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Abstract

Molpadid sea cucumbers are important components of the infaunal benthos in today’s marine ecosystems. This can also be
assumed for Cenozoic and partly Mesozoic times. However, the fossil record to date is more than patchy and also concerns
the Upper Cretaceous, for example. From the early Maastrichtian chalk of the Jasmund Peninsula/Isle of Riigen, the world’s
only second record of late Cretaceous calcareous ring material of molpadid sea cucumbers (Cretacaudina rugia gen. et sp.
nov.) is described, discussed and subsequently morphologically compared with extant forms.
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Introduction

Modern members of molpadid Holothuroidea are small- to
medium-sized (c. 0.5-25 cm) and more or less sausage-
shaped, with the posterior end usually tapering to form a
distinct tail (Fig. 1A-B). Representatives of the Molpadida
typically live buried or in depressions in soft substrates,
from the subtidal zone down to hadal depths (up to 5,700 m;
e.g. Pawson, 1977; Pawson & Liao, 1992; Pawson et al.,
2001; Pawson & Vance, 2007; Davey & O'Loughlin, 2013;
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Gebruk et al., 2014; O'Loughlin & Ong, 2015; Samyn &
VandenSpiegel, 2016; Mercier et al., 2024). In suitable habi-
tats, they can form populations of hundreds of specimens per
m?. Sediment ingestion is non-selective (e.g. Khripounoff &
Sibuet, 1980; Pawson et al., 2001) or selective (Mageau &
Walker, 1976) using their small, digitate or simple tentacles.

A large part of the Molpadida (Fig. 1A-B) is unique
within Holothuroidea in having, besides the usual high-
Mg-calcite ossicles (Fig. 1C-D) and other skeletal parts
(calcareous ring, anal plates), ferro-phosphatic bodies (e.g.
Heteromolpadia, Molpadia; Fig. 1C-F) embedded in the
body wall (Lowenstam & Rossman, 1975; Pawson et al.,
1975; Pawson, 1982) as well as chitineous tentacle shovels
(Ceraplectana; Fig. 1G-I) (Pawson, 1982; Pawson & Kerr,
2001; Reich, 2014).

Today, more than 100 modern species of molpadid sea
cucumber taxa, grouped in three families (Molpadiidae,
Caudinidae, Eupyrgidae) are known (WoRMS/Paulay et al.,
2025).

Fossil members of the Molpadida are lesser known than
species of other holothuroid groups (e.g. Apodida) (Gilli-
land, 1993; Reich, 2013). However, isolated body wall ossi-
cles are frequently reported from Jurassic strata onwards
(e.g. Deflandre-Rigaud, 1959, 1962; Gérka & Luszczewska,
1969; Reich, 2002a, 2002b, 2003; Reich & Ansorge, 2014;
Caramés et al., 2019) but sometimes misinterpreted. The
latter applies, for example, to Sadeddin (1996), who dis-
covered in Albian sediments from Texas/USA distinctive
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Fig.1 General morphology and habitus of representatives of the
extant molpadid genera; A Paracaudina (Caudinidae) and B Mol-
padia (Molpadiidae). C-D Ossicles of high-Mg-calcite associated
by iron phosphatic deposits (C-E) of the modern Heteromolpadia
marenzelleri (Molpadiidae); F EDS analysis of dermal granules of
this species, showing that these contain i.a. phosphate, iron, and cal-
cium. G-I Chitinous tentacle sheaths of the extant Ceraplectana tra-
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Spektrum 1

chyderma, G showing the oral area with 10 retracted (claw-shaped)
tentacles; (H-I) tentacle sheaths, (H) outer and (I) inner view. C-F
SNHMB-N.78702 ex USNM-E.16366 [South Pacific Ocean, New
Zealand, off Palliser Bay, 1,006 m water depth], G-I SNHMB-
N.78703 ex USNM.1074730 [North Pacific Ocean, California,
4,100 m water depth]. C, G, H Light microscopic images, D, E, 1
Scanning electron microscopic images



Molpadid holothurian material from the Maastrichtian Riigen Chalk

389

spoon-shaped ossicles (of the Molpadiidae), but described
and diagnosed them, in terms of their structure and growth,
as table ossicles (Holothuriida/Synallactida) with a base
plate and a four-footed stirrup. Articulated specimens of
fossil molpadids are missing so far, but isolated elements of
the calcareous ring are present in the fossil record (almost
exclusively from Jurassic strata; Hess, 1975; Kutscher, 1987,
1988; Kutscher & Hary, 1991; Gilliland, 1992; Kutscher &
Reich, 2021), even if these are often overlooked. Further
evidence, e.g. from the Lower Cretaceous of Germany and
the Neogene of Austria and Slovenia, is still unpublished
(Reich & Jdger, Reich & Kroh, Reich & Pollerspock, Reich,
Gasparic et al.).

