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Abstract: Rhombifera bohemica Barrande is redescribed from Barrande’s original material
and new specimens from Spain and the Czech Republic. Rhombifera had a heteromorphic
proximal stem, a theca with three basals, three infralaterals and five laterals, both
greatly elongated, but a reduced oral area in which five, facet-bearing radials alternate
with five interradial orals which form the oral frame. The CD oral plus two others share
the hydropore and gonopore. Rhombifera is the only glyptocystitoid rhombiferan with a
periproct surrounded by two plates, L4 and L5, and ambulacral facets on radial not oral
plates. Rhombifera was derived from echinoencrinitid glyptocystitoids, both sharing
reduced oral areas with five, not six, radial plates and pectinirhombs with short oval slits.

Received: 18 January 2024
Accepted: 3 May 2024
Published: 23 May 2024

Corresponding author:
Christopher R. C. Paul
glcrcp@bristol.ac.uk

The oral areas of Rhombifera and Lysocystites are similar. In Lysocystites five facet-bearing  keywords:
‘ambulacral plates’ alternate with five interradial orals forming the oral frame. Extra orals Blastozoa

in the CD interambulacrum share the hydropore and gonopore. Lysocystites, coronates Glvotocvstitoid
and blastoids all possess three basals, five ‘radials’, five deltoids and five homologues of yp oc_ys floica
blastoid lancet plates. We suggest that basals, laterals, radials and orals of glyptocystitoids ~ X1ombifera
are homologous with basals, radials, lancet plates and deltoids of blastoids, respectively. ~ Blastoidea
Rhombifera is a link between glyptocystitoid rhombiferans and blastoids. Coronata

Resumen: Se redescribe Rhombifera bohemica Barrande a partir de la coleccion original ™ 2t¢ homology

de Barrande y nuevos especimenes de Espana y Republica Checa. Rhombifera tenia un

pedunculo heteromérfico, y una teca con tres placas basales, tres infralaterales y cinco Palabras-clave:

laterales. Las placas laterales e infralaterales son muy alargadas, pero la zona oral es  Blastozoa

muy reducida y en ella alternan las placas radiales, provistas de facetas braquiolares, con Glyptocystitoida
las cinco placas orales interradiales. El hidroporo y gonoporo se situaban en el interradio  rpompifera
CD entre placas orales adicionales. Rhombifera es el inico rombifero gliptocistitido con el g ciidea
periprocto rodeado por dos placas laterales (L4 y L5) y facetas ambulacrales en las placas Coronata

radiales, y no en las orales. Rhombifera derivé de los equinoencrinitidos gliptocistitoides, y
ambos comparten la zona oral reducida con cinco placas radiales, y los pectinirrombos con
hendiduras ovaladas cortas. Las zonas orales de Rhombifera y Lisocystites son similares.
En Lysocystites hay cinco placas ambulacrales con facetas braquiolares que se alternan
con cinco placas orales interradiales para formar la zona oral. El hidroporo y gonoporo
se sitlan en placas orales adicionales en el interambulacro CD. Lysocystites, asi como
coronados y blastoideos, poseen tres placas basales, cinco “radiales”, cinco deltoides
y cinco placas homodlogas a las placas lanceoladas de los blastoideos. Sugerimos que
las placas basales, laterales, radiales y orales de los gliptocistitoides son homdlogas
respectivamente a las placas basales, radiales, lanceoladas y deltoides de los blastoideos.
Rhombifera permite relacionar a los rombiferos gliptocistitoides con los blastoideos.

Homologia de placas

INTRODUCTION

The systematics of Rhombifera Barrande, 1867, seq.) redescribed the species as a fossil cystoid

puzzled palaeontologists for a long time, largely
due to its preservation predominantly as incomplete
internal moulds. Kesling (1962) gave a thorough
history. Rhombifera was originally described in a
volume on fossil pteropods, on the basis of a single
species, Rhombifera bohemica Barrande, 1867, which
becomes type species of the genus by monotypy.
Barrande (1867, p. 175 et seq.; 1887, p. 175 et

