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A new attachment trace of a verrucid barnacle on Pliocene 
bivalve shells, Santa Maria Island, Azores
ALFRED UCHMAN, MAX WISSHAK, PATRÍCIA MADEIRA, CARLOS S. MELO,  
CLAUDIA SACCHETTI, GONÇALO CASTELA ÁVILA, and SÉRGIO P. ÁVILA

Uchman, A., Wisshak, M., Madeira, P., Melo, C.S., Sacchetti, C., Ávila, G.C., and Ávila, S.P. 2025. A new attachment 
trace of a verrucid barnacle on Pliocene bivalve shells, Santa Maria Island, Azores. Acta Palaeontologica Polonica 70 
(1): 143–157.

A new attachment trace belonging to the ichnogenus Centrichnus has been recognized on bivalve shells in a Pliocene 
coquina of the Pedra-que-Pica section in Santa Maria Island (Azores Archipelago). The new ichnospecies Centrichnus 
dentatus isp. nov. is characterized by an elliptical outline, bounded by a groove and/or a series of pits, and by having 
a more or less pronounced central to off-center depression surrounded by a flat area. Based on these new findings, the 
diagnosis of the ichnogenus Centrichnus is emended, as is the diagnosis of the ichnofamily Centrichnidae. The new 
trace fossil was produced by the barnacle Verruca spengleri, which was found in direct association with the trace. 
Some specimens of Centrichnus dentatus isp. nov. were found cross-cut by phoronid borings (Talpina isp.) or clionaid 
sponge borings (Entobia isp.), and they co-occur with polychaete borings (Maeandropolydora isp.) and bivalve borings 
(Gastrochaenolites isp.). The traces belong to the Gnathichnus ichnofacies, which refers to the early colonization of hard 
substrates taking place within months, even though the recorded ichnocoenoses suggest longer exposure and colonization 
by several generations of cirripeds, lasting several years rather than months.
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Introduction
In oceanic settings, volcanic islands offer a relief from the 
deep seafloor where remote rocky shores are first estab-
lished when seamounts rise above the sea (Ramalho et al. 

2013). Insular systems are viewed as key, yet dynamic and 
discrete settings for the study of the processes and factors 
shaping biological communities. In recent years, a large 
volume of research has been published targeting biota asso-
ciated with these remote nearshore hard-substrate habitats 
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Fig. 1. A. Location of the Azores Archipelago within the NE Atlantic (insert) and Santa Maria within the Azores Archipelago. NA, North American 
plate; EU, Eurasian plate; Nu, Nubian (African) plate; MAR, Mid‐Atlantic Ridge; TR, Terceira Rift; EAFZ, East Azores Fracture Zone; GF, Gloria 
Fault. Bathymetry extracted from GEBCO 2019 (https://www.gebco.net/data_and_products/gridded_bathymetry_data/); coastline delimitation from the 
Portuguese Hydrographic Institute free data (https://www.hidrografico.pt/op/33). B. Simplified geological map of Santa Maria Island (adapted from 
Serralheiro et al. 1987; Serralheiro 2003) with location of Pedra-que-Pica outcrop (rectangle).
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(e.g., Wisshak et al. 2011, 2015a). Despite hard substrates 
covering a relatively minor proportion of the marine benthic 
environment globally (Gutiérrez et al. 2022), biodiversity 
within this realm could be considered an important compo-
nent of island biota and the first witness of the early stages 
of colonization in these remote settings.

Among hard substrate dwellers, many benthic organisms 
attach themselves to the substrate in order to stabilise their 
body position and protect against waves and predators. In the 
fossil record, hard substrate assemblages can offer a snapshot 
into the geologic past (though incomplete) as they preserve 
mostly the sessile components of the original communities, 
particularly encrusting and boring organisms which tend to 
retain their original positions on the substrate after fossilisa-
tion (Taylor and Wilson 2003). However, in oceanic islands, 
particularly those without reefs, erosion tends to occur rapidly 
once eruption has ceased (Woodroffe 2014). In these near-
shore hard-substrate environments exposed to high energy 
conditions, biological communities can be regarded as having 
a low preservation potential, as the presence of past commu-
nities is often reduced to traces of their biologic activity.

