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Abstract 

Identifiable remains of large deep-sea invertebrates are exceedingly rare in the fossil record. Thus, every new discovery 
adds to a better understanding of ancient deep-sea environments based on direct fossil evidence. Here we describe a 
collection of dissociated skeletal parts of ophiuroids (brittle stars) from the latest Pliocene to earliest Pleistocene of Sicily, 
Italy, preserved as microfossils in sediments deposited at shallow bathyal depths. The material belongs to a previously 
unknown species of ophiacanthid brittle star, Ophiacantha oceani sp. nov. On the basis of morphological comparison of 
skeletal microstructures, in particular spine articulations and vertebral articular structures of the lateral arm plates, we 
conclude that the new species shares closest ties with Ophiacantha stellata, a recent species living in the present-day 
Caribbean at bathyal depths. Since colonization of the deep Mediterranean following the Messinian crisis at the end of the 
Miocene was only possibly via the Gibraltar Sill, the presence of tropical western Atlantic clades in the Plio-Pleistocene 
of the Mediterranean suggests a major deep-sea faunal turnover yet to be explored.
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Introduction

Brittle stars, or ophiuroids, are close relatives of the sea stars and live in almost every part of the present-day world 
oceans (Stöhr et al. 2012). They have always fascinated and puzzled marine researchers (e.g., Forbes 1852) and 
were even among the very first organisms to be brought up from the deep sea (a basket star recovered during deep-
sea soundings in the Baffin Bay by John Ross in 1818) considered uninhabitable until then (Etter & Hess 2015). 
Recently, brittle stars have gained an increasing amount of attention in the scientific community because of their 
potential as a model organism for the study of biogeographic patterns and the evolution of marine benthos (e.g., 
Thuy 2013; O’Hara et al. 2014; Woolley et al. 2016; Bribiesca-Contreras et al. 2017). 

The basis for these new perspectives is a robust phylogeny based on outstandingly extensive molecular data 
(O’Hara et al. 2014, 2017) in agreement with state-of-the-art morphological evidence (Thuy & Stöhr 2016, 2018), 
and combined with an unexpectedly rich fossil record (e.g., Thuy 2013). Although ophiuroids only rarely fossilize 
as intact skeletons due to rapid post-mortem decay, dissociated skeletal plates abundantly occur as microfossils in 
marine rocks from all kinds of depositional environments at least from the Silurian onwards (e.g., Reich & Kutscher 
2001). Thanks to continuous efforts in deciphering ophiuroid micromorphology (e.g., Hess 1962; Martynov 2010), 
it is now well documented that ophiuroid microfossils, in particular the lateral arm plates, are potentially identifi-
able to species level (Hess 1962; Thuy & Stöhr 2011) and accessible for cladistics analyses (Thuy & Stöhr 2016, 
2018).

Since ophiuroid microfossils are both abundant and taxonomically identifiable, they provide insights into oth-
erwise virtually inaccessible palaeo-environments, in particular ancient deep-sea settings. Unaltered, fossiliferous 
deep-sea sediments from settings are generally rare or inaccessible, thus making the fossil record of bathyal or even 
abyssal communities notoriously difficult to study (e.g., Smith & Stockley 2005). Since even small volumes of bulk 
sediment samples recovered from deep-sea drill cores have been shown to yield identifiable ophiuroid microfossils 
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(Thuy et al. 2012), however, ophiuroids are highly promising candidates to unlock the fossil record of deep-sea 
benthos.

Here, we describe a new ophiuroid from Plio-Pleistocene bathyal deposits of Sicily, Italy. The material consists 
of dissociated lateral arm plates retrieved as microfossils from bulk sample sieving residues. We disentangle the 
taxonomic affinities of the new species and discuss the palaeo-biogeographic implications of our discovery.

 
FIGURE 1. Map showing the position of the Punta Mazza section at Capo Milazzo, NE Sicily, Italy, marked by a star. Maps 
redrawn from publicly available material by Sémhur/Wikimedia Commons.
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Material and methods

The material we studied consists of 13 dissociated lateral arm plates picked from dry residues of a screen-washed 
bulk sediment sample, using a dissecting microscope. Selected lateral arm plates were cleaned in an ultrasonic 
bath, mounted on stubs using spray adhesive and gold-coated for scanning electron microscopy (SEM). All fig-
ured specimens were deposited in the collections of the Natural History Museum Luxembourg (acronym MnhnL). 
Terminology follows Martynov (2010) and Thuy & Stöhr (2011, 2016). We here introduce the new term ‘vertebral 
articular structures of the lateral arm plate’ to provide a consistent and anatomically meaningful designation for 
the complex, highly diagnostic structures previously referred to as ridges or knobs on the inner side of the lateral 
arm plate. Details are provided below in the discussion section. We use the classification proposed by O’Hara et al. 
(2017, 2018).

