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ABSTRACT

Trace fossils are instrumental in facies analysis, but some depositional environments remain underexplored. Cenozoic deposits
in Italy have been studied to evaluate the ichnology of tidal straits. These comprise four zones: (1) strait centre, (2) dune-bedded
strait zone, (3) strait end and (4) strait margin. The strait centre is characterised by non-deposition and/or erosion and is host to
firmground Thalassinoides of the Glossifungites Ichnofacies, whereas the coarse-grained deposits of the strait margin are unbi-
oturbated. The dune-bedded strait zone is typified by high energy. The ichnofacies model predicts that this zone would be charac-
terised by the Skolithos Ichnofacies. Instead, deposits are dominated by the spatangoid ichnogenus Bichordites, with subordinate
occurrences of the opheliid polychaete burrow Macaronichnus. A stressed expression of the Cruziana Ichnofacies occurs in the
strait end. These observations expand the ichnofacies model to tidal straits, suggesting that the ichnology of tidal environments
is more complex than previously envisaged.

1 | Introduction Ichnologic analysis in tidal environments has focused on tide-

dominated estuaries and deltas, as well as on tidal flat and sub-

The recognition that trace-fossil distribution is strongly con-
trolled by environmental factors has resulted in robust models
that are regularly used in facies analysis through a sophisti-
cated integration of ichnologic and sedimentologic datasets
(e.g., Pemberton et al. 2001). However, not all depositional
environments have been explored to the same extent. Finely
tuned trace-fossil models have been established for many dif-
ferent depositional environments, such as wave-dominated
shorelines, estuaries, deltas and tidal flats (Buatois and
Maéngano 2011), but other settings remain underexplored.

tidal sand-body complexes facing the open sea (Gingras and
MacEachern 2012; Desjardins et al. 2012). Conversely, tidal
straits representing marine passageways between emerged
lands that link two adjacent larger basins (Dalrymple 2022)
have been overlooked from an ichnologic perspective (for an
exception, see Collela and D'Alessandro 1988). Tidal straits
are affected by tidal currents flowing axially, having rever-
sal directions and phase differences between the two basins,
being amplified in their strength because of the restricted na-
ture of the passageway (Longhitano 2013; Rossi et al. 2023a;
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Dalrymple 2022). Straits are of economic significance because
of their importance as commercial navigation routes and as
dispersal corridors for marine organisms (Longhitano 2013;
Rossi et al. 2023a, 2023b).

In addition to the modern Messina Strait that separates the
Italian Peninsula from Sicily, Calabria is host to impressive
late Cenozoic deposits representing the infill of several tidal
paleo-straits that have been extensively mapped and charac-
terised in terms of associated sedimentary facies and depo-
sitional dynamics (Longhitano 2013; Longhitano et al. 2014;
Rossi et al. 2017; Chiarella et al. 2025) (Figure 1a,b). Although
strongly dominated by physical processes, these deposits are
locally intensely bioturbated, revealing episodes of infau-
nal colonisation (Collela and D'Alessandro 1988). These ex-
tensive outcrops allow us to analyse in detail the deposits of
tidal straits from an ichnologic perspective. The aims of this
study are to: (1) document the trace-fossil distribution in the
Messina, Siderno, Catanzaro, and Amantea paleo-straits of
Calabria, (2) assess the main environmental controls of these
tidal strait ichnofaunas, and (3) propose a trace-fossil model
for tidal straits, discussing how our findings fit with current
ideas based on the ichnofacies paradigm.

2 | Geologic Setting

The Calabrian Arc is a segment of the Apennine-Maghrebian
fold and thrust belt orogen that was affected by W-E-oriented
regional extension (Figure 1la), with local strike-slip tecton-
ics and block rotation during the Middle Miocene (Dorsey
et al. 2024), resulting in the formation of a series of nar-
row grabens (Ghisetti 1979) (Figure 1b). These depressions
were each flooded by a narrow sea connecting the adjacent
Tyrrhenian and Ionian basins, forming several tidal paleo-
straits (Longhitano 2013). These grabens were filled by 80-
to 200-m-thick successions, representing the record of the

Tyrrhenian
Sea

& SIDERNO\\)

Tortonian Amantea paleo-strait and the Plio-Pleistocene
Catanzaro, Siderno and Messina paleo-straits (Collela and
D'Alessandro 1988; Longhitano and Nemec 2005; Longhitano
et al. 2012; Rossi et al. 2017). The present Messina Strait, with
its tidal currents ranging in velocity from 0.1 to 0.35ms™!
in the deep portion of the strait, to up to 2ms™ in the sill
(Longhitano 2018a, 2018b), represents an adjacent modern
analogue.