The only evidence to date of Late Cretaceous molpadid
calcareous ring material was reported by Reich (2017) from
the “Gerhardtsreiter Schichten” (Gerhardtsreit Formation)
in Upper Bavaria, Germany. Fossil molpadid ossicles from
Upper Cretaceous sediments have been described by Saded-
din and Saqqa (1997), Al-Tamimi et al. (2001), Al-Tamimi
and Saqqa (2008) (all from Jordan) and Reich (2001, 2002b,
2003) (Germany), for example.

The aim of this study is to present the first calcareous ring
material belonging to the Molpadida from the Riigen Late
Cretaceous chalk.

Geological setting, material and methods
Setting and stratigraphy

During the early Late Cretaceous (Cenomanian) sea-level
rise, Central Europe was almost completely flooded and
former siliciclastic sedimentation was substituted by the
deposition of chalk. Towards the end of the Mesozoic the
shelf sea covering much of northern Europe made a final
transgression (Campanian) followed by a phased regression
(Maastrichtian) (Hékansson et al., 1974; Voigt et al., 2008).
In the area of the island of Riigen, NE Germany, Upper Cre-
taceous sediments reached a maximum thickness of 600 m,
whereas 30 kms to the north the thickness was almost twice
as great (1,130 m) (Petzka & Reich, 2000; Diener et al.,
2004). In Maastrichtian times, the area of Riigen was situ-
ated at a latitude of 40°N, far from the coast in the middle
of a seaway between the Western European chalk basins and
Eastern Europe. A nannofossil ooze or coccolith mud with a
non-carbonate content of less than 2% was deposited in the
Danish-Polish Trough. Based on the fauna and flora, a water
depth of approx. 150-250 (max. 300) metres is assumed for
the Riigen Chalk Sea. Oligotrophic and partially oxygen-
poor conditions prevailed on the soft, muddy sea floor with
unevenly distributed secondary hard substrates (bryozo-
ans, large inoceramid bivalves etc.). The soft bottom itself
was intensively bioturbated (due to the activity of infaunal/

semi-infaunal polychaetes, sea cucumbers and sea urchins)
(e.g. Frenzel et al., 1998; Frenzel, 2000; Reich & Frenzel,
2002; Reich et al., 2005). The Riigen Chalk is a Liberation
Fossil Lagerstétte (Roden et al., 2020)—The fossil species
reported so far from here amount to around 1,500 (Reich &
Frenzel, 2002; Reich et al., 2018; Knaust & Schnick, 2024).

Surface outcrops of the Riigen chalk are limited to various
historical quarries and open-cast mines that are still in opera-
tion today, as well as the iconic cliffs between Sassnitz and
Lohme at the eastern part of Jasmund Peninsula (Fig. 2B),
some of which were deformed by Pleistocene glacial tecton-
ics (e.g. Steinich, 1972; Gehrmann et al., 2022).

Stratigraphically, the chalk and flint are early and late
Early Maastrichtian (Belemnella obtusa to B. fastigata
belemnite zones; Fig. 2A) in age (Herrig et al., 1996; Reich
& Frenzel, 2002; Reich et al., 2018). In addition, high-
resolution (regional) bio-zonations based on micromorphic
articulate brachiopods, ostracods and foraminifera, among
others, have been established (e.g. Steinich, 1965; Herrig,
1966, 1969; Frenzel, 2000; Reich & Frenzel, 2002). Autoch-
thonous sediments of the Late Maastrichtian were recently
reported from the nearby south-eastern Arkona Basin
(Laschke et al., 2015).

Material

The fossil microscopic/mesoscopic material presented here
was collected after storm and chalk erosion events on the
chalk cliff north of Sassnitz (Lenzer Bach, see Mehlhorn
et al., 2019: fig. 2; Fig. 2B-C).

Extant reference material for comparison (Molpadia, Het-
eromolpadia, Ceraplectana etc.) was kindly provided by the
Smithsonian Institution (D. L. Pawson) and by the Swedish
Natural History Museum (S. Stohr).

Repositories and institutional abbreviations

GZG—Geoscience Centre, University of Gottingen (Geo-
wissenschaftliches Zentrum, Universitdt Gottingen) Gottin-
gen, Germany.