(echinoderm), in particular recognizing that it bore
rhombs that are now referred to as pectinirhombs and
are a key character of the superfamily Glyptocystitoida
Bather, 1899. Barrande (1887, p. 80) also described
a second species, which is a coronate blastoid sensu
lato, as Rhombifera? mira. Jaekel (1899, p. 340)
referred Rhombifera to his Dichoporita, which included
the two rhombiferan superfamilies Glyptocystitoida
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and Hemicosmitoida Jaekel, 1918. Jaekel associated
Rhombifera with a crinoid, Tiaracrinus Schulize, 1867,
which has a superficially similar surface ornament, but
lacks pectinirhombs. Bather (1900, p. 57) regarded
Rhombifera as a cystoid, but classified it within the
crinoid family Tiaracrinidae. Jaekel (1918, p. 99) again
assigned Rhombifera to the Dichoporita, but also
made Rhombifera? mira type species of a new genus
Stephanoblastus, which he regarded as belonging to
his new Order Coronata of the Blastoidea sensu lato.
Bassler (1938, p. 15) assigned Rhombifera to the
crinoids. Fay (1962) included Rhombifera in the
Coronata, along with the genera Mespilocystites
Barrande, 1887, Paracystis Sjoberg, 1915, Stephano-
blastus, Stephanocrinus Conrad, 1842, and Tormo-
blastus Jaekel, 1927, but regarded the coronates
as an order of the Crinoidea. Thus, the systematic
position of Rhombifera remained uncertain before
Kesling (1962) reinterpreted it on the basis of latexes
of a critical specimen in the Barrande — de Verneuil
collection in Paris. Kesling established that Rhombifera
was undoubtedly a glyptocystitoid rhombiferan, but
assigned it to a separate family, the Rhombiferidae,
based on its unique morphology.

Even so, several aspects of the morphology of
Rhombifera remained unknown to Kesling, due to
the rather poor preservation of specimens and their
tendency to fall apart soon after death. In addition,
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critical aspects of the morphology of the type species,
R. bohemica were overlooked, such as its triangular
cross-section. For 100 years Rhombifera was only
known from the Upper Ordovician (Sandbian—Katian)
of the Czech Republic and an unconfirmed listing
from Portugal (Delgado, 1908). Then, Hélene Renard
described a second species, R. mattei Renard,
1967, from the Montagne Noire, France. Renard’s
specimens were preserved in original calcite, rather
than Barrande’s natural moulds (Renard, 1967, 1968).
She confirmed the presence of a stem and the basal
circlet of plates, although not their number. According
to Renard (1967, fig. 1), R. mattei differed from R.
bohemica in having only three infralateral plates, and in
having rhombs present on all five lateral plates (Fig. 1B,
herein). Kesling (1962) had interpreted R. bohemica as
having five infralateral and lateral plates and only three
rhombs in each circlet (Fig. 1A). Yet Bather (1900, p.
57) had already claimed that Rhombifera had only
three plates in the lower circlet (infralaterals). Renard
was unable to identify the periproct in any specimens
of R. mattei, so her interpretation of individual lateral
plates is uncertain. More recently, Rhombifera has been
discovered in the Katian of Spain (Gutiérrez-Marco et
al., 1996; Villas et al., 2011; Colmenar et al., 2015),
Sardinia (Sumrall et al., 2015) and Morocco (Zamora
etal., 2022), although its presence in Portugal had long
been known (Delgado, 1908) which we can confirm.
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Figure 1. Interpretations of the plate arrangements in A, Rhombifera bohemica Barrande, 1867, after Kesling (1962, fig. 1);
B, Rhombifera mattei Renard, 1967, after Renard (1967, fig. 1); C, Rhombifera bohemica adopted herein. Details of the oral
(O1-05) and radial (R1-R5) plates copied from Kesling (1962, fig. 1). Widths of IL plates not necessarily to scale. Note that
Renard numbered the basal (B1-B3), infralateral (IL1-IL3) and lateral (L1-L5) plates from left to right, whereas the convention
(observed by Kesling and ourselves) is to number them from right to left, which equals clockwise in oral view. Note, too, that
infralateral plates are characterized by large, almost symmetrical rhombs, whereas the lateral plates have large, asymmetrical
rhombs with the shorter part adoral. This enables isolated rhomb-bearing plates to be identified and orientated. Furthermore, in
Renard’s interpretation of R. mattei all infralateral and lateral plates have two half rhombs.
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Current knowledge of its stratigraphic and geographic
distribution is summarized in Figure 2. Most recently,
Paul (2021) suggested that the genus Rhombifera
shows characters intermediate between glyptocystitoid
rhombiferans and blastoids sensu lato. Thus, a review
of the morphology of the genus Rhombifera is timely,
first to try to establish all its morphological features,
then to confirm interpretations of its plate homologies
or resolve any differences in interpretation, and finally
to test suggestions of its evolutionary significance.