Geological context

The bulk sediment sample that yielded the ophiuroid remains described herein was taken from a yellowish marl 
bed exposed along the coastline at the Punta Mazza section at Capo Milazzo, NE Sicily, Italy. The outcrop was 
described among others by Violanti (1988), Fois (1990) and Borghi et al. (2014). The yellowish marls are dated to 
the Piacenzian to Gelasian (latest Pliocene to earliest Pleistocene, approximately 2.6 million years) zones MPL5 
to MPL6 (MPL: Mediterranean Pliocene) of Cita (1975). They yield abundant octocoral, echinoid and brachiopod 
fossils and are interpreted as shallow bathyal sediments originally deposited at several hundred metres palaeo-depth 
and subsequently brought to the surface by exceptionally intense tectonic uplift in the surroundings of the Messina 
Strait (Borghi et al. 2014).

Results

Systematic palaeontology

Class Ophiuroidea Gray, 1840

Subclass Myophiuroidea Matsumoto, 1915

Superorder Ophintegrida O’Hara, Hugall, Thuy, Stöhr & Martynov, 2017

Order Ophiacanthida O’Hara, Hugall, Thuy, Stöhr & Martynov, 2017

Suborder Ophiacanthina O’Hara, Hugall, Thuy, Stöhr & Martynov, 2017

Family Ophiacanthidae Ljungman, 1867

Genus Ophiacantha Müller & Troschel, 1842

Remarks. Ophiacantha is one of the most species-rich (Stöhr et al. 2012) and heterogeneous genera among the 
living ophiuroids (O’Hara & Stöhr 2006; Thuy 2013). Latest molecular evidence confirmed earlier suspicions that 
the genus, as currently defined, represents a polyphyletic amalgam of species (O’Hara et al. 2017, 2018) that should 
be subdivided into several genus-level clades. Previous studies already hinted at morphologically coherent species 
groups within Ophiacantha potentially representing such genus-level clades (O’Hara & Stöhr 2006; Thuy 2013). 
A revision of Ophiacantha and allied genera combining molecular and morphological evidence by far exceeds the 
scope of the present paper. We therefore preliminarily assign the species described herein to Ophiacantha, empha-
sizing, however, that it belongs to a separate species group than the type species O. bidentata.
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Ophiacantha oceani sp. nov.
Figure 2
urn:lsid:zoobank.org:act:F80B0B8E-7E60-4666-B682-E59E0B50A7A6

Etymology. Species named in honour of progressive metal band ‘The Ocean’. Musicians who so skillfully combine 
arts and science, composing albums like ‘Precambrian’ (with songs named after the periods of the Precambrian), 
‘Pelagial’ (with songs named after the bathymetric subdivisions of the water column) and ‘Phanerozoic’ as well as 
the song ‘Turritopsis dohrnii’ referring to the immortal jellyfish from the Mediterranean, are more than deserving of 
being immortalized in the fossil record.

Holotype. MnhnL (Musée national d’histoire naturelle, Luxembourg) OPH074, dissociated lateral arm plate.
Paratypes. MnhnL OPH075 and OPH076, two dissociated lateral arm plates.
Additional material. MnhnL OPH077, ten dissociated lateral arm plates.
Diagnosis. Species of Ophiacantha with lateral arm plates showing a very strong constriction; weak verti-

cal striation close to the row of spine articulations; large, poorly defined, proximalwards protruding and slightly 
prominent spur on the outer proximal edge; up to seven dorso-ventrally compressed spine articulations composed 
of massive dorsal and ventral ridges fully separated at their proximal tips; inner side of lateral arm plates with verte-
bral articular structures composed of a well-defined prominent triangular central knob and a similarly well-defined 
oblique, slightly arched proximal ridge with a ventralward-pointing dorsal tip.