SNHMB—State Natural History Museum (Staatliches
Naturhistorisches Museum) Brunswick/Braunschweig,
Germany.

SNSB—Bavarian Natural History Collections (Staatliche
Naturhistorische Sammlungen Bayerns) Munich/Miinchen,

Germany.

USNM-—Smithsonian Institution. National Museum of
Natural History, Washington, DC, USA.
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Digital photography, scanning electron microscopy VHX 7000), and later mounted, coated with a platinum layer

(SEM), and energy dispersive spectroscopy (EDS) (20 nm) with the aid of the fully automated sputtering device
Luxor'™ and studied using a Phenom XL G2 (ThermoFisher
Holothuroid specimens to be documented were first exam-  Scientific) scanning electron microscope (SEM) at SNHMB.

ined and photographed under a digital microscope (Keyence  Elemental analyses were carried out on a field emission
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«Fig.2 Litho- and biostratigraphic subdivisions of the Riigen Chalk
(A). The orthostratigraphic zonation is based on articulate brachio-
pods sensu Steinich, 1965 and extended by Surlyk, 1970, since the
exact belemnite zone (sensu Schulz, 1979) boundaries are uncertain
(vertical belemnite ranges according to Wehrli, 1967 and Reich,
1994). Furthermore, the subdivision using ostracods sensu Herrig,
1966, foraminifera sensu Frenzel, 2000 and calcareous nannoplankton
(according to Kienel, 1990, 1993) sensu Sissingh, 1977 and Perch-
Nielsen, 1985 or according to Burnett, 1997 sensu Burnett, 1998.
B Location of outcrops on the cliff (chalk complexes labelled with
Roman numerals) and in the centre (quarries and open-cast mines,
abandoned and still in operation) of the Jasmund Peninsula (B2), Isle
of Riigen (B1). The material presented here comes from the Lenzer
Bach (arrow) at the end of chalk complex III. C Field photographs of
a major coastal collapse at Lenzer Bach (in 2011) (C1, C2), where the
material presented here comes from (compiled based on illustrations
from Reich & Frenzel, 2002; Herrig, 2004; Kutscher, unpubl.; Reich
et al., 2018, modified)

SEM (LEO 1530 Gemini) combined with an INCA X-act
EDX (Oxford Instruments) at GZG.

X-ray computed tomography and visualization

The extant molpadid species Heteromolpadia marenzel-
leri (Théel, 1886) was scanned at (SNSB) facility with a
phoenixIx-ray nanotom m at 110 kV and 100 pA (0.5 mm
aluminium filter). This resulted in 1,440 projections pro-
viding a voxel size of 4.9 um. Visualization and 3D recon-
struction were realized with different software applications
including SPIERS and VGStudio Max 2.2, 3.0 (at SNHMB
and SNSB). Drawings and figures were produced using
Adobe Photoshop®.

Systematic palaeontology

The descriptive terminology of CR used is based in part on
Heding (1933), Gilliland (1992) and Reich (2015), modi-
fied. Lettering of R and IR pieces after Ludwig (1889-1892:
figs. 1, 14); Carpenter’s (1884) letters for designation of
rays corresponds to the following radial elements: A =RI;
B=RIII; C=RV;D=RIV;E=RII.

Systematic abbreviations:

CR——calcareous ring; IR—interradial element(s); R—radial
element(s); RI—mid-ventral radial piece of the CR; RII—
left ventral radial piece of the CR; RIII—right ventral radial
piece of the CR; RIV—Ieft dorsal radial piece of the CR;
RV—right dorsal radial piece of the CR; IRI1—Ileft ventral
interradial piece of the CR; IR2—right ventral interradial
piece of the CR; IR3—Ileft dorsal interradial piece of the
CR; IR4—right dorsal interradial piece of the CR; IR5—
mid-dorsal interradial piece of the CR; irp—interradial
process of anterior margin of calcareous ring; imm—inser-
tion mark of longitudinal muscle; imt—insertion marks of
tentacle muscles/ampullae; laf—Ilateral articulating face

of radial and interradial elements; mp—muscular process;
nmp—non-muscular process; ri—notch in anterior margin
of muscular process; py—perforation in muscular process;
rp—radial prolongation of posterior margin of calcareous
ring; CP—central position of the perforated/notched mus-
cular process, viewed from the outside; LP—Ieft position
of the perforated/notched muscular process, viewed from
the outside; RP—right position of the perforated/notched
muscular process, viewed from the outside.

Class Holothuroidea de Blainville, 1834
Subclass Actinopoda Ludwig, 1891
Order Molpadida Haeckel, 1896, emend.