FOSSIL LOCALITIES, STRATIGRAPHY AND AGE

Specimens of Rhombifera we have examined include
Barrande’s original type material as well as previously
unstudied material of the type species, R. bohemica,
from the Czech Republic preserved in the de Verneuil
— Barrande collection, now in Lyon, France, as well
as the original specimens seen by Kesling (1962)
which are still in Paris. Prokop and Petr (1999, tab.
1) record R. bohemica from the Liben, Letna, Vinice
and Zahotany formations, of the Berounian local stage,
which correlates with most of the Sandbian and the
lower part of the Katian international stages (Gutiérrez-
Marco et al., 2017, fig. 3; Kraft et al., 2023, fig. 4; Fig. 2
herein). New Spanish specimens of R. bohemica come
from both Piedra del Tormo and Huerva Members of
the Fombuena Formation of the Iberian Ranges, which
is also of mid and late Berounian age (Villas et al.,
2011, fig. 9; Colmenar et al., 2015, figs. 14, 19; Fig. 2
herein) as well as the Pizarras Intermedias Formation
of Guadarranque — Villuercas, and the Cantera Shales
of the Eastern Sierra Morena which are both of mid
Berounian age.

Portuguese material came from the sierra Peneda de
Goes, in the Améndoa-Macgao region (Delgado, 1908)
and the Queixoperra Member of the Cabeco do Peao
Formation from middle Berounian strata (Gutiérrez-
Marco in Roméao et al, 1995). In addition, Martin

(1990, p. 63) described and illustrated four specimens
of ‘Rhombifera sp.” from ‘the Upper Ordovician of
Fluminimaggiore, Cagliari Province, Sardinia’. Sumrall
et al. (2015, fig. 2l) illustrated a partial theca of
Rhombifera, which preserves parts of three infralateral
plates, from the lower Katian, Portixeddu Formation of
Sardinia, Italy (Loi et al., 2023, fig. 6). Zamora et al.
(2022, fig. 8m) figured a single lateral plate (L3) from
the Lower Ktaoua Formation near Tinerhir, Morocco.
Alvaro et al. (2022, fig. 2) regarded the Lower Ktaoua
Formation as of Berounian (early Sandbian to mid
Katian) age (Fig. 2; see also Colmenar et al., 2022).
Renard’s specimens of R. mattei all came from the
‘Calcaires a Cystoides’ at La Grange du Pin, Montagne
Noire, France, which is now referred to the Gabian
Formation, of late Katian (Kralodvorian Regional Stage)
age (Colmenar et al., 2013, fig. 2; Lefebvre et al., 2023,
fig. 9). Thus, it seems that R. bohemica ranges through
the Sandbian to the mid Katian (Berounian), whereas
R. mattei is slightly younger being confined to the late
Katian (Kralodvorian).

