three-quarters of the perimeter of corallum, perpendicularly
to its axis, with an abrupt turn up.

Remarks.—The specimens studied show the typical mor-
phology of Sulcichnus sigillum.

Stratigraphic and geographic range.—Since the early Plio-
cene worldwide (Martinell and Domeénech 2009; Spadini
2019).
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Ichnogenus 7alpina Hagenow, 1840

Type ichnospecies: Talpina ramosa Hagenow, 1840, lower Maastrich-
tain chalk, Riigen, Germany.

Emended diagnosis.—Narrow, tubular borings in lithic or
hard skeletal substrates, forming multi-branching tunnel
systems with apertures towards the exterior. Tunnels with
circular to oval cross-section, straight to strongly curved;
short side branches towards apertures often developed near
branching points of the main tunnel system. Tunnels may
anstomose.

Remarks.—Conchotrema Teichert, 1945, was subjectively
synonymized with Talpina Hagenow, 1840, by Wisshak et al.
(2019). Their possible synonymization has been announced
since longer (Voigt 1972; Bromley 2004), but Bromley
and D’Alessandro (1987) suggested that Conchotrema is
smaller, less regular, and shows an anastomosing course
of tunnels (see also Stiller 2005). Nevertheless, the differ-
ences seem to be not principal at the ichnogenus level. Both
ichnogenera fit well to the diagnosis of the ichnofamily
Talpinidae Wisshak, Knaust, and Bertling, 2019, typified
by Talpina Hagenow, 1840, which reads “Branched cy-
lindrical borings that may an anstomose” (Wisshak et al.
2019: 24). The most recent diagnosis of Talpina by Stiller
(2005) reads: “Narrow, tubular borings in hard substrates
with overall morphology changing astogenetically from
short, simple borings to extensive, multi-branching tun-
nel systems with numerous apertures towards exterior
(borings of pseudocolonies); completely buried in the sub-
strate. Tunnels with circular to oval cross-section, straight
to strongly curved; short side branches towards apertures
often developed near branching points of the main tunnel
system.” This diagnosis contains a lot of interpretative el-
ements. Therefore, it is emended. However, a better under-
standing of all the differences between Talpina and other
members of the ichnofamily Talpinidae, which is beyond
the scope of this paper, may necessitate of a new emenda-
tion. Talpina and its synonym Conchotrema are interpreted
as borings produced by pseudocolonies of phoronids (Voigt
1972, 1975). It is known since the Early Devonian (Voigt
1967; Stiller 2005).

Talpina cf. hackberryensis (Thomas, 1911)
Fig. 14.

Material —INGUJ265P164, 168; curved, branched grooves
on the surface of coralla; El Melah stream section, the upper
part of the Argiles de Sidi Barka Formation (upper Pliocene)
of Tunisia.

Description.—Straight, slightly or strongly curved, dichot-
omously or irregularly branched smooth furrows on the sur-
face of corallum, 0.1-0.15 mm wide. Some of the furrows
pass into very shallow subsurface tunnels of the same size,
which are filled with fine clastic material. The furrows/
tunnels run mostly along or obliquely to the corallum, some
of them anastomosing or missing on slightly different levels.
The distance between the braches ranges from 0.5 to 4 mm.
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Fig. 14. Talpina cf. hackberryensis (Thomas, 1911), a domichnion produced by phoronids in the skeleton of caryophylliid coral Ceratotrochus
(Edwardsotrochus) duodecimcostatus (Goldfuss, 1826), from the El Melah stream section, the upper part of the Argiles de Sidi Barka Formation (upper
Pliocene) of Tunisia. A. INGUJ265P168. B. INGUJ265P164.

Close to the furrows/tunnels, some circular/oval pits of the
same size are dispersed.