Locus typicus. Punta Mazza, Capo Milazzo, NE Sicily, Italy (38.270694° N, 15.239373° E).
Stratum typicum. Yellowish marls of the MPL5–MPL6, Piacenzian to Gelasian, latest Pliocene to earliest 

Pleistocene, approximately 2.6 mya.
Description of the holotype. MnhnL OPH074 (Fig. 2A–B) is a dissociated proximal to median lateral arm 

plate approximately 1.3 times longer than high with deeply concave dorsal edge as a result of an extreme constric-
tion; ventral edge weakly convex; outer proximal edge convex, with a large, smooth, protruding, slightly prominent 
and poorly defined spur proximally fading into the crest of the outer surface curvature; outer surface with moder-
ately coarsely meshed stereom with very weak vertical striation in a narrow line along the proximal edge of a well-
defined, slightly wavy ridge bordering the row of spine articulations; outer surface stereom slightly more densely 
meshed on crest of curvature in distal continuation of the spur on the outer proximal edge; seven spine articulations 
on strongly bulging distal portion of lateral arm plate, forming a row from the ventral to the dorsal edge of the lateral 
arm plate and probably forming a continuous to near-continuous fan of arm spines in the intact individual; size of 
spine articulations and of gaps separating them increasing towards the dorsal edge of the lateral arm plate; spine ar-
ticulations dorso-ventrally compressed, consisting of a large, comma-shaped, near-horizontal dorsal lobe composed 
of compact stereom and a much shorter, straight, horizontal ventral lobe composed of compact to weakly perforate 
stereom; dorsal and ventral lobes proximally and distally completely separate, with weak sigmoidal fold distally; 
spine articulations distally bordered by brink composed of slightly more finely meshed stereom than on outer sur-
face, with brink starting at second ventralmost spine articulation, widest at second dorsalmost spine articulation.

Inner side of lateral arm plate (Fig. 2B) with thick ventral edge showing a large contact surface with opposite 
lateral arm plate suggesting small ventral arm plates widely separated by lateral arm plates; dorsal edge much thin-
ner but also showing extensive contact surface with opposite lateral arm plate, suggesting small dorsal arm plates 
restricted to the distal quarter of the arm segment; vertebral articular structures consisting of a well-defined, promi-
nent central knob composed of slightly more finely meshed stereom than remaining inner side of lateral arm plate, 
proximally bordered and seemingly merged with a much smaller but similarly prominent and well-defined knob; 
additional vertebral articular structure consisting of a similarly well-defined, boomerang-shaped proximal ridge; 
weakly developed, narrow vertical ridge in distal third of the lateral arm plate, distally bordered by a very weak ver-
tical furrow without clearly discernible perforations; inner distal edge with a large but poorly defined area of com-
pact to very dense stereom corresponding to spur on outer proximal edge; tentacle notch small and inconspicuous.

Paratype supplements. MnhnL OPH075 (Fig. 2C–D) is a dissociated proximal to proximalmost lateral arm plate 
slightly higher than long; dorso-proximal tip missing, otherwise well preserved, with respect to finer stereom structures 
even better preserved than holotype specimen; outer proximal edge and outer surface ornamentation as in holotype; 
seven spine articulations as in holotype except for enlarged and distalwards displaced dorsalmost spine articulation.

Inner side with vertebral articular structures as in holotype except for more clearly separated large and small 
central knobs.
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FIGURE 2. Ophiacantha oceani sp. nov. (A–F) from the Piacenzian to Gelasian, latest Pliocene to earliest Pleistocene (approxi-
mately 2.6 mya) of Punta Mazza, Capo Milazzo, NE Sicily, Italy, A–B: MnhnL OPH074, holotype, proximal lateral arm plate 
in external (A) and internal (B) views; C–D: MnhnL OPH075, paratype, proximal lateral arm plate in external (C) and internal 
(D) views; E–F: MnhnL OPH076, paratype, distal lateral arm plate in external (E) and internal (F) views. Recent Ophiacantha 
stellata (G–J) from the tropical NW-Atlantic as closest living relative of Ophiacantha oceani sp. nov., G: complete skeleton in 
ventral view; H: detail of arm in lateral view; I–J: lateral arm plate in external (I) and internal (J) views. Abbreviations: ckv: 
central knob of the vertebral articular structures; di: distal; do: dorsal; pr: proximal; prv: proximal ridge of the vertebral articular 
structures; sa: spine articulation; sp: spur; ve: ventral. 