MATERIALS AND METHODS

The specimens studied herein occur as internal and
external moulds in fine-grained sedimentary rocks.
Latex casts were made from key specimens and the
casts whitened with ammonium chloride sublimated
for photography. Latex casts were photographed with
a Canon EOS 70 D digital camera. Measurements of
pectinirhombs and other morphological features were
made using a Kyowa binocular microscope with a
graticule eyepiece or from photographs that included
a mm scale. As we have seen no complete specimen,
we have also reviewed the literature, principally for
photographic illustrations to test our interpretation
of the thecal plate arrangement of Rhombifera.
Infralateral plates can be distinguished from laterals
by their more symmetrical rhombs (contrast Figs. 3D,
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Figure 2. Stratigraphic correlation of formations in which Rhombifera occurs. MN, Montagne Noire, France; BO, Bohemia; SA,
Sardinia; MO, Morocco; IR, Iberian Ranges, Spain; GV, Guadarranque — Villuercas, Spain; ESM, Eastern Sierra Morena, Spain;
AM, Améndoa — Magéo, South of the Central Iberian Zone, Portugal; Ma, million years before present; Ser., series.
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4A, 4B with Fig. 4D). With only three infralaterals and
three rhombs, as first suggested by Renard (1967),
all isolated infralaterals should have two half rhombs,
one on each side. With more than three infralaterals,
but three rhombs, at least some infralaterals of R.
bohemica should bear only one half-rhomb on one
side. So far, we have failed to find any infralaterals
with one half-rhomb. Thus, we conclude that Renard
was correct in her interpretation and that Kesling’s
(1962, fig. 1; 1968, fig. 82.1a, p. S178) restoration of
the infralateral circlet with five plates, as in all other
glyptocystitoid rhombiferans, was understandable, but
incorrect. Rhombifera mattei is distinguishable from R.
bohemica in that it has rhombs on all five L:L sutures
making a total of eight in all (Fig. 1B), whereas R.
bohemica has only three rhombs in both circlets; a total
of six (Fig. 1C).

2
Vi

Ray and interray designations follow Carpenter (1884,
1891). Plate circlet terminology (basals, infralateral,
laterals, radials and orals) follows Regnéll (1945).
Terminology of pectinirhombs follows Paul (1968).

Repositories and institutional abbreviations

Material described herein is deposited in the Museo
de Ciencias Naturales de la Universidad de Zaragoza
(MP2), the Natural History Museum, London (NHMUK),
the palaeontological collections of Paris-Sorbonne
University, Paris (SU.PAL), the National Museum,
Prague (NMP) and Lyon 1 University, Villeurbanne
(UCBL-EM), the Fernando Real Geology Museum,
University of Tras-os-Montes e Alto Douro, Portugal
(FRGM), and the Geological Museum of Lisbon
(Laboratério Nacional de Energia e Geologia) (GML).

Figure 3. Interpretation of plate arrangement in Rhombifera bohemica Barrande, 1867 from latex cast of MPZ 2023/92, Huerva
Member, Fombuena Formation, Santa Catalina (Fombuena), Spain. A, Lateral view of latex. Arrows point to two sutures on
either side of narrow, rhombless plate L4; B, the same with thecal outline (red) and plates sutures (yellow) highlighted; C,
interpretation of plate arrangement; B1, B3 basals, IL1, IL3 infralateral plates, L1, L4 and L5 lateral plates; D, enlargement of
basal plates and IL1:IL3 pectinirhomb. Suture between L1 and L5 not clear. Latex whitened with ammonium chloride; scale bars

=5 mm.
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SYSTEMATIC PALAEONTOLOGY

Class RHOMBIFERA Zittel, 1879

Order DICHOPORITA Jaekel, 1899. Emend. Paul,
1972

Superfamily GLYPTOCYSTITOIDA Bather, 1899

Diagnosis. (after Paul & Rozhnov, 2016, emended).
Dichoporite  rhombiferans  with  well-developed
xenomorphic stem consisting of rapidly tapering
proximal portion composed of alternating inner and
outer annular columnals and distal portion composed
of alternating longer and shorter cylindrical columnals;
theca composed of three or four basals, three or five
infralaterals, five laterals, four, five, six or ten radials,
and seven orals.

Remarks.  Glyptocystitoid rhombiferans typically
bear pectinirhombs, composed of endothecal canals
(dichopores) that open in slits and are developed
across the sutures between two thecal plates. One
or two genera, such as Macrocystella Callaway, 1877
and Amecystis Ulrich & Kirk, 1921, lack pectinirhombs,
but retain the characteristic stem and fixed plate
arrangement. Cuniculocystis Sprinkle & Wahlman,
1994, possesses modified epispires rather than
pectinirhombs, and is also unique in having ten radial
plates. Otherwise, glyptocystitoids vary little in their
thecal plate arrangement. Nevertheless, this diagnosis
is modified to accommodate Rhombifera, which is
unique in having only three basals, not the usual four,
and three infralaterals, not the usual five.