Remarks.—Bromley and D’Alessandro (1987) synonymized
Clionolithes canna Price, 1916, and Conchotrema tubulosa
Teichert, 1945, under Conchotrema Teichert, 1945. Further,
Wisshak (2017) followed an unpublished PhD thesis by
Plewes from 1996, who synonymized Clionolithes canna
Price, 1916, and Cliona hackberryensis Thomas, 1911, un-
der the ichnogenus Talpina Hagenow, 1840. This taxonomic
treatment is followed here. However, the distances between
branches are larger than in the diagnosis of C. canna by
Bromley and D’Alessandro (1987), and the apertures (visible
as circular/oval pits) are numerous. On the other hand, they
are very similar to Talpina tubulosa (Teichert, 1945) visi-
ble in the Permian Spirifer valves from Western Australia
(Teichert 1945: pl. 2: 1, 2). As ichnospecies of Talpina are
pending a revision, the determination is left in the open no-
menclature without a diagnosis.

Discussion

Biostratigraphy.—The Oued El Melah sedimentary suc-
cession was deposited during the Piacenzian (late Pliocene).
This age is attested by the occurrence of Globorotalia
puncticulata in the lower and middle parts of the section
(Fig. 15), which is the biostratigraphic marker of the sub-
zones MPL4a and MPL4b of the Mediterranean Pliocene
Zone (MPL) scheme according to Violanti (2012). The oc-
currence of Globorotalia crassaformis in the uppermost
part of the sedimentary succession suggests the MPL5 Zone.
The dating is in accordance with the previous stratigraphic
attribution advanced by Derbel-Damak and Zaghbib Turki
(2002) and Bejaoui et al. (2017).

Palaeoenvironment.—Foraminifera are excellent indica-
tors of the environmental conditions that prevailed during
their life (Bergh et al. 2018). Based on the distribution and
ecological preferences of benthic foraminiferal taxa, two
assemblages, FA1 and FA2, were distinguished throughout
the study section.

The assemblage FA1 (samples H1-11) points to a pa-
lacobathymetry ranging from the outer neritic zone to the
epibathyal zone. This is attested by the simultaneous abun-
dance of the deep-marine species represented by Planulina
ariminensis, Uvigerina peregrina, Melonis barleeanum,
and the shallower water species Ammonia beccarii and
Neoconorbina terquemi. It is worth noting that U. peregrina
has been recorded from a water depth of 300 m in the North
Atlantic to 2000 m in the Guinea Basin (Tim 1992). It was
also reported in Recent sediments of the Mediterranean Sea,
Celtic Sea (Lei and Li 2016) and the Gulf of Mexico, where it
shows its shallowest bathymetric range (Pflum and Frerichs
1976). Frontalini et al. (2010) described U. peregrina as a
shallow infaunal species. P. ariminensis was documented
in marine environments extending from the circalittoral to
bathyal stages (Van Morkhoven et al. 1986). Violanti (2012)
linked the presence of P. ariminensis from the Neogene
sediments of north-western Italy to the epibathyal zone.
Ammonia beccarii and Neoconorbina terquemi are mostly
considered shallow-water benthic forms. In parallel, plank-
tonic foraminifera are common within the microfaunistic
content, where a relative abundance of Orbulina universa
and Globigerinoides trilobus is noted. G. trilobus is con-
sidered an outer neritic to upper bathyal species (Murray
and Alve 1999; Wilson 2003), while O. universa was found
in the Red Sea at depths ranging from 50 to 100 m (Haenel
1987). Moreover, the value of the P/B ratio is usually asso-
ciated with distance from shore (Van der Zwaan et al. 1990;
Murray 2006) and consequently with the palacobathymetry
(Sen-Gupta and Machain-Castillo 1993; Drinia et al. 2008).
In the investigated section, the ratio of planktonic/benthic
taxa (30%) suggests a middle neritic environment (middle
shelf). Based on the FA1 foraminiferal assemblage analysis,
it could be concluded that the lower part of the studied sec-
tion reflects marine offshore conditions.