Among encrusting organisms, some etch the substrate and 
leave characteristic traces of a recurrent morphology. These 
traces are called attachment scars or traces (e.g., Radwański 
1977) and have ichnotaxonomic names (e.g., Bromley and 
Heinberg 2006; Neumann et al. 2015; Wisshak et al. 2019, 
and references therein). They belong to the ethological cat-
egory fixichnia (Gibert et al. 2004). Their list is not ex-
haustive, and several new ichnotaxa have been added in the 
last two decades, including Spirolites radwanskii Uchman 
et al., 2018, from the Miocene of central Poland, Solealites 
ovalis Uchman & Rattazzi, 2018, from the Oligocene of 
NW Italy, or Santichnus mayorali Verde et al., 2022, from 
the Miocene–Pliocene of Uruguay. Most of the attachment 
traces belong to the ichnofamilies Centrichnidae Wisshak et 
al., 2019, and Renichnidae Wisshak et al., 2019.

In this paper, a new attachment trace produced by a 
verrucid barnacle on bivalve shells is described from the 
palaeosite Pedra-que-Pica on Santa Maria Island, Azores 
(Fig. 1). Its distinct morphology, association with the skel-
etal remains of the producer, not previously known to the 
island’s fossil record, and well-determined palaeoenviron-
mental context, pose an opportunity for its accurate inter-
pretation. This is also an opportunity to discuss the ichno-
family Centrichnidae and its type ichnogenus Centrichnus, 
whose diagnoses and content of ichnotaxa require updates. 
In this backdrop, the present study offers an important tool 
for the study of hard substrate communities whether in a 
geologic past or recent setting.

Institutional abbreviations.—DBUA-F, fossil collection of 
the Department of Biology of the University of the Azores, 
Ponta Delgada, Portugal; INGUJ, Institute of Geological 
Sciences, Jagiellonian University (collection in the Nature 
Education Centre of the Jagiellonian University-Museum of 
Geology), Kraków, Poland.

Nomenclatural acts.—This published work and the nomen-
clatural acts it contains have been registered in ZooBank: 
urn:lsid:zoobank.org:pub:2B3446B6-477E-42EC-9A7F-
8B874523F6E5.

Geological setting
The remote Azores Archipelago is in the Central Atlantic 
Ocean (36–43°N, 25–31°W), in a complex geotectonic set-
ting where three tectonic plates interact: the North American 
plate to the west of the Mid-Atlantic Ridge, the Eurasian 
plate to the north, and the Nubian (African) plate to the south 
(Fig. 1A). The archipelago is composed of nine islands that 
spread for about 600 km. Santa Maria Island is the oldest (6.0 
Ma; Ramalho et al. 2017) and the only with a relevant marine 
fossil record (for a review see Ávila et al. 2018 and references 
therein; Fig. 1B).

Pedra-que-Pica (Fig. 2A) is one of the most important 
palaeosites in Santa Maria Island. Classified as an interna-
tional relevant geosite by Ávila et al. (2016) and Raposo et al. 
(2018), this early Pliocene coquina (Fig. 2B) with a Zanclean 
age ranging from 4.78±0.13 to 4.13±0.19 Ma (Sibrant et al. 
2015; Ramalho et al. 2017) was described in detail by Ávila 
et al. (2015b, 2022). Located near the SE tip of Santa Maria, 
the shell bed of Pedra-que-Pica consists of a 10–11 m thick 
sedimentary sequence of which the uppermost 3–4 m are 
exposed above present sea level. Including its underwater 
section, the coquina occupies a total area of about 23,450 m2 
(Ávila et al. 2015b, 2018). Two spurs located to the West of 
Pedra-que-Pica (Fig. 2A) acted as natural barriers against 
currents, protecting the sediments from erosion. The shells 
and deposits that form the coquina accumulated in a large, 
natural, depression that was preserved by the later deposition 
of the volcano-sedimentary sequence above (Fig. 2G; Ávila 
et al. 2015b, 2022). Three events were involved in this pro-
cess: the first shell bed and its fossiliferous deposits (Fig. 2G) 
rest on top of a basalt pillow lava (Fig. 2G) that was covered 
by a discontinuous 30–60 cm thick-bed of subangular to 
subrounded basaltic cobbles and boulders (Fig. 2G), that, by 
its turn, was covered by a second massive layer of coquina up 
to 2.6 m thick (Fig. 2G), that was finally covered by volcanic 
tuffs (Fig. 2G) (Ávila et al. 2015b, 2018, 2022). This topmost 
coquina layer is poorly sorted and contains large, disarticu-
lated valves of bivalves (Fig. 2C), barnacles (Winkelmann et 
al. 2010; Fig. 2D), gastropods (Janssen et al. 2008; Sacchetti 
et al. 2023), echinoids (Madeira et al. 2011; Fig. 2E), bra-
chiopods (Kroh et al. 2008), ostracods (Meireles et al. 2012), 
bryozoans, decapod crustaceans (Hyžný et al. 2021), cal-
careous algae forming rhodoliths (Rebelo et al. 2016), small 
stony-corals and, more rarely, teeth of bony fishes (Ávila et 
al. 2020) and sharks (Ávila et al. 2012, 2015a; Fig. 2F), as 
well as ribs of cetaceans (Estevens and Ávila 2007; Ávila et 
al. 2015a). The described trace fossil occurs here as well.