Family RHOMBIFERIDAE Kesling, 1962

Diagnosis. Glyptocystitoids with an elongate theca
composed of three plates in the basal and infralateral
circlets, plus five plates in the lateral and radial circlets
and seven orals; the infralaterals and laterals are very
large; the radials and orals small and alternate around
the mouth. Radials bear facets for a single, erect food-
gathering organ. Pectinirhombs confined to infralateral
and lateral plates.

Remarks. This diagnosis differs considerably from those
given previously due to the realization that Rhombifera,
the only genus in the family Rhombiferidae, has a
reduced number of basal and infralateral plates and
erect food-gathering structures arising from radial not
oral plates (Fig. 1C).

Genus Rhombifera Barrande, 1867

Type-species. Rhombifera bohemica Barrande, 1867,
from the lower and middle Berounian (= Sandbian and
lower Katian, Fig. 2; Gutiérrez-Marco et al., 2017) of
the Czech Republic.

Diagnosis. As for the family, which is monotypic.

Occurrence. Sandbian to early Katian international
stages, Czech Republic (Prokop & Petr, 1999),
Sandbian to mid Katian, Morocco (Zamora et al., 2022),
late Sandbian to mid Katian, Spain (Gutiérrez-Marco et

al., 1996; Villas et al., 2011; Colmenar et al., 2015) and
Portugal (Delgado, 1908; Jacinto et al., 2014), early to
mid Katian, Sardinia, Italy (Martin, 1990; Sumrall et al.,
2015), and late Katian of France (Renard, 1967).

Rhombifera bohemica Barrande, 1867
Figures 1C, 3-8, 10C, 10D

1867 Rhombifera Bohemica Barrande, 1867, p. 175, pl. 11,
figs. 1-13.

1879 Rhombifera Barrande; Zittel, p. 424.

1887 Rhombifera Bohemica Barrande; Barrande, p. 178, pl.
6, figs. 1-21.

1899 Rhombifera bohemica Barrande; Jaekel, p. 342, pl. 10,
fig. 8.

1900 Rhombifera Barrande; Bather, p. 57.

1908 Rhombifera bohemica Barrande; Delgado, p. 69, 83.

1928 Rhombifera bohemica Barrande; Boucek, p. 8, 27.

1937 Rhombifera bohemica Barrande; Boucek, p. 444.

1943 Rhombifera bohemica Barrande; Bassler & Moodey, p.
667.

1962 Rhombifera bohemica Barrande; Kesling, p. 281, pls.
1-2, text-figs. 1-2.

1966 Rhombifera bohemica Barrande; Havli¢ek & Vangék, p.
31, 53, 54, 56, 57.

1968 Rhombifera bohemica Barrande; Renard, p. 81, pl. 14,

1968 Rhombifera bohemica Barrande; Kesling, p. S178, fig.
82.1a-82.1c

1976 Rhombifera sp.; Wolf, p. 102, pl. 3, fig. 9.

1980 Rhombifera bohemica Barrande; Havli¢ek, p. 70.

1982 Rhombifera sp.; Ballestra et al., p. 58.

1990 Rhombifera sp.; Martin, p. 63, pl. 5, fig. 2, text-figs.
58-60.

1992 Rhombifera bohemica Barrande; Gutiérrez-Marco et
al., p. 80.

1995 Rhombifera bohemica Barrande; Roméao et al., p. 124.

1996 Rhombifera bohemica Barrande; Gutiérrez-Marco et
al., p. 11, pl. 2, figs. 1-5, 11 (non fig. 6).

1996 Rhombifera bohemica Barrande; Lifan et al., 1996, fig.
10.

2002 Rhombifera bohemica Barrande; Leone et al., p. 233.

2011 Rhombifera bohemica Barrande; Villas et al., p. 12, pl.

3, fig. g.