Synonyms. Anactinopoda, Molpadiida, Molpadioidea, Mol-
padonia, Molpadonida.

Earlier diagnoses. See, for example Ostergren (1907: 207—
210), Heding (1931: 277; 1935: 33-34), Deichmann (1940:
206-207), Pawson (1970: 47, 1977: 98), Madsen and Hansen
(1994: 92), Smirnov (2012: 824) and Rowe et al. (2017:
486-487).

Revised and expanded diagnosis. Actinopodid pneumo-
nophorans with 15 (or rarely 10, 13) digitate (or modified
simple) tentacles. Body stout and sausage-shaped, in larger
and medium-sized forms, here usually with an evident tail;
or with a rigid and continuous test in small representa-
tives. Tube feet absent, but anal papillae are present. Anal
ring with anal plates (‘teeth’) sometimes present. Stone
canal (with internal madreporite) single and unbranched,
either opens externally or blindly terminates at body wall
or opens into body cavity. Polian vesicle single. Radial
longitudinal muscles divided (one pair) or undivided.
Tentacle ampullae (normally) well developed. CR well
developed, always consisting of 5 R and 5 IR, often show-
ing secondary bilateral symmetry; R with short or distinct
posterior bifurcate prolongations (rp), due to secondary
bilateral symmetry prolongations sometimes reduced in
RIV+ RV (=dorsal R); R with one (muscular; mp) or two
(a muscular and a non-muscular; mp + nmp) short anterior
process, always notched or perforated for the passage of
radial nerve; IR smaller or equal in size (in comparison to
R), with one short anterior process and no distinct posterior
prolongations.

Calcareous body wall ossicles may include diagnostic
tables or table-like derivatives (cups and fusiform rods),
(modified) anchors (also derived from tables) and racquet-
or spoon-shaped rods as well as undiagnostic rods, rosettes
and perforated plates. Phosphatic bodies in several genera
present.

Unique (for echinoderms and sea cucumbers) is the pres-
ence of chitineous tentacle shovels in one taxon of this clade.
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Included families. Molpadiidae Miiller, 1850; Caudinidae
Heding, 1931; Eupyrgidae Semper, 1868.

Distribution. Extant representatives of this clade are cosmo-
politan and known from all oceans. Fossil molpadid mem-
bers, including stem-group representatives, are known since
Permian/Triassic times (Gilliland, 1993; Reich pers. obs.).

Family Caudinidae Heding, 1931
Genus Cretacaudina nov.

Etymology. Named after the geological period (Cretaceous)
from which the material described here originated, and
Latin cauda =tail, in resemblance to modern caudinid sea
cucumbers.

Type species. Cretacaudina rugia gen. et sp. nov. Reich,
Kutscher & Stegemann.

Diagnosis. Medium-sized molpadids with 15 tentacles. CR
well developed, with (standard architecture of) 5 R and 5 IR.
R longer than wide, slightly widened posteriorly with short
bifurcate rp. Anterior processes (nmp +mp) very short. The
mp notched with a deep median imm, which lies posterior
to the mp. R (and presumably IR as well) tends to be curved
with the inner side being concave.

ZooBank LSID. urn:lsid:zoobank.org:act:B4DF93FF-
0967-4ED1-B907-A802DCF78C13.

Comparison. The R of Cretacaudina are most closely com-
parable to members of the Caudinidae (Fig. 1A), as can be
seen from the size and shape of the anterior processes. The
mp in the R of the Molpadiidae (Fig. 1B) appears almost
always (Molpadida) or without exception (Cherbonniera,
Heteromolpadia) to be perforated to allow the radial nerve to
pass through. The mp in the R of modern Acaudina, Caudina
and Paracaudina species (Caudinidae), on the other hand,
are short to very short and notched, as in Cretacaudina. Cer-
aplectana can be excluded, as the R possess only a centrally
located mp and not, like all others (Acaudina, Caudina, Cre-
tacaudina, Eupyrgus, Hedingia, Heteromolpadia, Molpadia,
Paracaudina), two anterior processes (mp +nmp). The mon-
ospecific genus Cherbonniera is a major exception, in which
only the two dorsal (RIV +RV) and the mid-ventral (RI) R
of the CR possess two processes (nmp +mp), whereas in the
left and right ventral R (RII+ RIII) there is exclusively a
centrally located mp. Eupyrgus is also excluded on the basis
of overall size, morphology and the structure of mp + nmp,
as well as the position of pv (Semper, 1867; Clark, 1908;
Ho6zawa, 1928; O’Loughlin & Ong, 2015; Reich & Rossner,
2016; Reich pers. obs.; Appendix, Fig. 4).