In the topmost section of the coquina, within a matrix 
of faintly bedded calcarenite, several types of ichnofossils 
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are visible, the most conspicuous being Asterosoma isp. and 
Bichordites isp. (Ávila et al. 2022). Then, a sudden change 
occurs in the succession, with the calcarenite passing into a 
thick unit of 36 m water-settled lapilli tuffs resulting from 
a Surtseyan eruption (Ávila et al. 2015b, 2018a). This layer 
of tuffs (Fig. 2G) belongs to the Pico Alto Complex (Ávila 
et al. 2015a, 2018, 2022) and is capped by a conglomerate 
(Fig.  2G) that is overlain by a lava delta sequence consti-
tuted of a series of pillow lavas and hyaloclastite, as well as 
a set of subaerial flows (Ávila et al. 2015b). The boundary 
between the subaerial and submarine flows traces the co-
eval sea level, nowadays located at about 50 m above present 
mean sea level (Ávila et al. 2022).

Systematic palaeoichnology
Ichnofamily Centrichnidae Wisshak et al., 2019
Type ichnogenus: Centrichnus Bromley & Martinell, 1991.

Original diagnosis.—Single to multiple, roughly circular 
depressions on the surface of hard substrates, shallower than 
wide, with individual grooves often arranged concentrically 
or excentrically (from Wisshak et al. 2019).
Emended diagnosis.—Roughly circular, elliptical, or tear-
shaped bioerosion structures on the surface of hard sub-
strates, shallower than wide.
Remarks.—The original diagnosis includes only the “rou
ghly circular depressions”, while Centrichnus eccentri­
cus Bromley & Martinell, 1991, the type ichnospecies of 
Centrichnus Bromley & Martinell, 1991, being represen-
tative of Centrichnidae, is tier-shaped (as is Lacrimichnus 
Santos et al., 2003). Reinvestigation of C. eccentricus has 
furthermore shown that the complete morphology includes 
not only that tier-shaped byssus attachment scar but also 
abrasion marks of the anomiid trace maker’s shell margin 
and hinge area (Neumann et al. 2015). This fact was orig-
inally accounted for by the, now deleted, “Single to multi-
ple”, which was misleading because it would have included 
clusters of several attachment scars produced by several 
individuals. Instead, the more complex morphology of C. 
eccentricus is now accommodated by using the term “struc-
tures” instead of “depressions”. The reference to the con-
centric/eccentric grooves has been deleted to use a broader 
definition while retaining a clear distinction to the related 
ichnofamily Renichnidae (Wisshak et al. 2019).

The family Centrichnidae includes Augoichnus Arendt, 
2012, Centrichnus Bromley & Martinell, 1991, Patellichnus 

Dragastan in Dragastan et al., 1998 (see also Brustur 2020), 
Lacrimichnus Santos et al., 2003, Ophthalmichnus Wisshak 
et al., 2014, Solealites Uchman et al., 2018, and Tremichnus 
Brett, 1985 (for ichnotaxonomic history of Tremichnus see 
Wisshak et al. 2015b and Buatois et al. 2017), according to 
a primary assignment (Wisshak et al. 2019). The ichnotax-
onomic status of Thatchtelithichnus Zonneveld et al., 2015, 
known from the turtle plastrons and bones (see Collareta et 
al. 2021), is still under debate. It was initially established as 
a trace fossil but later considered a bioclaustration structure 
(Wisshak et al. 2019) and recently defended again as a trace 
fossil (Zonneveld and Bartels 2020), in which case it should 
be included in the Centrichnidae.

Ichnogenus Centrichnus Bromley & Martinell, 1991
Type ichnospecies: Centrichnus eccentricus Bromley & Martinell, 
1991, Pleistocene deposits (Würmian glacial period), Palamós, Giro-
na, Catalonia, Spain.