MnhnL OPH076 (Fig. 2E–F) is a dissociated distal lateral arm plate approximately 1.5 times longer than high; 
general plate outline, outer surface ornamentation and outer proximal edge as in holotype but with weaker constric-
tion and thus less strongly concave dorsal edge; dorso-proximal tip of lateral arm plate missing; six spine articula-
tions as in holotype; size of gaps separating spine articulations increasing dorsalwards but size of spine articulations 
unchanging.
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Inner side as in holotype but with widely separated large and small central knobs; proximal vertebral articular 
structure roughly boomerang shaped but very poorly defined.

FIGURE 3. Lateral arm plates of various extant species of Ophiacanthidae, all shown with dorsal edges upwards, and with ex-
ternal view (left), internal view (middle) and the same internal view with the vertebral articular structures marked in red (right) 
for every species. Colours of background correspond to clade colours in Fig. 5. White background means the species are not 
included in the tree on Fig. 5. Scale bars equal 0.25 mm.

Discussion

Taxonomic position

The lateral arm plates from the Plio-Pleistocene of Sicily described herein unequivocally belong to the suborder 
Ophiacanthina because of their strong constriction and large spine articulations with a sigmoidal fold. The non-pro-
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truding ventral portion, the spine articulations proximally bordered by a dorso-ventrally striated ridge and the shape 
of the vertebral articular structures on the inner side place the lateral arm plates within the family Ophiacanthidae 
as defined by O’Hara et al. (2018). 

FIGURE 4. Lateral arm plates of various extant species of Ophiacanthidae (black-rimmed area) and Ophiotomidae, all shown 
with dorsal edges upwards, and with external view (left), internal view (middle) and the same internal view with the vertebral 
articular structures marked in red (right) for every species. Colours of background correspond to clade colours in Fig. 5. White 
background means the species are not included in the tree on Fig. 5. Scale bars equal 0.25 mm.
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FIGURE 5. Phylogenetic tree of the Ophiacanthidae modified from O’Hara et al. (2017), with clades informally designated and 
colour-coded as in Figs. 3–4. Species represented in Figs. 3–4 in bold. 
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Latest molecular evidence resolves several clades within the Ophiacanthidae (O’Hara et al. 2017) but suggests 
that most genera assigned to the family require revision. Species currently placed in Ophiacantha are found in 
almost every clade, corroborating previous suspicions that the genus is polyphyletic (O’Hara & Stöhr 2006; Thuy 
2013). As currently defined, the genus is one of the most species-rich among the living ophiuroids, comprising as 
many as 132 accepted extant species and an additional four extinct species (Stöhr et al. 2018). Previous morpho-
logical studies already identified several groups of Ophiacantha species that should be separated on genus level to 
reflect their monophyletic status (e.g., Paterson 1985; O’Hara & Stöhr 2006), in some cases corroborated by consis-
tent lateral arm plate features (Thuy 2013). 

An exhaustive revision of the genus Ophiacantha reconciling molecular evidence with patterns of general mor-
phology and lateral arm plate microstructure exceeds the scope of this study. In order to taxonomically assess the 
fossil lateral arm plates described herein, however, we build on the previous observations and further explore the 
patterns in lateral arm plate morphology among the Ophiacantha species. 

Key features characterizing Ophiacantha species groups essentially pertain to the spine articulations and struc-
tures on the inner side of the lateral arm plates called ridges and knobs. Spine articulations have been amply studied, 
described and illustrated in recent systematic studies (Martynov 2010; Thuy & Stöhr 2016). The ridges and knobs 
on the inner side of the lateral arm plates, in contrast, have not been systematically assessed so far, although they 
were recently confirmed to be diagnostic on various taxonomic levels (Thuy & Stöhr 2011, 2016; Stöhr et al. 2012; 
Thuy 2013). To enhance terminological accuracy, we here introduce ‘vertebral articular structures of the lateral arm 
plate’ as an anatomically consistent term to designate all ridges, knobs and other structures on the inner side of the 
lateral arm plate in contact with the lateral side of the corresponding vertebra.

The complexity of the vertebral articular structures in Ophiacanthidae is often difficult to describe in simple 
words (e.g., Thuy & Stöhr 2016). We therefore opted for a graphical compilation of lateral arm plates extracted from 
various living species (Figs. 3-4) following the techniques outlined by Thuy & Stöhr (2011), and arranged according 
to the position of the respective species in the phylogenetic tree by O’Hara et al. (2017) (Fig. 5), whenever possible. 
The family Ophiacanthidae is subdivided into several clades that have not yet been defined on genus or subfamily 
level. Here, we informally name these clades A-F, pending a revision of the family. 