@ Springer

Overall, the attachment area of Cretacaudina located on
the outer side of the R bears some resemblance to Acaudina;
however, the structure (and length) of the anterior processes
does not correspond in detail to that of the modern species
within that genus. Also, the material presented here, differs
significantly from all previously described Mesozoic (mostly
Lower and Middle Jurassic) calcareous ring elements. This
is why Cretacaudina gen. nov. is being established for this
fossil taxon.

Further remarks.

The number of tentacles can always be determined from
the total number of the anteriorly situated mp and nmp: 15
(Acaudina, Caudina, Eupyrgus, Hedingia, Heteromolpa-
dia, Molpadia, Paracaudina), 13 (Cherbonniera) and 10
(Ceraplectana).

Even if only one well preserved R is available, a detailed
comparison with the CR of modern species (of Caudina,
Cherbonniera, Eupyrgus, Hedingia, Heteromolpadia;
Reich pers. obs.) and the assumption that the standard
architecture of the CR (position of the mp and right/left
orientation of the rp; cf. Reich, 2015) of the group has
not changed over the last 70 million years, various pieces
of information, such as the number of tentacles and their
position within the CR (dorsal/ventral as well as left and
right), can be identified.

Included species. So far monospecific.
Distribution. Early Maastrichtian of Germany.

Cretacaudina rugia sp. nov.
Figure 3

Material. Two, partially incomplete, radial pieces from the
calcareous ring (SNHMB-G.30001-30002), both from the
Maastrichtian chalk (Belemnella cimbrica belemnite zone)
north of Sassnitz, Jasmund Peninsula/Isle of Riigen, Western
Pomerania, Germany.

Holotype—SNHMB-G.30001 (RIV or RII).
Paratype—SNHMB-G.30002 (incomplete R).

Etymology. Named after the place where the material was
found—the island of Riigen (Latin Rugia).

Diagnosis. As for genus.

ZooBank LSID. urn:lsid:zoobank.org:act:A47A9432-
2B67-4973-8731-514B8BC66393.
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A2

@ Insertion area tentacle
ampullae/muscle

Insertion mark/area =
retractor and/or longitudinal muscle A3

Fig.3 Cretacaudina rugia sp. nov. (Molpadida: Caudinidae) from
the upper lower Maastrichtian Riigen Chalk (Lenzer Bach, north of
Sassnitz)—RIV (or RII)=left dorsal (or ventral) element of the cal-
careous ring (posterior process broken off). A1-A2 outer view; B1-
B3 inner view; C oblique inner view from anterior; D lateral view

@ Tentacular canal

Radial canal

;{g » Radial nerve

from left; E posterior view. In A3 and B3, the attachment areas for
the water vascular system (radial canal, tentacular canals, tentacle
ampullae), nervous system (radial nerve) and muscles were marked
in colour. Light microscopic (A1, B1, C, D, E) and scanning electron
microscopic (A2, A3, B2, B3) images
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Fig.4 X-ray computed tomography based digitally reconstructed
morphology of the calcareous ring of Heteromolpadia marenzel-
leri (Molpadida: Molpadiidae) from the South Pacific Ocean (New
Zealand, off Palliser Bay; water depth of 1,006 m; leg. D. L. Paw-
son; SNHM-N.78702 ex USNM-E.16366). A1-A2 anterior view; B1-
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anterior

R

posterior

B2 posterior view; C oblique anterior view; D lateral view; E1-E2
dorsal radial elements (RIV-RV) in outer view; E3-E5 ventral radial
elements (RIII-RI) in outer view; F interradial element (IR5) in outer
view (A2, B2, C anaglyph images)




Molpadid holothurian material from the Maastrichtian Riigen Chalk

395

Description. The holotype specimen is complete and very
well preserved except for the broken off posterior fork tail.
The stereom, although filled in with chalk, is still clearly
recognizable and has not undergone any further diagenetic
alteration. Almost rectangular in outline, the calcareous ring
segment is just over 4 mm long (and thus originally c. 6 mm
in total). The deep depression for the tentacle ampullae and
the clear anterior incision (notch) on the muscle process for
the radial nerve, which is overlaid by the radial canal run-
ning to the posterior end of the body, are clearly recogniz-
able on the outside. Both anterior processes (mp and nmp)
are only very short, so that the anterior indentation between
the two is only slight. On the inner side of the R, the deep
incisions for the radial canal and the three tentacular canals
branching off from it are clearly visible. The notch for the
radial nerve and the narrowing radial canal is also clearly
visible.