The investigated solitary corals in the lower part of
the sedimentary succession together with the foraminifers
Orbulina universa and Globigerinoides trilobus. Orbulina
universa is known to be a warm water indicator (B¢ et al.
1973; Zachariasse et al. 1997; Gallagher et al. 2001; Kucera
2007; Drinia et al. 2008; Schiebel and Hemleben 2017).
This species is abundant in the central water bodies of the
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sub-tropical province of the Indian Ocean (B¢ et al. 1973)
and at a temperature of 21.7 £ 2.9°C in the Red Sea (Haenel
1987). Globigerinoides trilobus lives in warm to temperate
climates (Van der Zwaan et al. 1990; Stephanelli 2003) with
temperatures ranging from 21-29°C (B¢ 1977; Lombard et
al. 2009; Bé and Toderlund 1971; Tolderlund and Bé 1971;
Bijma et al. 1990). The distribution of modern azooxanthel-
late solitary corals is controlled primarily by the availability
of nutrients and water temperature, which typically ranges
between a few up to 20°C, rarely higher (Roberts et al. 2009).
This suggests that although surface sea-water temperatures
interpreted from planktic foraminifera were probably about
20-25°C, the investigated corals were dwelling in colder
waters.

The foraminiferal assemblage FA2 contains abundant
shallow marine taxa, which indicate a progressively shal-
lowing of the basin in the upper part of the section (samples
H12-32). It is to be noted that the faunal content is devoid
of any coral specimens. In comparison to the association
FA1l, Ammonia beccarii, Neoconorbina terquemi, Lobatula
lobatula, and miliolids are more abundant. This points to the
outer/inner neritic zone. In the eastern Mediterranean Sea
and Europe, 4. beccarii is encountered in the most of estu-
arine systems (Debenay et al. 1996). Parker (1953) proposed
for this species a water depth ranging 20—-179 m. Baggley
(2000) considered A. beccarii a stenobathymetric shelf spe-
cies. Neoconorbina terquemi and L. lobatula are reported as
a common species of inner neritic coarse sediments and as
epiphytic shallow water taxa, respectively (Violanti 2012).
The shallow marine environments interpreted for the upper
part of the sedimentary section were influenced by high
terrigenous supply episodes. This is marked by an increase
in the silty fraction and the appearance of sandy interca-
lations. The abundance of Eocene larger benthic foramin-
ifera and some Cretaceous foraminifera (Heterohelix sp.) in
sample H32 confirms fluvial supply from older sediments.
Meanwhile, coral-bearing deposits are totally absent. The in-
creasing supply of clastic material has probably accelerated
the degradation of coral life, leading to its disappearance.

Borings in coralla.—One of the basic questions is whether
the borings were produced in vivo or post mortem. The
criteria for borings produced in vivo can be as follows: (i)
borings influencing the growth of corallum were produced
during the life of the coral, Sulcichnus sigillum, belongs to
them; (ii) borings that are distributed very close to the sur-
face of the corallum but are known from deep penetration
into the substrate in other cases, are also probably produced
during the coral’s life. A vast majority of the polychaete bor-
ings presented in this paper (Caulostrepsis taeniola, C. cre-
tacea, C. avipes, C. penicillus isp. nov., Maeandropolydora
elegans) occur in the shallow subsurface, with partial ex-
position on the surface of coralla (so they are, in fact, half-
borings). In some cases, the borings have a very thin roof,
which can be easily broken during collection or cleaning.
Most probably, all the borings ascribed to Caulostrepsis and
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Maeandropolydora preserved as depression/grooves were
originally produced under the surface. However, the sep-
tothecal wall of the coralla can be more attractive for some
borers than the porous internal part. This counterargument
is weakened by the fact that Caulostrepsis occurs in coral-
line algae, which are porous (Checconi et al. 2010; Wisshak
et al. 2021). A considerable number of borings are located
in the upper part of coralla. Some of them start at the upper
edge. This can be an additional criterion that suggests that
the boring organisms colonized the corals in vivo.

Borings that penetrate deeply into the corallum and
those that are always close to the surface, irrespective of
the substrate, can be regarded as produced post mortem.
Among the studied borings, only Maeandropolydora sul-
cans penetrates deeply within coralla. The bryozoan boring
Pinaceocladichnus onubensis is always a close-surface bor-
ing. In the studied coralla, it cross cuts other borings and
is not preferentially distributed on the corallum. The same
concerns Talpina cf. hackberryensis (Thomas, 1911). This
suggests that these borings record post mortem colonization.