In almost all the sampled members of the Ophiacanthidae, the vertebral articular structures are reminiscent of a 
digit 1, rotated some 40° counterclockwise and missing the right foot serif, as fundamental shape. The only excep-
tion is Ophiacantha rosea Lyman, 1878 (Fig. 4), a member of clade F that is sister to all the other Ophiacanthidae 
clades. Rather than a rotated digit 1, O. rosea shows vertebral articular structures reminiscent of an inversed sickle, 
close to that of Ophiotreta valenciennesi (Lyman, 1879) and Ophiacantha spectabilis G.O. Sars, 1872 (Fig. 4), 
which are both members of the family Ophiotomidae according to O’Hara et al. (2017).

In all other sampled Ophiacanthidae clades, the vertebral articular structures evolve around variations of the 
rotated digit 1, e.g., an undivided digit one with a broad, nose-shaped beak in clade B (Fig. 3), an undivided digit 
one with a slender beak in clade C (Fig. 4), and a divided or undivided digit one with a large, drop-shaped beak in 
clade D (Fig. 4). Interestingly, the type species of the genus, Ophiacantha bidentata, was not included in the tree of 
O’Hara et al. (2017) but shares greatest similarities with clade D in terms of lateral arm plate morphology includ-
ing the shape of the vertebral articular structures, a position confirmed by latest, unpublished molecular analyses 
(O’Hara, pers. comm.). 

The lateral arm plates of Ophiacantha oceani sp. nov. show vertebral articular structures divided into a central 
knob and a proximal ridge similar to those of Opiurothamnus clausa (Lyman, 1878) and of Ophiacantha stellata 
Lyman, 1875 and Ophiacantha pentacrinus Lütken, 1869 (Fig. 3). The latter two were not included in the tree of 
O’Hara et al. (2017) but latest, unpublished molecular analyses confirm a close relationship with O. clausa for both 
species (O’Hara, pers. comm.). 

With respect to similarities in outer surface ornamentation, spine articulation morphology and the shape of the 
vertebral articular structures, Ophiacantha oceani sp. nov. is closest to O. stellata. Pending a phylogenetic analysis 
using (or including) morphological evidence, we hypothesize that O. stellata is the closest living relative of the 
extinct O. oceani sp. nov.
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Paleo-biogeographic implications

The present-day deep-sea fauna of the Mediterranean is impoverished in comparison with the neighbouring Atlantic 
areas, with low diversities and only few strictly bathyal species (Emig & Geistdoerfer 2004; Danovaro et al. 2010). 
A recent compilation of echinoderm species recorded in the deep Mediterranean found a total of nine ophiuroid 
species occurring at depths greater than 300 m (Mecho et al. 2014), which is only a small fraction of the total 
ophiuroid diversity recorded in the deep northeast Atlantic (Paterson 1985). Fossil evidence, however, suggests 
much more diverse ancient deep-sea communities in the Mediterranean during the Plio-Pleistocene (e.g., Roux et 
al. 1988; Gaetani & Saccà 1984; Di Geronimo & La Perna 1997; Marsili 2007; Borghi et al. 2014). Most of the 
species recorded in the Plio-Pleistocene of the Mediterranean deep sea have strong affinities with northeast Atlantic 
relatives, which is not surprising considering that the Gibraltar Sill was the only gate for faunal exchange following 
the Messinian crisis (Harzhauser et al. 2007) when the Mediterranean underwent a near-complete desiccation (Hsü 
et al. 1973).

The ophiuroid species described herein aligns with previous records of a diverse Plio-Pleistocene Mediter-
ranean deep-sea fauna. It differs, however, in the present-day distribution of its closest living relative. While most 
Plio-Pleistocene Mediterranean deep-sea guests can be traced to a northeast Atlantic living relative, Ophiacantha 
oceani sp. nov. shares closest ties with Ophiacantha stellata, a species living in the Caribbean (mostly off Cuba and 
the lesser Antilles) (Pawson et al. 2009). Our record thus adds to the record of extra-Mediterranean Plio-Pleistocene 
deep-sea taxa with tropical western Atlantic, and more specifically Caribbean, affinities (e.g., Borghi et al. 2014). 
Since colonization of the Mediterranean deep-sea following the Messinian crisis was only possible via the Gibraltar 
Sill (Harzhauser et al. 2007), the presence of clades nowadays restricted to the tropical western part of the Atlantic 
cannot be explained by the mere expulsion of Atlantic guests due to deteriorating conditions in the Mediterranean 
deep waters. It rather suggests a deep-sea faunal turnover at a much greater scale yet to be explored using more 
extensive evidence.