2014 Rhombifera bohemica Barrande; Zamora et al., p. 258,
fig. 1a.

2014 Rhombifera bohemica Barrande; Jacinto et al., p. 95,
fig. 1B.

2015 Rhombifera bohemica Barrande; Jacinto et al., p.
16-17, pl. 2, figs. A-G.

20152 Rhombifera bohemica Barrande; Jacinto et al., p. 164,
tab. 1.

2015 Rhombifera bohemica Barrande; Colmenar et al., p.
237, fig. 19A.

7?2015 Rhombifera sp.; Sumrall et al., p. 178, fig. 2(i).

2019 Rhombifera bohemica Barrande; Zamora et al., p. 22,
fig. 10(A).

2021 Rhombifera sp.; Paul, p. 53, figs. 6b, 19, 20A.

2022 Rhombifera sp.; Zamora et al., p. 596, fig. 8l, 8m.

Lectotype. As far as we are aware, no type has
previously been designated. We select as lectotype the
original of Barrande, 1867, plate 11, figure 5, now in
the National Museum, Prague (Reg. no. L13001), an
external mould which preserves some plates of the
infralateral, lateral, radial and oral circlets (Fig. 5). The
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Figure 4. Latexes of Rhombifera bohemica Barrande, 1867, from the Czech Republic (A, B, D—F) and Spain (C, G). A,
Paralectotype NMP L13000. External surface of large IL:IL pectinirhombs. Note short slits; B, SU.PAL.2017.054.15 Internal
surface of IL:IL pectinirhomb. Note traces of dichopores between pectinirhomb slits; C, lateral view of MPZ 2023/91 showing large
lateral plates plus some orals and radials (top). Note the lobate outline of the theca; D, ‘Kesling’s specimen’ SU.PAL.2017.054.16
showing complete oral and radial circlet. Note the external ornament; E, UCBL-EM 12149. Another example showing both the IL
and L circlets with two aligned rhombs; F, MPZ 2023/94, Huerva Member, Fombuena Formation, Santa Catalina (Fombuena),
Spain. External surface of a large infralateral plate showing fine vertical growth lines between the rhombs (centre top) and
similar horizontal traces of the dichopores within the rhombs (top right); G, lateral view of specimen MPZ 2023/90 showing
infralateral and lateral circlets. Latexes whitened with ammonium chloride; scale bars = 5 mm.
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specimen was illustrated again in Barrande (1887, pl.
6, fig. 21). Both illustrations are upside down in relation
to modern standard orientation, with the infralateral
plates above the laterals, and somewhat enhanced.
Plate 11, fig. 5 shows the correct left-right orientation
of the latex cast (see Fig. 5A), that is, it is a mirror
image of the preserved external mould. Plate 6, figure
21 shows the correct orientation of the external mould.
Remaining specimens illustrated by Barrande (1867)
become paralectotypes.

Type locality. According to Barrande, 1867, explanation
of plate 11, the lectotype and all other figured specimens
came from Vraz, Czech Republic.

Type horizon. The type horizon could be in the Letna,
Vinice or Zahofany formations (see Chlupac 2002a,
2002b; personal communication Petr Budil and Vojtéch
Turek). Early or mid Berounian regional stage, late
Sandbian or early Katian International stages. In recent
years all new material of Rhombifera has originated
from the Letna Formation.

Figure 5. Latexes of the lectotype of Rhombifera bohemica Barrande, 1867, NMP L13001. A, Lateral view showing the infralateral
plates (below), lateral plates (above) plus two orals and two radials (top). Note the very large IL:IL pectinirhomb (below) and
asymmetrical L:L pectinirhomb above; B, the same with outlines of the thecal plates indicated; C, interpretation of the visible
thecal plating. Radial plates red, orals yellow; D, detail of the top of the theca showing notch for periproct in plate L5 (arrowed);
E, slightly different view of top of theca with radial and oral plates indicated. Latexes whitened with ammonium chloride. IL2, IL3
Infralateral plates, L2—L5 Lateral plates, O oral plate, Pe notch for periproct, RR radial plates; scale bars = 5 mm.
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Material. Latex casts of internal and external moulds
of isolated plates and partial thecae in the Barrande —
de Verneuil collections, Lyon and Paris, France (SU.
PAL.2017.0.54.15-16, UCBL-EM.12146—-12150), and
the Barrande collectioninthe National Museum, Prague,
Czech Republic; specimens in the Czech Geological
Survey, Prague; partial thecae from the Fombuena and
Cantera Shale formations, Fombuena (Zaragoza) and
Viso del Marqués (Ciudad Real), respectively, Spain
(MPZ); Cabeco do Pedo Formation, Portugal; and
from the Lower Ktaoua Formation, Tinerhir, Morocco
(NHMUK EE14792)

Diagnosis. A species of Rhombifera with six
pectinirhombs; three each in the infralateral and lateral
plate circlets.