3 | Materials and Methods

Integrated sedimentologic and ichnologic observations were per-
formed at 37 outcrops of the Messina (n=18), Siderno (n=14),
Catanzaro (n=3) and Amantea (n=2) paleo-straits (Table S1).
Fieldwork activities included basic mapping and standard sed-
imentary facies analysis based on bed-by-bed measuring of
stratigraphic sections. Ichnologic analysis involved sampling,
recognition, and identification of the trace fossils; study of den-
sity, abundance and distribution of individual ichnotaxa; mea-
surement of the degree of bioturbation in cross-section using the
bioturbation index (BI) scheme by Taylor and Goldring (1993);
and assessment of relationships among trace fossils, physical
sedimentary structures, and bedding types in each sedimen-
tary facies. Photographic panels of the ichnofossil-bearing strata
were prepared. Laboratory work was aimed at refining ichno-
logic observations done in the field, essentially through the
study of polished slabs and thin sections. Specimens were de-
scribed and photographed.

4 | Results

Sedimentary facies and depositional dynamics in the stud-
ied paleo-straits and in the modern Messina Strait have been
documented extensively (Longhitano et al. 2014; Chiarella
et al. 2021, 2025; Rossi et al. 2017; Longhitano 2018a, 2018b;
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FIGURE 1 | Geologic map of southern Italy. (a) Simplified structural map of Calabria and Sicily. (b) Paleogeographic reconstruction of south-

ern Italy showing location of the modern Messina straits and the four studied paleo-straits, Messina, Siderno, Catanzaro and Amantea. Based on

Longhitano (2013). [Colour figure can be viewed at wileyonlinelibrary.com]
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Longhitano and Miocic 2025). The main characteristics of
these deposits have been summarised in a model of tidal
straits that comprise four well-defined zones: (1) strait centre,
(2) dune-bedded strait zone, (3) strait end and (4) strait margin
(Longhitano 2013; see also Longhitano and Chiarella 2020).
Below, we characterise the ichnologic content of each of
these zones.

4.1 | Strait Centre

The strait centre is a high-energy zone dominated by ero-
sion and/or non-deposition. Its sedimentary fill consists of
laterally discontinuous lags of bioclasts, pebbles and cob-
bles, in a glauconite-rich, siliciclastic gravel-sized matrix
forming condensed sections (Longhitano and Nemec 2005;
Longhitano 2013). This zone is not as well exposed as the oth-
ers and has been identified only in a few spots of the Catanzaro
paleo-strait. The trace-fossil content of these deposits is mostly
represented by firmground Thalassinoides penetrating from a
basal erosive surface mantled with a transgressive lag into the
underlying deposits which have been exhumed during ravine-
ment (Figure 2a). The burrows have sharp walls and have been
passively infilled by coarse- and very coarse-grained sand,
granules, pebbles, and shells coming from the overlying depos-
its. Also, the sponge boring Entobia isp. is preserved on shells.