The paratype specimen is an incomplete fragment of a R;
as the anterior portion is missing, its position within the CR
cannot be determined.

Remarks. Based on current knowledge and, in comparison to
other extant molpadid species (cf. Appendix and discussion
below), of which the CR and, to some extent, the ontogeny
have been described in detail, e.g. Paracaudina chilensis in
Hozawa (1928) and Molpadia abyssicola in Pawson (1977),
the present new fossil taxon is a caudinid of around 10 cm
body length (with an anterior diameter of approx. 2 cm).
The number of tentacles is 15, but the detailed (soft part)
morphology and thus the number of digits on the tentacle
tips are unknown.

Distribution. So far only known from the Riigen Chalk.

Comparison and discussion

Calcareous ring structure of modern Molpadida.—A unify-
ing synapomorphy of all Holothuroidea is the calcareous
ring (CR) which surrounds the mouth internally, gives sup-
port to the pharynx, water vascular system and tentacles,
radial nerve ring, and muscle bands (Reich, 2015). Although
this structure is probably the most important evolutionary
hard part structure within the group of Holothuroidea (Reich
& O’Loughlin, 2010), it has so far been little studied and
insufficiently documented.

Heding (1931, 1935) used, among other things, the
distinctly different morphology of the calcareous ring to
differentiate at the genus level within Molpadida. Deich-
mann (1938) used external morphology and the body wall
ossicles to describe molpadid sea cucumbers, without
any reference to the calcareous ring, although the author
had shortly before (Deichmann, 1936) still referred to the

calcareous ring in her descriptions. Unfortunately, this was
not continued and/or further expanded in the scientific lit-
erature or by other echinodermologists (see, for example,
Pawson, 1963). In the following descriptions of molpa-
did sea cucumbers, at least some brief descriptions of the
CR including a 2D drawing with the R+ IR (e.g. Cher-
bonnier & Féral, 1981; O’Loughlin et al., 2013; Pawson,
1977; Pawson & Liao, 1992; Pawson et al., 2001) were
published. Only recently some authors (e.g. O’Loughlin
& Ong, 2015; O’Loughlin et al., 2011) also added light
micrographs, but again often only of one R + IR each.

It is certainly a step forward that the CR is also increasingly
being depicted. However, it is still not very helpful if only
a Sect. (2xX R+ 1XxIR) is shown, without precise details of
the exact position of the element (e.g. dorsal versus ventral).
As we were able to determine in our own research, this is
not sufficient, especially for bilateral symmetrical structures.
In a preliminary conference presentation, Reich and Ross-
ner (2016) showed clear morphological differences in the
calcareous ring of various molpadid sea cucumbers (mem-
bers of the Caudinidae, Eupyrgidae, Molpadiidae), based on
high-resolution x-ray computed tomography analyses. These
investigations (cf. Appendix) revealed various details that
were previously unknown or had probably been overlooked.
This includes several bilateral symmetrical patterns, dor-
sal/ventral differences, merged anterior processes in radial
elements (R) of the CR, slit-like foramina for the passage
of the radial nerve, and furthermore left/right patterns of
these foramina, previously only known from some apodid
holothurians.

Calcareous ring structure of modern Molpadiidae Miiller,
1850 (Synonym: Trochostomidae Ostergren, 1907)—The
members of this family (cf. Heding, 1931: 277-278; Hed-
ing, 1935: 34; Deichmann, 1940: 217; Pawson, 1970: 47;
Pawson, 1977: 98; Madsen & Hansen, 1994: 93; Smirnov,
2012: 824) are medium- to large-sized molpadids with 15
(Heteromolpadia Pawson, 1963; Molpadia Cuvier, 1817)
or rarely 13 (the monospecific Cherbonniera Sibuet, 1974)
tentacles. All of these have lateral digits and a terminal digit.

The CR is well developed, often bilaterally symmetri-
cal, with 5 R and 5 IR. All R are longer than wide, with
long or medium-length bifurcate rp as well as with 1-2
anterior processes, of which the mp is perforated (or very
rarely notched) for the passage of the radial nerve (e.g.
Fig. 4; Appendix).

As explained above, the new taxon Cretacaudina cannot
be classified within the Molpadiidae.

Calcareous ring structure of modern Caudinidae Heding,

1931—Members of this family (cf. Heding, 1931: 282-283;
Heding, 1935: 61-62; Deichmann, 1940: 211-212; Pawson,
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1970: 49; Smirnov, 2012: 824) are medium- to large-sized
molpadids with 15 (Acaudina Clark, 1908; Caudina Stimp-
son, 1853; Hedingia Deichmann, 1938; Paracaudina Hed-
ing, 1932) tentacles. These have only lateral digits, without
a terminal digit (or are of simple structure).