Original diagnosis.—Shallow biogenic etching traces on 
carbonate lithic or skeletal substrates comprising centrically 
arranged arcuate or ring-shaped grooves (from Bromley and 
Martinell 1991).
Emended diagnosis.—Roughly circular to elliptical, or tear-
shaped bioerosion structures on the surface of carbonate lithic 
or skeletal substrates, shallower than wide, comprising centri-
cally arranged arcuate or ring-shaped grooves, surrounded or 
bounded by a deeper groove and/or a series of pits.
Remarks.—The original diagnosis is emended to better 
cover all morphologies under this ichnogenus, including 
the more complex morphology of the type ichnospecies C. 
eccentricus. The variance of the outline and the shallow 
nature of the depression have been added (see also remarks 
to the ichnofamily Centrichnidae) and the trace margin has 
been characterised as “surrounded or bounded by a deeper 
groove and/or a series of pits”. The latter addition also suits 
the inclusion of the new ichnospecies described herein. 
Furthermore, it better accommodates the morphology of the 
former ichnospecies of Anellusichnus Santos et al., 2005, 
regarded by Wisshak et al. (2019) as a subjective junior syn-
onym of Centrichnus Bromley & Martinell, 1991.

Centrichnus dentatus isp. nov.
Figs. 3–8.
Zoobank LSID: urn:lsid:zoobank.org:act:2B3446B6-477E-42EC-9A 7F- 
8B874523F6E5.
Etymology: From Latin dentatus, toothed; in reference to the marginal 
series of pits formed by the verrucids anchoring structures.

Fig. 2. The Pedra-que-Pica outcrop, a unique geosite with Zanclean (lower Pliocene) coquina in Santa Maria Island, Azores. A. Aerial view of Pedra-que-
Pica outcrop (in dashed ellipse) in the southern coast of Santa Maria Island. B. General view of the outcrop. C. Bivalve shell of Gigantopecten latissimus 
(Brocchi, 1814), field photograph. D. The balanid Zullobalanus santamariaensis Buckeridge & Winkelmann in  Wilkenmann et al., 2010, photographed 
at the surface of the Pedra-que-Pica outcrop, Santa Maria Island, Azores (Winkelmann et al. 2010). E. Fragment of a test of the echinoderm Eucidaris 
tribuloides (Lamarck, 1816), DBUA-F 455 (Madeira et al. 2011). F. Tooth of the shark Carcharodon hastalis (Agassiz, 1838), DBUA-F 275 in labial 
view (Ávila et al. 2012). G. Stratigraphic section at Pedra-que-Pica representing the main lithologies, sedimentary structures, contacts and fossiliferous 
content present in the Pliocene sedimentary and volcanic successions of Anjos, Touril and Pico Alto Volcanic Complexes (sensu Serralheiro et al. 1987; 
Serralheiro 2003; and Ramalho et al. 2017). Numbers correspond to the depositional units as described in Ávila et al. (2015b, 2018). 

→
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Type material: Holotype INGUJ249P204, a distinct two-step depres
sion (marked “h” in Fig. 3A1, A2, A5, A6) in an oyster shell with 
well-expressed collar. Paratypes all other specimens in INGUJ249P204 
(Figs. 3A1–A4, 4A, B) and INGUJ249P115 (Fig. 4C), isolated or partly 

overlapping depressions showing different depths and more or less 
developed bounding grooves or series of pits.
Type locality: Pedra-que-Pica palaeosite, Santa Maria Island, Azores, 
Portugal.
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Fig. 3. The verrucid barnacle attachment trace Centrichnus dentatus isp. nov. on an oyster host shell (probably Ostrea stentina Payraudeau, 1826 sensu lato, 
DBUA-F 1545: INGUJ249P204) from Pedra-que-Pica, lower Pliocene, Santa Maria, Azores. General view (A1) and close ups (A2, A3) of the shell with the 
holotype (h) and paratypes. SEM image showing a few paratypes (A4). SEM image of the holotype (A5). Colour-coded topography of the holotype (A6).
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Type horizon: Zanclean, lower Pliocene, coquina of the Touril Complex.