Description. Rhombifera had a long stem, an
elongate theca (Fig. 3), triangular in cross-section
aborally (Fig. 4A below), more quadrate adorally with
distinct shoulders (Fig. 4C) and a small flattened oral
prominence with five, rounded facets for unknown
erect feeding structures (Fig. 4D).

The stem is circular; 17 mm of the proximal stem are
preserved in specimen MPZ 2023/92 (Fig. 3A) where it

Figure 6. Latexes of Spanish Rhombifera bohemica
Barrande, 1867, specimen MPZ 2023/90, Cantera Shales
Formation, Viso del Marqués, Spain. A, lateral view showing
complete infralateral rhomb (below left) with most of a lateral
rhomb directly above it. Note the top of the basal plate below
the lower rhomb; B, another lateral view showing the same
two rhombs. Latexes whitened with ammonium chloride;
scale bars =5 mm.

is slightly curved and tapers from 4.2 mm diameter at
the base of the theca, to 3.0 mm where the latex ends. It
is composed of thin, presumably annular columnals but
no sign of a lumen remains. Externally the columnals
have a weak central ridge encircling them and about 30
outer columnals remain on the latex.

The theca is very elongate, measuring 30.1 mm high
by 3.9 mm maximum width in specimen MPZ 2023/90
which is incomplete orally (Figs. 4G, 6A, 6B). It was
composed of five plate circlets, basals (abbreviation B,
plural BB), infralaterals (IL, ILL), laterals (L, LL), radials
(R, RR) and orals (O, O0), arranged as in Figure 1C.
There were three relatively small basals, which taper
into the stem in MPZ 2023/92 (Fig. 3A) and alternate
with the three, elongate infralaterals above in MPZ
2023/90 (Fig. 6A, 6B). The infralaterals are the largest
plates in the theca and bear large, nearly symmetrical
pectinirhombs with 60 or more dichopores (Fig. 3D).
The rhombs occupy the flat sides of the triangular
lower theca (Fig. 4A, 4B), whereas the ILL plates bear
ridges down their centres forming the angles of the
triangle (Fig. 4F) Above the IL circlet is the L circlet
composed of five large plates (Fig. 4E). The vertical
sutures between the IL plates align with three of the
sutures between the L plates (Figs. 1C, 4E, 6A, 6B).
So, the L5:L1 suture is slightly offset to the left of
the IL3:IL1 suture, L2:L3 is slightly offset to the right
of IL2:IL3 and L1:L2 is slightly to the right of IL1:IL2.
The slight offset of the almost aligned vertical sutures
enables identification of individual plates of incomplete
specimens that preserved parts of both plate circlets
(Figs. 4E, 5A-5C). Lateral plates also bear large,
asymmetrical pectinirhombs with up to 40 or more
dichopores in the lower demirhomb but only three or
four in the adoral demirhomb (Fig. 4D). Lateral plates
are distinctly shouldered at the level of their rhomb
axes (Fig. 4C) and the thecal outline becomes lobate.