The CR is well developed, often bilaterally symmetrical, with
5 R and 5 IR. All R are longer than wide, with medium-length
or long bifurcate rp and with 2 anterior processes, of which the
mp is notched for the passage of the radial nerve.

As explained in detail above, Cretacaudina can be clas-
sified within the Caudinidae.

Calcareous ring structure of modern Ceraplectana Clark,
1908—Given its individual characteristics (tentacles, CR)
and biomineralisation (Fig. 1G-I), this monospecific genus
(currently placed within the Caudinidae) should probably be
classified in a separate (new) family as already discussed by
Heding (1931: 277) and listed under ‘incerta sedis’ (Hed-
ing, 1931: 284). However, modern morphological (e.g. X-ray
CT) and molecular biological studies are currently lacking
for this taxon. The only species known to date (Ceraplec-
tana trachyderma Clark, 1908; known from the Northern
and Eastern Pacific) is a small- to medium-sized molpadid
with 10 tentacles. The tentacles are simple and feature claw-
shaped chitinous sheaths arranged in pairs.

The CR is well developed, with 5 R and 5 IR. All R are longer
than wide, with a medium-length bifurcate rp as well as 1 ante-
rior process only, which is the mp and perforated for the passage
of the radial nerve (cf. Clark, 1908: 183; Clark, 1920: 130-131;
Heding, 1931: 284; Pawson & Kerr, 2001).

Given the presence of a single anterior process in all
radial elements of Ceraplectana trachyderma, Cretacaudina
rugia gen. et sp. nov. cannot be classified within this group.

Comparison with the Eupyrgidae Semper, 1867—The mem-
bers of this family (two species of Eupyrgus Liitken, 1857,
known from the Arctic and North Pacific Ocean; cf. Heding,
1931: 281-282; Heding, 1935: 67-68; Deichmann, 1940:
227; Smirnov, 2012: 824) are small-sized molpadids with 15
tentacles. All tentacles simple, without any digits.

The CR is well developed, bilaterally symmetrical, and
with 5 R and 5 IR. The R are nearly quadrangular in out-
line, with short bifurcate rp, bearing 2 anterior processes,
of which the mp is perforated for the passage of the radial
nerve (Reich & Rossner, 2016; Reich pers. obs.).

Given the size and morphology of the R of the two known
species of Eupyrgus, it can be excluded that Cretacaudina
rugia gen. et sp. nov. belongs to the Eupyrgidae or is closely
related to it.

Phylogeny and evolutionary diversification of Molpadida.—

The exact placement of molpadid representatives within Hol-
othuroidea as well as the relationship between Molpadiidae,
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Caudinidae and Eupyrgidae remains uncertain and is still
under debate (e.g. Haude, 1992; Kerr & Kim, 2001). This
includes, for example, rather heterogeneously distributed
characteristics (e.g. the presence of phosphatic deposits
or anal plates, or the continuous test in small molpadid
species).

We have to reject the long-favoured close relationship
between Molpadida and Apodida (e.g. Clark, 1908; Apoda-
cea of Pawson & Fell, 1965), nor is there any close relation-
ship between Molpadida and Dendrochirotida (e.g. Miller
et al., 2017; Mongiardino Koch et al., 2023), an assump-
tion shared by almost all holothuriologists since the late
nineteenth century (Ludwig, 1889-1892; Ludwig, 1891;
Haeckel, 1896; MacBride, 1906). However, a recent study
placed Molpadida as a sister group to Synallactida (Miller
et al., 2017) which would support in part Ostergren’s (1907)
and Becher’s (1908, 1909) contrary theories of a closer rela-
tionship between molpadid and ‘aspidochirote’ (e.g. Holo-
thuriida, Synallactida) sea cucumbers. Ostergren based this
on shared characteristics like the presence of tentacle ampul-
lae and divided longitudinal muscles which are not present
in dendrochirote holothurians. However, these characteris-
tics are also missing in all members of the Synallactidae,
Deimatidae and Mesothuriidae (but present in the Sticho-
podidae and Holothuriidae). A recently published preprint
(Whelpley et al., 2025) has clarified the phylogenetic rela-
tionships within the Neoholothuriida, placing the Molpadida
as a sister group to the Persiculida and the Synallactida as a
sister to the Dendrochirotida.