4.2 | Dune-Bedded Strait Zone

This zone, characterised by sustained tidal currents, contains
the largest sediment volumes and has been identified exten-
sively in all the studied paleo-straits (Longhitano et al. 2012,
2021; Longhitano 2013). Deposits consist of thick-bedded,
large-scale, trough and planar cross-bedded, composition-
ally mixed siliciclastic-bioclastic sandstone (sensu Chiarella
et al. 2017) (Figure 2b) that record 3D and 2D dune fields, re-
spectively. Cross-bedded strata have erosional surfaces (i.e.,
master bedding planes) dipping 5°-12° in the direction of the
general migration, defining cosets of simple and compound
dunes. Bundles of thinning and thickening upward lamina
sets as well as tangential and angular toesets are common
on the foresets (Longhitano 2013; Longhitano et al. 2014).
Although these deposits are mostly unbioturbated, in places
they contain abundant horizontal trace fossils, reaching a BI
of 4. The trace-fossil assemblage is overwhelmingly domi-
nated by Bichordites monastiriensis in the four paleo-straits
(Figure 2d,e). Specimens of Bichordites monastiriensis are
straight, curved to meandering, 1.5-7.5cm wide and may
occur along the master bedding planes (being oriented per-
pendicular to the direction of migration), foresets and bottom-
sets of cross-bedded sandstone. This ichnotaxon is produced
by spatangoid echinoids (e.g., Plaziat and Mahmoudi 1988;
Uchman 1995; D'Alessandro and Uchman 2007; Villegas-
Martin and Netto 2017). Macaronichnus segregatis is relatively
common (Figure 2f), being present in the same beds as B. mo-
nastiriensis, typically on foresets. Scolicia isp., Cardioichnus
isp., Palaeophycus tubularis and unnamed tiny simple ver-
tical burrows are rare, whereas vertical burrow segments of
Ophiomorpha nodosa have been only recorded in a few spots,
forming monospecific suites.

4.3 | Strait End

This lower-energy zone has been identified in a few outcrops in
all paleo-straits. It is characterised by thin-bedded siltstone and
current-ripple cross-laminated fine- to very fine-grained sand-
stone. These are intercalated by medium-bedded, through- and
planar-cross-bedded, bioclastic-rich medium-grained sandstone
having bundled cross-stratification and reactivation surfaces
(Longhitano 2013; Longhitano et al. 2014). These deposits
are sparsely to intensely bioturbated (BI 1-6). Bichordites mo-
nastiriensis is present in the cross-bedded sandstone, whereas
the heterolithic deposits contain Thalassinoides isp., Chondrites
isp., the unnamed tiny simple vertical burrows (Figure 2g), and
undetermined bioturbated mottling.

4.4 | Strait Margin

This area is located along the side margins of the strait, which
are represented by emerged or shallowly submerged basement
rocks being subjected to recurrent mass flows (Longhitano 2013;
Rossi et al. 2017). It has been identified in all paleo-straits, with
some of the best outcrops being present in the Messina paleo-
strait (Chiarella et al. 2021). Deposits are unbioturbated and
mostly consist of immature conglomerate, breccia and pebbly
sandstone (Figure 2c). However, the sponge boring Entobia isp.
and the spionid polychaete boring Caulostrepsis isp. occur in
some shells.

5 | Discussion

Each of the strait zones is characterised by environmental pa-
rameters that impact the infauna, therefore controlling trace-
fossil distribution (Figure 3). Strong erosion and bypass in the
central zone are highly detrimental for the formation and pres-
ervation of trace fossils. However, this setting is conducive to
erosional exhumation of previously compacted and dewatered
substrates, which then became available for colonisation, as in-
dicated by firmground burrows of the Glossifungites Ichnofacies
(MacEachern et al. 2012). Although bioerosion structures have
been identified only in shells, similar borings have been docu-
mented penetrating the basement from the base of a Pleistocene
marine succession in Sicily, representing an occurrence of the
Trypanites (i.e., Entobia) Ichnofacies (Dominici et al. 2020).
Extreme stressors are also noted for the strait margin of the stud-
ied sections, which is characterised by rapid deposition of coarse-
grained debris coming from the uplifted margin through a series
of fan deltas (Rossi et al. 2017; Chiarella et al. 2021). The absence
of bioturbation in these deposits is therefore unsurprising.

The dune-bedded strait zone, with its extensive 3D and 2D
dune fields, is typified by sustained tidal currents, alterna-
tion of strong erosion and rapid deposition, organic particles
kept in suspension by vigorous currents, highly shifting sandy
substrates, and well-oxygenated bottom and interstitial wa-
ters. The lack of sedimentary structures formed by oscillatory
flows suggests that the influence exerted by waves seems to
have been negligible. The ichnofacies model predicts that
this zone would be characterised by the archetypal Skolithos
Ichnofacies, represented by vertical burrows of suspension
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FIGURE2 | Sedimentologic and ichnologic characteristics of the studied paleo-straits. (a) Robust Thalassinoides isp. (arrowed) penetrating from

transgressive lags into the underlying deposits. Strait centre. Monte Cocuzzolo section, Catanzaro paleo-strait. (b) Large-scale through cross-bedded

sandstone. Dune-bedded strait zone. Bombile section, Siderno paleo-strait. (c) Multistorey channel assemblage typical of the strait-margin zone.