Material.—Type material, 19 small bivalve shells or valve 
fragments (DBUA-F 95-12, 99-15, 18, 20, 30, 180-1, 185-2, 
10, 17, 24, 25, 186-4, 10, 25, 187-2, 4, 15, 19, 193-2) with a 
total of about 70 attachment traces, and 33 small bivalve 
shells or valve fragments (collective number DBUA-F 1545: 
INGUJ249P115, 116, 119–123, 125–138, 145, 150, 156, 157, 
186, 192, 201–205a, b, 206), with a total of about 400 attach-

ment traces, and one thin section (INGUJ249P207) crossing 
a trace vertically.
Diagnosis.—Centrichnus circular or elliptical in outline, 
bounded by a groove and/or a series of pits and having a 
more or less pronounced central to decentral depression 
surrounded by a flat area.
Description.—Regular to irregular circular or oval, smooth 
bowl-like depression on bivalve shells, usually 2–3 mm and 
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2 mm2 mm
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Fig. 4. The verrucid barnacle attachment traces Centrichnus dentatus isp. nov. from Pedra-que-Pica, lower Pliocene, Santa Maria, Azores. A, B. SEM 
images of two paratypes DBUA-F 1545: INGUJ249P204. C. Paratypes in another oyster shell (probably Ostrea stentina Payraudeau, 1826 sensu lato, 
DBUA-F 1545: NGUJ249P125), a general view of the oyster shell with the paratypes (C1), surface scan of the shell with paratypes (C2), details (C3, C4).



150	 ACTA PALAEONTOLOGICA POLONICA 70 (1), 2025

occasionally up to 4 mm in diameter, encircled by a narrow 
groove and small pits piercing the bottom of the groove 
(Figs. 3–7). The marginal groove is ca. 0.1 mm wide. The 
pits are trapezoid with very rounded corners in outline, ca. 
0.1 mm wide (longer axis), and ca. 0.1 mm apart (Fig. 5A) 
with the longer axis commonly oriented perpendicular to 
the groove. The number of pits varies between individual 
borings and ranges from 25 to 70.

The bowl-like, central to decentral depressions are up to 
1.5 mm deep, but never deeper than the trace is wide. The 
deeper that depression, the wider it is, and the smaller the 
flat area between the depression and the marginal groove/
pits becomes during ichnogeny sensu Belaústegui et al. 
(2016), i.e., changes of the trace during ontogenetic devel-
opment of the tracemaker (Fig. 5A, B). On the slopes of the 
deeper depressions, intersections of shell layers can be visi-
ble, and, in some cases, differential dissolution has terraced 
these layers, which then appear as concentric rings, but with 
no grooves or ridges (Figs. 4C4, 5, 6B, 7B).

In many specimens, the marginal groove and pits still 

contain remnants of the skeletal elements of the trace-mak-
ing verrucid barnacle. These skeletons are at least as wide 
as the groove and reach 0.25 mm in thickness. Where the 
barnacle is not preserved, the marginal groove with pits 
becomes visible in its virtual prolongation (Fig. 5A, B). The 
thin section perpendicular to the depression shows that the 
shell of the barnacle is attached to the slope of the depression 
in its upper marginal part, the cross-cut shell layers of the 
bivalve, and is indented in the bivalve shells by tooth-like 
protrusions, which are ca. 0.05 mm wide and deep (Fig. 8). 
In any case, shell remains are part of the basal part of the 
barnacle shell, which, with its dental protrusions, is an-
chored in the shell of the bivalve host. SEM images clearly 
confirm this interpretation. Therefore, these structures are 
not a part of the trace fossil but a part of the tracemaker.

The traces are isolated or can be fused in clusters or rows 
to form composite traces (Figs. 6C1, 7A). One depression 
can truncate the neighbouring one (Figs. 3A1, A2, 4C1, C3, 
6C, 7B). The number of depressions in one shell may attain 
nearly forty.