Molecular biological studies or genome analyses of
as many known molpadid genera as possible would help
immensely to clarify the outstanding questions regarding
the phylogeny of the group and its relationships to other
holothurian clades.

Conclusion

We describe the world’s second Cretaceous record of mol-
padid calcareous ring material. The new taxon Cretacaudina
rugia gen. et sp. nov. is referred to the family Caudinidae,
based on the detailed analysis and comparison (x-ray com-
puted tomography data) of the calcareous ring of modern
molpadid taxa. The fossil show in part similarities with
modern representatives of the caudinid genus Acaudina
that occurs today almost exclusively in the Indian Ocean.
To summarise all the information available to date, C. rugia
was a small sea cucumber, approximately 10 cm long, with
15 tentacles, which lived exclusively in the soft bottom sedi-
ment (nannofossil ooze) of the Riigen Chalk Sea. The new
fossil is of exceptional interest because it bridges the gap
between Jurassic and Cenozoic times in the calcareous ring
(palaeontological) record of the Molpadida. This finding
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provides another step towards a better understanding of the
sea cucumber diversification and evolution.

Appendix

Description of the calcareous ring structure of modern
Heteromolpadia marenzelleri—The calcareous ring (CR)
as a whole shows a secondary bilateral symmetry and, in a
lateral view, a tapering of the diameter from anterior to pos-
terior (Fig. 4A,B, D). The five radial (R) and five interradial
(IR) pieces of the ring are arranged alternately (Fig. 4A1,
B1). All R are flat cuboid and equipped with anterior pro-
cesses and posterior prolongations (Fig. 4E1-ES); all IR are
similar in shape, but with only one anterior process each
(Fig. 4F).

All R possess two anterior processes (Fig. 4E1-ES),
the somewhat longer non-muscular process (nmp), and the
perforated muscular process (mp + pv), which is relatively
shorter (for the passage of the radial nerve and the radial
canal). The length of the anterior processes in RII, RIII, RIV,
RV is almost 20% of the total length of the respective R
(Fig. 4E1-E4); in the RI it is almost 25% (Fig. 4ES). The
position of the muscular process (mp) in the R (viewed from
the outside) is on the left side (LP) for the two left dorsal
and ventral R (RIV+ RII) and on the right side (RP) for the
two right dorsal and ventral R (RV + RIII) and the mid-ven-
tral R (RI) (Fig. 4E1-ES5). Below the perforation (pv) of the
muscular process, there is a depression on the outer side
of the R for the insertion of the longitudinal muscle/retrac-
tor (imm) (Fig. 4E1-ES). The posterior prolongation (rp)
(in the form of a tapering and bifurcating tail) in RI1, RIII,
RIV, RV (Fig. 4E1-E4), which amounts to about 30% of the
total length, is located on the side of the anterior muscular
process (mp); often the perforation (rp) is also bent in this
direction.

The perforation of the muscular process (rp) of the mid-
ventral R (RI) is considerably shorter and is restricted to
the bifurcation alone (Fig. 4ES5). In contrast to the four
other R (with the exception of the processes), the outline
of RI is subcircular (Fig. 4E5). The distal posterior bifurca-
tion serves as an attachment point for the respective radial
canals and guides them in a furrow on the inner side of the
R (Fig. 4A1, B1, D). This median furrow splits into three
channels to make room for each of the three tentacle canals.
The radial canal, on the other hand, passes through the per-
foration together with the radial nerve in order to continue
together with the longitudinal muscle through the entire
body of the sea cucumber to the anus. A respective ridge
on the outside of all R serves as a hold and separation of the
tentacle ampullae and lies somewhat to the left or right of
the median plane, always on the side of the non-muscular
extension (Fig. 4E1-ES).

The respective anterior process of all IR is non-perforated
(irp) (Fig. 4C, D, F). The total length of the /R compared
to the left/right dorsal/ventral R is about 50%. On the outer
side, the IR have elongated depressions in the posterior
region to the left and right of the median line, running in
the antero-posterior axis (Fig. 4C, D, F).

Remarks on the calcareous ring structure of Heteromol-
padia marenzelleri—The advantages for the documenta-
tion and analysis of Heteromolpadia marenzelleri, based on
the visualisation of the X-ray computed tomography data,
are very clear and obvious at first glance, for example with
regard to the presence (or absence) of the perforation in each
mp of the radial elements. In the original description of the
genus Heteromolpadia and its type species, it was diagnosed
(Pawson, 1963: 12) that there are no perforations for the
passage of the radial nerve. However, based on our investiga-
tions, the corresponding perforations are present and clearly
visible (Fig. 4E1-ES5).
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