Calanna section, Messina paleo-strait. (d) Cross-section view of a dense assemblage of Bichordites monastiriensis in large-scale cross-bedded sand-

stone. Dune-bedded strait zone. Monte Pellegrino section, Amantea paleo-strait. (¢) Bedding-plane view of the assemblage shown in d. (f) High den-

sity of Macaronichnus segregatis on cross-bedded sandstone foresets. Dune-bedded strait zone. Cataforio 5, Messina paleo-strait. (g) Unnamed tiny

simple vertical burrows. Strait end. El Poligono section, Catanzaro paleo-strait. [Colour figure can be viewed at wileyonlinelibrary.com]

feeders (Pemberton et al. 2001). However, elements of this
ichnofacies are restricted to a few specimens of Ophiomorpha
nodosa, produced by decapod crustaceans and typically abun-
dant in high-energy deposits elsewhere. Instead, the domi-
nance in these high-energy settings of horizontal structures

22

produced by mobile deposit feeding spatangoid echinoids, as
recorded by Bichordites monastiriensis, represents a marked
departure from what is predicted by the ichnofacies para-
digm (Figure 4). Trace fossils produced by irregular echi-
noids have been documented in high-energy subtidal sand

Terra Nova, 2026
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FIGURE 3 | Schematic distribution of trace fossils in tidal straits of the late Cenozoic of southern Italy. The strait centre is host to firmground
Thalassinoides (Th) of the Glossifungites Ichnofacies and the boring Entobia (En) on shells. The dune-bedded strait zone is dominated by Bichordites
monastiriensis (Bm) with subordinate occurrences of Macaronichnus segregatis (Ms) and rare Scolicia isp. (Sc), Cardioichnus isp. (Cd), Palaeophycus

tubularis (Pt), Ophiomorpha nodosa (On) and unnamed tiny simple vertical burrows (svb), representing the herein defined Bichordites association.

The strait end contains Bichordites monastiriensis, Thalassinoides isp., Chondrites isp. (Ch), unnamed tiny simple vertical burrows, and undeter-

mined bioturbated mottling (ubm), showing affinities with a stressed Cruziana Ichnofacies. The borings Entobia isp. and Caulostrepsis isp. (Ca)

occur on shells of the strait margin. Drawing by Kaitlin Lindblad. [Colour figure can be viewed at wileyonlinelibrary.com|

bodies both in Calabria (Collela and D'Alessandro 1988;
Caruso and Monaco 2015) and elsewhere (D'Alessandro and
Uchman 2007; Nara 2014; Laska et al. 2024), indicating that
this anomaly is not restricted to the studied deposits.

With their highly specialised spines, whose movement is coor-
dinated through metachronal waves running over the armour
from the front and below backward and upward, spatan-
goids are efficient bioturbators (Bromley and Asgaard 1975;
Kanazawa 1995). The spatulate spines on the plastron are used to
propel themselves forwards, whereas the spines on the ambitus
and aboral part of the test serve for digging down and transport-
ing the mucus-enriched sediment from the frontal part back-
ward around its body. Accordingly, they can burrow at fast rates
(Buchanan 1966; Hollertz and Duchéne 2001; Lohrer et al. 2005;
Thompson and Riddle 2005). Some heart urchins, such as
Echinocardium cordatum, are deep infaunal bioturbators reach-
ing up to 22cm below the seafloor surface (Seike et al. 2017).
Therefore, these irregular echinoderms are well suited for colo-
nising highly mobile substrates (Collela and D'Alessandro 1988;
Nara 2014; Villegas-Martin and Netto 2017; Laska et al. 2024).
Body-fossil evidence shows that spatangoids were abundant

in Miocene to Pleistocene deposits of the Mediterranean Basin
(Borghi and Garilli 2022).