CB

A1

500 mµ

bs

2A

2A

tb

200 mµ

500 mµ500 mµ

bs

Fig. 5. SEM images of verrucid barnacle attachment traces Centrichnus dentatus isp. nov. on an oyster shell (DBUA-F 1545: INGUJ249P206) from Pedra-
que-Pica, lower Pliocene, Santa Maria, Azores. The slopes of the depressions show terraces related to layers in the host shell. A. Centrichnus dentatus 
with remnants of the producer (barnacle) shell (bs) preserved in the marginal groove and pits (A1), detail (A2). B. Specimen showing the basal part of the 
producer (barnacle) shell (bs) still in situ. C. Specimen cross-cutting tubular borings (tb).
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Fig. 6. The verrucid barnacle attachment trace Centrichnus dentatus isp. nov. from Pedra-que-Pica, lower Pliocene, Santa Maria, Azores. Note: some with 
remnants of barnacle shells on bivalve shells. A. Several traces of variable morphology. Bryozoans (br) cover a barnacle, DBUA-F 1545: INGUJ249P203. 
B. Several traces, some crossed by the boring Talpina isp. (Ta), DBUA-F 1545: INGUJ249P202. C. Several traces, DBUA-F 1545: INGUJ249P115; 
a row of partly overlapping traces (C1), a few partly overlapping traces (C2) shell of a barnacle embedded in C. dentatus with a partly preserved shell on 
the margins (arrow); bryozoans (br) cover a part of C. dentatus in the lower right corner. D. Oyster (oy) covering barnacles and their traces, bryozoan 
colonies (br), and clionaid sponge boring Entobia isp. (En), DBUA-F 1545: INGUJ249P116. E. Barnacle shells on a fragment of Gigantopecten latissimus 
(Brocchi, 1814) shell, C. dentatus (Cd), and circular, probably bivalve borings (b), DBUA-F 1545: INGUJ249P121.
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Remarks.—The circular or oval outline of Centrichnus den­
tatus is similar to that of Centrichnus concentricus Bromley 
& Martinell, 1991, Centrichnus circularis (Santos et al., 
2005), and Centrichnus ellipticus (Buckeridge et al., 2019), 
but C. concentricus and C. ellipticus have distinct concentric 
ridges and crenulated margins, and C. circularis lacks the 
central to decentral depression. While shallow morphotypes 
of C. dentatus are very close in shape to those of C. circu­
laris, the latter does not show the central depression, and 
it does not have pits in the marginal groove. Hence, these 
pits are the most relevant diagnostic feature of C. dentatus. 
Centrichnus undulatus differs by its flabellate margin and 
no distinct depression (Santos et al. 2005) and C. eccentricus 
Bromley & Martinell, 1991, is a more complex Centrichnus 

with a tier-shaped central etching and eccentric grooves, sur-
rounded by abrasive imprints of the trace maker shell margin 
and hinge area (see Neumann et al. 2015 for a revision of this 
type ichnospecies).
Stratigraphic and geographic range.—The Touril Complex 
(Zanclean, lower Pliocene), Santa Maria, Azores.

Relation to epibionts and other 
trace fossils
Centrichnus dentatus is cross-cut by some tubular borings 
(Fig. 5C). Some of them are identified as Talpina isp., which 
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Fig. 7. The verrucid barnacle attachment traces Centrichnus dentatus isp. nov. from Pedra-que-Pica, lower Pliocene, Santa Maria, Azores. Note: some 
with remnants of barnacle shells (producer). A. Barnacles (producers) on a fragment of Gigantopecten latissimus (Brocchi, 1814) shell, bryozoans (br), 
and spongy layer of the oyster (probably Ostrea stentina Payraudeau, 1826 sensu lato) shell (sb), DBUA-F 1545: INGUJ249P126. B. Several barnacles 
(producer) and their traces. One barnacle (arrow) settling in the polychaete boring Maeandropolydora isp. (Ma), DBUA-F 1545: INGUJ249P128.

Fig. 8. Photograph of a thin section crossing vertically a verrucid barnacle attachment trace Centrichnus dentatus isp. nov. (INGUJ249P207) from Pedra-
que-Pica, lower Pliocene, Santa Maria, Azores. Abbreviations: oy, oyster shell, ba, barnacle shell; t, grey tooth-like indentation of the lighter barnacle 
shell into the oyster shell.
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is produced by phoronids (Gaaloul et al. 2023). Some C. 
dentatus are cross-cut by and co-occur with clionaid sponge 
borings of the ichnogenus Entobia (Fig. 6D). In some cases, 
C. dentatus with attached remnants of the barnacle shell 
is surrounded by the porous vesicular shell microstructure 
of the oyster (Fig. 7A). In some host shells, C. dentatus 
co-occurs with the polychaete boring Maeandropolydora 
isp. In one case, the barnacle is nested in the unroofed 
gallery of a Maeandropolydora and adjusted to its margins 
(Fig. 7B). Some circular holes perforating the host shell 
(Fig. 7F) are related to bivalve borings of the ichnogenus 
Gastrochaenolites, that are commonly found also in other 
bioclasts in the studied locality.

Among epibionts on the shells bearing C. dentatus, colo-
nies of cheilostome bryozoans are the most common. Some 
of them cover the barnacle shells (Fig. 6A), or grow on their 
flanks (Fig. 6D), or cover a part of the C. dentatus (Fig. 6B). 
Figure 6D shows an upper side of the oyster valve with another 
oyster attached (most probable Ostrea stentina Payraudeau, 
1826 sensu lato) that covers the barnacles. The attached shell 
itself is partly overgrown by bryozoans. Sparsely, coiled tubes 
of the polychaete genus Spirorbis co-occur.