Acknowledgments

We thank Manfred Kutscher (Sassnitz, Rügen, Germany) for collecting the specimens described herein and for 
making them available for study. We furthermore thank Anne Isabelley Gondim (Paraíba, Brazil) for the photo-
graphs and scanning electron microscope images of Ophiacantha stellata, and Tim O’Hara (Melbourne, Australia) 
for information regarding his latest molecular phylogeny of the Ophiuroidea. The constructive comments by the 
reviewers Sabine Stöhr and Yoshiaki Ishida are gratefully acknowledged.

References

Borghi, E., Garilli, V. & Bonomo, S. (2014) Plio-Pleistocene Mediterranean bathyal echinoids: evidence of adaptation to psy-
chrospheric conditions and affinities with Atlantic assemblages. Palaeontologia Electronica, 17.3.44A, 1–26.

 https://doi.org/10.26879/476
Bribiesca-Contreras, G., Verbruggen, H., Hugall, A.F. & O’Hara, T.D. (2017) The importance of offshore origination revealed 

through ophiuroid phylogenomics. Proceedings of the Royal Society B, 284, 20170160.
 https://doi.org/10.1098/rspb.2017.0160
Cita, M.B. (1975) Studi sul Pliocene e gli strati di passaggio dal Miocene al Pliocene. VII. Planktonic foraminiferal biozona-

tion of the Mediterranean Pliocene deep-sea record. A revision. Rivista Italiana di Paleontologia e Stratigrafia, 81 (4), 
527–544.

Danovaro, R., Company, J.B., Corinaldesi, C., D’Onghia, G., Galil, B., Gambi, C., Gooday, A.J., Lampadariou, N., Luna, G.M., 
Morigi, C., Olu, K., Polymenakou, P., Ramirez-Llodra, E., Sabbatini, A., Sardà, F., Sibuet, M. & Tselepides, A. (2010) 
Deep-Sea Biodiversity in the Mediterranean Sea: The Known, the Unknown, and the Unknowable. PLoS ONE, 5 (8), 
e11832. 

 https://doi.org/10.1371/journal.pone.0011832
Di Geronimo, I. & La Perna, R. (1997) Homalopoma emulum (SEGUENZA, 1876), a bathyal cold-stenothermic gastropod in 

the Mediterranean Pleistocene. Geobios, 30 (3), 215–223.
 https://doi.org/10.1016/S0016-6995(97)80227-6
Emig, C.C. & Geistdoerfer, P. (2004) The Mediterranean deep-sea fauna: historical evolution, bathymetric variations and geo-

https://doi.org/10.1016/S0016-6995(97)80227-6


NEW OPHIUROID FROM THE MEDITERRANEAN PLIO-PLEISTOCENE Zootaxa 4820 (1) © 2020 Magnolia Press  ·  29

graphical changes. Carnets de Géologie/Notebooks on Geology, Maintenon, Art.2004/01, CG2004-A01-CCE-PG.
 https://doi.org/10.4267/2042/3230
Etter, W. & Hess, H. (2015) Reviews and syntheses: the first records of deep-sea fauna – a correction and discussion. Biogeosci-

ences, 12, 6453–6462.
 https://doi.org/10.5194/bg-12-6453-2015
Fois, E. (1990) Stratigraphy and palaeogeography of the Capo Milazzo area (NE Sicily, Italy): clues to the evolution of the 

southern margin of the Tyrrhenian Basin during the Neogene. Palaeogeography, Palaeoclimatology, Palaeoecology, 78, 
87–108.

 https://doi.org/10.1016/0031-0182(90)90206-M
Forbes, E. (1852) Monograph of the Echinodermata of the British Tertiaries. Palaeontographical Society London, 6, 1–36.
 https://doi.org/10.1080/02693445.1852.12023333
Gaetani, M. & Saccà, D. (1984) Brachiopodi batiali nel Pliocene e Pleistocene di Sicilia e Calabria. Rivista Italiana di Paleon-

tologia e Stratigrafia, 90, 407–458.
Gray, J.E. (1840) Room II. In: Synopsis of the contents of the British Museum. British Museum, London, pp. 57–65.
Harzhauser, M., Kroh, A., Mandic, O., Piller, W.E., Göhlich, U., Reuter, M. & Berning, B. (2007) Biogeographic responses to 

geodynamics: a key study all around the Oligo-Miocene Tethyan Seaway. Zoologischer Anzeiger, 246, 241–256.
 https://doi.org/10.1016/j.jcz.2007.05.001
Hess, H. (1962) Mikropaläontologische Untersuchungen an Ophiuren: I. Einleitung. Eclogae Geologicae Helvetiae, 55, 595–