The ichnospecies of Caulostrepsis and Maeandropoly-
dora are smaller than their usual representatives described
in the literature. It seems that their tracemakers were influ-
enced by the Lilliput effect. It is not excluded that this is
caused by some effort of the corals to limit their activity and
by limited space of the coralla. However, the limited space
is also the case for mollusc shells, where these ichnotaxa
attain the usual size in many formations.

Most of the borings observed are in the upper half of cor-
alla. This is in agreement with Fodor (2001) who observed
such concentrations in the upper one third of uppermost
Oligocene—lowermost Miocene (Egerian) solitary corals
in Hungary. The borings belong to Caulostrepsis taeniola,
C. biforans, C. cretacea, Maeandropolydora decipiens,
M. sulcans, M. elegans, Trypanites solitarius, and T. weisei.
All of them are produced by spionid polychaetes. We are not
aware of recent in vivo infestations of solitary corals by this
group of polychaetes. It is worthy of notice that the Pliocene
and Recent deep-sea coral species of Desmophyllum,
Madrepora, and Corallium from the Mediterranean Sea
contain abundant sponge borings Entobia ispp. (Bromley
and D’Alessandro 1990), but this boring was not found in
the analyzed coralla from Tunisia. In virtual sections across
coralla (Fig. 5A) we noticed that most of the borings belong-
ing to Caulostrepsis ispp. and Maeandropolydora elegans
are developed in corallum wall region composed of Rapid
Accretion Deposits; these regions are structurally weaker
due to enrichment in organics and thus are more prone to
bioeroding activity.

Among the 177 coralla analyzed, 32.23% do not con-
tain any visible macrobioerosion. 57.5% of the bored coralla
contain Caulostrepsis, 18.33% Maeandropolydora elegans,
17.5% Pinacocladichnus, and 9.16% Sulcichnus. 34.17% of
bored coralla contain other borings, mostly undeterminable
forms, and Maeandropolydora sulcans. The number of the
latest ichnotaxon is difficult to determine as it is poorly man-
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ifested on the surface. The data show that most of the borings
are produced in vivo by polychaetes. Tracemakers of the in
vivo borings were probably commensals, which benefited
from the hard substrate of the coralla sticking above the fine-
grained bottom sediment, protection used by corals to defend
themselves, and from the possible weak currents bringing
food and creating eddies around the coralla.

The diversity and abundance of borings decrease with
depth, except for Talpina, and Caulostrepsis is a typical shal-
low water ichnogenus (Bromley and D’Alessandro 1990).
The boring assemblage studied, and their substrate (cor-
alla) were produced in outer/middle neritic to upper bathyal
depths and under the subtropical climate, as suggested by
foraminifers (former chapter). Abundant Pliocene borings
in rocky substrates and bioclasts are known from several
rocky shores in the Mediterranean region (e.g., Bromley and
D’Alessandro 1990; Bromley and Asgaard 1993; Gibert et
al. 1998; Laska et al. 2021). It is possible that there was some
ecological pressure that forced the borers to use the unusual
substrates even in deeper zones. This can be caused by
competition for space under conditions of proliferation. In
such a situation, even solitary corals living on fine-grained
substrates were suitable habitats.

Conclusions

Coralla of the solitary scleractinian coral Ceratotrochus
(Edwardsotrochus) duodecimcostatus from the upper Plio-
cene middle/lower neritic to upper bathyal fine-grained
deposits of NE Tunisia contain abundant in vivo and
post-mortem borings. The in vivo borings are shallow and
concentrated within the corallum wall in the upper part of
the coralla or on the surface. They are produced mostly by
polychaetes, among which Caulostrepsis taeniola, C. creta-
cea, C. avipes, C. penicillus isp. nov. and Maeandropolydora
elegans are unknown to play such a role. Sulcichnus sig-
illum is a typical in vivo surface polychaete boring. The
post-mortem borings are obligatory shallow structures (the
phoronid boring Talpina cf. hackberryensis, the bryozoan
boring Pinaceocladichnus onubensis) or deeply penetrat-
ing structures (Maeandropolydora sulcans). The possible
ecological pressure in the shallow water caused that even
the small, hard substrate of coralla in deeper water was col-
onized by boring organisms.
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