Producer
The fossil material is overall abraded, with very few com-
plete specimens, arranged either isolated or in sheets on bi-
valve (oyster) shells (Figs. 6, 7). A single specimen presents 
opercular plates, which are completely crushed (Fig. 6E). 
The barnacle shells are small (about 3 mm maximum diam-
eter), with an overall low-conic shape. The wall is formed 
by four plates of different sizes (carina, rostrum, fixed scu-
tum, and fixed tergum), which are attached directly to the 
host shell, forming a circular to hexagonal (in more densely 
packed areas) cross-section. Overall, asymmetrical appear-
ance with a relatively small operculum (maximum diameter 
about 2.4 times the maximum opercular length), parallel to 
the base, forming a D-shape (maximum length about 1.5 
times the maximum width) slightly off-center (to the left, 
towards the fixed tergum). Shell plates present an overall 
smooth surface, apart from the growth of transverse striae 
and the presence of pores arranged concentrically, along 
growth lines. Interlocking ridges between plates are present, 
exhibiting a chevron pattern which is particularly evident 
between the rostral and carinal wall plates (Fig. 9). Despite 
the fragmentary nature of the studied material, the barnacle 
shells present clear diagnostic features as described above, 
identifying them with confidence to Verruca spengleri 
Darwin, 1854 (see Young 1998; Young et al. 2003).

Verrucid barnacles are rarely preserved in the fossil record, 
as most tend to rapidly disarticulate upon death (Buckeridge 
and Finger 2001; Buckeridge 2011). Verrucomorphs, with 
their characteristic asymmetrical shells, are known to occur 
since the Cretaceous (Chan et al. 2021), whereas the earliest 
Verruca species is reported from the upper Maastrichtian of 

the Netherlands (Gale 2014; Gale and Vidovic 2023). Verruca 
spengleri is only known from the more recent fossil record, 
being solely reported from the Pleistocene of Sicily and 
Calabria (Ruggieri 1977). In the Azores fossil record, only 
balanids from the lower Pliocene (Zbyszewski and Ferreira 
1962; Winkelmann et al. 2010) and upper Pleistocene of 
Santa Maria Island were previously reported (Callapez and 
Soares 2000). However, fossil cirripeds from the Azores are 
in desperate need of a throughout review. Thus, the present 
Pliocene record not only represents the first report of a verru-
cid in Santa Maria fossil record, but also the oldest material 
for the species.

Verruca spengleri is the only verrucomorph known 
to presently occur in the shallow-waters of the Azores 
(Young 1998, 2002), Madeira (type area; Darwin 1854), 
and Canaries archipelagos (González et al. 2012). In the 
extant shores of the nearest continents, the distribution of 
this species is restricted to the warmer waters of southern 
Atlantic coast of Spain and throughout the Mediterranean 
Sea (Young et al. 2003). The presence of this species in 
the fossil record of Pedra-que-Pica is in line with what is 
known from the Pliocene fauna of Santa Maria, that could 
be characterized, in general, as composed by shallow-water 
elements with strong tropical to warm-temperate affinities 
towards the eastern continental and insular coasts (Ávila et 
al. 2016, 2018; Sacchetti et al. 2023).

Discussion
Darwin (1854: pl. 21: 6) first noticed that verrucid barna-
cles, such as Verruca stroemia (Müller, 1776), V. laevigata 
(Sowerby, 1827), or V. spengleri Darwin, 1854, produce at-
tachment scars and illustrated them. The presence of the ver-
rucid barnacle in intimate relation to Centrichnus dentatus 
leaves no doubt as to the tracemaker. Verrucid barnacles are 
also producers of C. concentricus (see Bromley and Martinell 
1991), and C. ellipticus (see Buckeridge et al. 2019), while 
C. circularis and C. undulates are produced by balanid bar-
nacles (Santos et al. 2005). Centrichnus eccentricus, in con-

pores

tergum

scutum

rostrum
carina

Verruca spengleri

Centrichnus dentatus

Fig. 9. Drawing of verrucid barnacle Verruca spengleri Darwin, 1854, and 
its attachment trace Centrichnus dentatus isp. nov., based on Fig. 6E.
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trast, is not the work of cirripeds but of anomiid bivalves (see 
Bromley and Martinell 1991; Neumann et al. 2015).