In the study area, colonisation by spatangoids may have been
facilitated during periods of reduced current speed and pauses
in sedimentation. Sedimentological evidence of reduced cur-
rent speed in these deposits includes foreset lamina intervals
with abrupt reduction in grain size, commonly associated
with changes in foreset angle, which are regarded as proxies
of variable flow velocity in subtidal dunes (Sato et al. 2006;
Chiarella 2016). Pauses in sedimentation are indicated by the
systematic presence of discontinuities within foreset sequences,
which are thought to represent reactivation surfaces or pause
planes (Longhitano 2018b). However, it is possible that the spa-
tangoids that produced Bichordites were able to keep up with the
sedimentation rate even at times of regular rates of bedform mi-
gration (de Gibert & de Gibert and Goldring 2008; Nara 2014).
For comparison, recent studies conducted on the northern exit
of the Dover Strait, which separates England from France,
reveal a migration rate for modern tidal dunes of 30m/year
(Durand et al. 2025), which means less than 9cm/day, on av-
erage, while information from modern environments indicates

Terra Nova, 2026
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FIGURE 4 | Ichnofacies model of tide-dominated shallow-marine
open environments. Modified from Mdangano and Buatois (2004).
Drawing by Kaitlin Lindblad. [Colour figure can be viewed at wileyon-
linelibrary.com]

that irregular echinoderms may reach burrowing rates of up to
8cm/h (Buchanan 1966). Well-oxygenated conditions may have
also facilitated colonisation (Collela and D'Alessandro 1988).
The ichnogenus Macaronichnus, produced by opheliid poly-
chaetes and well known for its preference for high-energy, well-
oxygenated sandy substrates, is also commonly associated with
irregular echinoderm trace fossils elsewhere (e.g., D'Alessandro
and Uchman 2007; Nara 2014; Caruso and Monaco 2015). No
clear evidence of sequential colonisation is apparent.

The depositional regime that typifies tidal straits seems to have
prevented construction of permanent burrows such as those
that are characteristic of the Skolithos Ichnofacies. However,
it is also possible that the presence of active bioturbators such
as spatangoid echinoderms may have also been detrimental to
construction of permanent burrows by decapod crustaceans
(Bromley 1996). Conversely, mobile traces by irregular echi-
noids cannot form in sediment riddled with cemented, perma-
nent burrows of suspension feeders. In this scenario, an amensal
relationship between the echinoderms and burrowing decapods
may be invoked, with the echinoderms dominating in this sce-
nario. This interpretation is supported by the fact that the few

specimens of O. nodosa identified are forming monospecific
suites (i.e., recording burrow construction in the absence of a
mobile infauna).

Lower energetic conditions and alternations of sandy and silty
substrates at the strait end were more suitable for bioturbators.
Elements of the Cruziana Ichnofacies are present in these de-
posits. However, in comparison to typical occurrences in lower
shoreface to offshore settings, those in the strait end are of lower
diversity and the distribution of bioturbation is not uniform.
The trace-fossil distribution in this zone suggests that relatively
stressful conditions persisted even in these distal areas, possibly
due to tidal flow inversion at the end of each tidal cycle.

The studied association represents a departure from the ich-
nofacies paradigm. The presence of dense occurrences of
Bichordites monastiriensis is somewhat analogous to the
anomaly represented by the Macaronichnus association of the
foreshore in wave-dominated shorelines. This monospecific as-
sociation replaced the classic suites of the archetypal Skolithos
Ichnofacies under conditions of very high energy (Pemberton
et al. 2001). The polychaete producers of Macaronichnus feed
from bacteria concentrated around sand grains and burrow
well below the sediment-water interface in a permeable sedi-
ment rich in oxygen and food (Pemberton et al. 2001). We pro-
pose here a Bichordites association that replaces the Skolithos
Ichnofacies in tide-dominated very high-energy settings, such
as those that are typical of dune fields in tidal straits (Figure 4).
These observations in late Cenozoic deposits of Calabria ex-
pand the ichnofacies model to tidal straits and suggest that the
ichnology of tidal environments is more complex than previ-
ously envisaged, requiring a renewed effort in the community
to be deciphered.
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