608.
Hsü, K.J., Ryan, W.B.F. & Cita, M.B. (1973) Late Miocene desiccation of the Mediterranean. Nature, 242, 240–244.
 https://doi.org/10.1038/242240a0
Ljungman, A.V. (1867) Ophiuroidea viventia huc usque cognita. Öfversigt af Kungliga Vetenskaps-Akademiens Förhandlingar 

1866, 23, 303–336.
Lütken, C.F. (1869) Additamenta ad historiam Ophiuridarum. Tredie Afdelning. Det kongelige danske Videnskabernes Selskabs 

Skrifter. 5 Raekke, Naturvidenskabelig og mathematisk Afdelning, 8, 20–109.
Lyman, T. (1875) Zoological Results of the Hassler Expedition. 2. Ophiuridae and Astrophytidae. Illustrated catalogue of the 

Museum of Comparative Zoology at Harvard College, 8 (2), 1–34, 5 pls.
Lyman, T. (1878) Ophiuridae and Astrophytidae of the “Challenger” expedition. Part I. Bulletin of the Museum of Comparative 

Zoology at Harvard College, Cambridge, Massachusetts, 5 (7), 65–168, 10 pls.
Lyman, T. (1879) Ophiuridae and Astrophytidae of the “Challenger” expedition. Part II. Bulletin of the Museum of Comparative 

Zoology at Harvard College, Cambridge, Massachusetts, 6 (2), 17–83, 10 pls.
Marsili, S. (2007) A new bathyal shark fauna from the Pleistocene sediments of Fiumefreddo (Sicily, Italy). Geodiversitas, 29 

(2), 229–247. 
Martynov, A.V. (2010) Reassessment of the classification of the Ophiuroidea (Echinodermata), based on morphological char-

acters. I. General character evaluation and delineation of the families Ophiomyxidae and Ophiacanthidae. Zootaxa, 2697 
(1), 1–154.

 https://doi.org/10.11646/zootaxa.2697.1.1
Matsumoto, H. (1915) A new classification of the Ophiuroidea: with descriptions of new genera and species. Proceedings of the 

Academy of Natural Sciences, Philadelphia, 67, 43–92.
Mecho, A., Billett, D.S.M., Ramírez-Llodra, E., Aguzzi, J., Tyler, P.A. & Company, J.B. (2014) First records, rediscovery and 

compilation of deep-sea echinoderms in the middle and lower continental slope of the Mediterranean Sea. Scientia Marina, 
78 (2), 281–302.

 https://doi.org/10.3989/scimar.03983.30C
Müller, J.H. & Troschel, F.H. (1842) System der Asteriden. Vieweg & Sohn, Braunschweig.
O’Hara, T.D., Hugall, A.F., Thuy, B. & Moussalli, A. (2014) Phylogenomic resolution of the class Ophiuroidea unlocks a global 

microfossil record. Current Biology, 24, 1874–1879.
 https://doi.org/10.1016/j.cub.2014.06.060
O’Hara, T.D., Hugall, A.F., Thuy, B., Stöhr, S. & Martynov, A.V. (2017) Restructuring higher taxonomyusing broad-scale phy-

logenomics: The living Ophiuroidea. Molecular Phylogenetics and Evolution, 107, 415–430.
 https://doi.org/10.1016/j.ympev.2016.12.006
O’Hara, T.D. & Stöhr, S. (2006) Deep water Ophiuroidea (Echinodermata) of New Caledonia: Ophiacanthidae and Hemieury-

alidae In: Richer de Forges, B & Justine, J.-L. (Eds.), Tropical Deep-Sea Benthos. Vol. 24. Mémoires du Muséum national 
d’Histoire naturelle, 193, pp. 33–141.