Today, in the Azores, Centrichnus concentricus is 
also produced by the verrucid barnacle Verruca spengleri 
(Fig. 10), as reported from settlement experiments deployed 
at 15 and 60 m water depth by Wisshak et al. (2011). These 
traces show the typical morphology of C. concentricus and 
are closely reminiscent of the type material on a Chlamys is­
landica (Müller, 1776) shell from the Pleistocene of Palamós, 
Spain (Bromley and Martinell 1991: fig. 7). That type ma-
terial, however, was found in association with V. stroemia 
(Bromley and Martinell 1991: fig. 8), indicating that C. con­
centricus does not have a monospecific trace maker but can 
be formed by both V. spengleri and V. stroemia. Verruca 
spengleri, in turn, appears not to produce monoichnospe-
cific traces, as both C. concentricus and C. dentatus have 
now been addressed to this trace maker species. This cir-
cumstance is puzzling, as the two ichnospecies rather fun-
damentally differ in their ichnogeny, implying that V. spen­
gleri may exhibit two different underlying behavioural 
patterns of trace formation. However, both examples are in 
line with basic ichnological principles that stress that there 
is not necessarily a one-to-one relationship between a trace 
fossil ichnotaxon and a trace making biotaxon.

At least 90% of the valves of small oysters of the species 
Cubitostrea frondosa (de Serres, 1829) show Centrichnus 
dentatus, which also occurs occasionally on valves of 
Gigantopecten latissimus (Brocchi, 1814), Ostrea cf. edulis 
Linnaeus, 1758, or Spondylus sp. The colonization of these 
shells was possible when they were stabilized for some time. 
Oyster shells are relatively stable as they are commonly 
attached to the substrate, including neighbouring shells. 
Gigantopecten latissimus was also relatively stable due to 
its size and weight. The presence of borings cross-cutting 
C. dentatus and the presence of epibionts growing on barna-
cles point to further stabilization and exposure of the shells 
on the sea floor. The pervasive presence of the depressions 

shows that the barnacle tracemaker was well adapted to 
the bioerosion of shells by etching. Likely the depression 
supported the anchoring of the barnacle on the host shell, 
fostered by means of the tooth-like indentations. It is pos-
sible that the dissolved calcium carbonate was used for the 
biomineralization of the barnacle shell. In general, the abil-
ity of barnacles to etch hard substrates is enormous; they 
can etch even stainless steel through their protein cement 
(Sangeetha et al. 2010).

Centrichnus dentatus and other ichnospecies of Cen­
trichnus represent the Gnathichnus ichnofacies (Mayoral 
and Muñiz 1996), which refers to the early colonization of 
hard substrates taking place within months (Bromley and 
Asgaard 1993; Radley 2006; Gibert et al. 2007). The pres-
ence of the polychaete borings Maeandropolydora, and the 
bivalve borings suggests that some of the bioclasts bearing 
C. dentatus were subjected to longer exposure and coloni-
zation, which lasted several years rather than months (cf. 
Bromley and Asgaard 1993). Diverse preservation of the 
barnacle shells and overgrowth of each other suggests that 
the hosting shells were colonized by several generations of 
barnacles in an environment, where abrasion took place. 
This corroborates with the origin of the Pedra-que-Pica co-
quina, which contains a mixture of shells and shell debris 
accumulated in a topographically protected area below the 
fair-weather wave base at around 50 m depth and originating 
from shallower environments (Ávila et al. 2015b, 2018).

Conclusions
Centrichnus dentatus isp. nov. is a new attachment trace 
produced by the verrucid barnacle Verruca spengleri on bi-
valve shells in a Pliocene coquina of the Pedra-que-Pica sec-
tion in Santa Maria Island (Azores Archipelago). It shows 
an elliptical outline, bounded by a groove and/or a series 
of pits, and by having a more or less pronounced central to 

A B

1 mm 1 mm

Fig. 10. Recent Centrichnus concentricus isp. nov. and its trace maker verrucid barnacle Verruca spengleri Darwin, 1854, on a settlement experiment 
deployed at 15 m water depth in the Azores. A. Overlapping traces and attached shells of the tracemaker. B. Traces and tracemaker shells partially covered 
by bryozoan colonies.
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off-center depression surrounded by a flat area. The diag-
nosis of the ichnogenus Centrichnus is emended, and the 
ichnofamily Centrichnidae is revised. Its members belong 
to the Gnathichnus ichnofacies, which refers to the early 
colonization of hard substrates.
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