O’Hara, T.D., Stöhr, S., Hugall, A.F., Thuy, B. & Martynov, A. (2018) Morphological diagnoses of higher taxa in ophiuroidea 
(Echinodermata) in support of a new classification. European Journal of Taxonomy, 416, 1–35.

 https://doi.org/10.5852/ejt.2018.416
Paterson, G.L.J. (1985) The deep-sea Ophiuroidea of the north Atlantic Ocean. Bulletin of the British Museum (Natural History) 

Zoology, 49 (1), 1–162.
Pawson, D.L., Vance, D.J., Messing, C.G., Solis-Marin, F.A. & Mah, C.L. (2009) Echinodermata of the Gulf of Mexico. In: 

Felder, D.L. & Camp, D.K. (Eds.), Gulf of Mexico–Origins, Waters, and Biota. Biodiversity. Texas A&M Press, College 
S., pp. 1177–1204.

https://doi.org/10.1016/0031-0182(90)90206-M


NUMBERGER-THUY & THUY30  ·  Zootaxa 4820 (1) © 2020 Magnolia Press

Reich, M. & Kutscher, M. (2001) Ophiocistioids and holothurians from the Silurian of Gotland (Sweden). In: Baker, M. (Ed.), 
Echinoderms 2000. Proceedings of the 10th International Echinoderm Conference, Dunedin, 31 January–4 February 2000. 
A. A. Balkema, Lisse, pp. 97–101.

Roux, M., Barrier, P., Di Geronimo, I. & Montenat, C. (1988) Découverte de crinoïdes pédonculés bathyaux d’origine atlantique 
dans le Pliocène supérieur et le Pléistocène moyen méditerranéen : conséquences biogéographiques. Comptes rendus de 
l’Académie des Sciences, Paris, 307, 259–264.

Sars, G.O. (1872) Nye Echinodermer fra den norske kyst. Forhandlinger i Videnskabs-selskabet i Christiania, 1871, 1–31.
Smith, A.B. & Stockley, B. (2005) The geological history of deep-sea colonization by echinoids: roles of surface productivity 

and deep-water ventilation. Proceedings of the Royal Society B, 272, 865–869.
 https://doi.org/10.1098/rspb.2004.2996
Stöhr, S., O’Hara, T.D. & Thuy, B. (2012) Global Diversity of Brittle Stars (Echinodermata: Ophiuroidea). PLoS ONE, 7 (3), 

e31940. 
 https://doi.org/10.1371/journal.pone.0031940
Stöhr, S., O’Hara, T.D. & Thuy, B. (Eds.) (2018) World Ophiuroidea database. Ophiacantha Müller & Troschel, 1842. Accessed 

through: World Register of Marine Species. Available from: http://www.marinespecies.org/aphia.php?p=taxdetails&id=12
3587 (accessed 2 October 2018)

Thuy, B. (2013) Temporary expansion to shelf depths rather than an onshore-offshore trend: the shallow-water rise and demise 
of the modern deep-sea brittle star family Ophiacanthidae (Echinodermata: Ophiuroidea). European Journal of Taxonomy, 
48, 1–242.

 https://doi.org/10.5852/ejt.2013.48
Thuy, B., Gale, A.S., Kroh, A., Kucera, M., Numberger-Thuy, L.D., Reich, M. & Stöhr, S. (2012) Ancient Origin of the Modern 

Deep-Sea Fauna. PLoS ONE, 7 (10), e46913.
 https://doi.org/10.1371/journal.pone.0046913
Thuy, B. & Stöhr, S. (2011) Lateral arm plate morphology in brittle stars (Echinodermata: Ophiuroidea): new perspectives for 

ophiuroid micropalaeontology and classification. Zootaxa, 3013 (1), 1–47. 
 https://doi.org/10.11646/zootaxa.3013.1.1
Thuy, B. & Stöhr, S. (2016) A new morphological phylogeny of the Ophiuroidea (Echinodermata) accords with molecular evi-

dence and renders microfossils accessible for cladistics. PLoS One, 11 (5), e0156140.
 https://doi.org/10.1371/journal.pone.0156140
Thuy, B. & Stöhr, S. (2018) Unravelling the origin of the basket stars and their allies (Echinodermata, Ophiuroidea, Euryalida). 

Scientific Reports, 8, 8493.
 https://doi.org/10.1038/s41598-018-26877-5
Violanti, D. (1988) I foraminiferi plio-pleistocenici di Capo Milazzo. Bollettino del Museo Regionale di Scienze Naturali di 

Torino, 6, 359–392.
Woolley, S.N.C., Tittensor, D.P., Dunstan, P.K., Guillera-Arroita, G., Lahoz-Monfort, J.J., Wintle, B.A., Worm, B. & O’Hara, 

T.D. (2016) Deep-sea diversity patterns are shaped by energy availability. Nature, 533, 393–396.
 https://doi.org/10.1038/nature17937