Pectinirhombs are confined to the infralateral and
lateral circlets (Figs. 1C, 5A-5C) three rhombs in
each circlet, and orientated so that if the thecal axis is
vertical all the dichopores are horizontal (Fig. 4A, 4B,
4D). Pectinirhombs only cross sutures between plates
of the same circlet and can be identified by the two
plates on which they occur. So, R. bohemica has three
IL:IL rhombs, IL1:IL2, IL2:IL3 and IL3:IL1, plus three
L:L rhombs, L1:L2, L2:L3 and L5:L1 (Fig. 1C). They
all have disjunct dichopores with short slits at either
end (Figs. 4A, 5A). Externally, rhomb-bearing plates
are ornamented with traces of the dichopores within
the rhombs, as well as fine growth lines interrupted
periodically by more prominent growth lines outside the
rhombs, thus forming a reticulate ornament. (Figs. 4D,
5A, 6B). Lateral grooves at the most prominent growth
lines continue between the prominent ridges on the
shoulders of the lateral plates (Figs. 4C upper right, 4D,
7A). If annual, they suggest Rhombifera lived for about
seven years. Internally, the plates are smooth except
within the half-rhombs where traces of the dichopore
walls show as fine raised ridges (Figs. 4B, 8B). The
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dichopore slits are short (Figs. 5A, 5E, 8A), usually oval
and typically two to three times as long (parallel to the
dichopores) as wide. Slit spacing varies from one slit
per 0.310 mm to 0.653 mm (N = 34, with a mean of
0.435 mm in examples from the Czech Republic, and
from one slit per 0.389 mm to 0.619 mm with a mean
of 0.484 mm (N = 10) in Portuguese examples (Tab. 1).
The flat oral prominence is composed of thick
alternating radial and oral plates (Fig. 4C top)
surrounding the oval mouth (Fig. 7A, 7B). The mouth
frame was formed by five, crudely T-shaped orals (for
example, plate O4, Fig. 7C). These alternate with five,
roughly equant radial plates (R1-R4 and R6, Fig. 7C),
each of which bears a circular depression interpreted
as the facet for attachment of unknown, erect, feeding
structures (presumably biserial brachioles as in all
other glyptocystitoid rhombiferans where the feeding
structures are preserved). The facets are connected to
the mouth by short food grooves (see plates R3 and
R4, Fig. 7C). The CD interradius can be recognized by
the presence of three oral plates (01, 06, O7, Fig. 7C).
A small roughly triangular depression across the 01:07
suture is interpreted as the hydropore and a circular pit
across the 06:07 suture as the gonopore (Fig. 7C).
The periproct is surrounded by only two lateral plates
(L4 and L5) and lies near the oral prominence at the top
of the lateral plate circlet in the BC interray (P Fig. 1C,
Arrow Fig. 5D, Pe Fig. 5E).

Occurrence. Prokop and Petr (1999, tab. 1) record R.
bohemica from the LibeR, Letna, Vinice and Zahofany
formations, of the Berounian local stage, which
correlates with most of the Sandbian and the early
Katian international stages (Gutiérrez-Marco et al.,
2017, fig. 3). New Spanish specimens of R. bohemica
come from the Cantera Shales and Fombuena
formations, which are also of Berounian age (Villas et
al., 2011, fig. 9; Colmenar et al., 2015, figs. 14, 19).

Discussion. At first sight it appears that Barrande (1867,
p. 176) was clear that what we now call the infralateral
circlet was triangular in section and contained just three
almost equal-sized plates. Unfortunately, this is not as
certain as it seems because Barrande consistently
illustrated examples upside down with respect to the
standard modern orientation (Barrande, 1867, pl. 11,
fig. 5; 1887, pl. 6, figs. 7, 8, 10, 21). Equally, in at least
one case (Barrande, 1887, p. 175) he refers to an
example as having a triangular base with a rhomb on
each of its three sides (Barrande, 1887, pl. 6, figs. 4, 5).
To us this specimen is more quadrate than triangular
in cross section and clearly shows the oral surface.
Nevertheless, some of his original illustrations do justify
his statement (Barrande, 1867, p. 176) “that the general
shape of the calyx of Rhombifera is that of an elongated
truncated pyramid, with a triangular base. The 3 faces
of this pyramid are equal they form between them
equal dihedral angles, as indicated by the transverse
section PI. 11, fig. 13”. Furthermore, Barrande (1867,
pl. 11, figs. 1-3) showed opposite views of a crushed

infralateral circlet, with three rhombs and no space at
all where additional plates without rhombs could exist.
Barrande (1887, p. 174) made this same point about
plate 6, figures 18 and 19, which though upside down
also show opposite sides of the infralateral circlet with
three rhombs and no space for additional plates.

Bather (1900, p. 57) was equally clear that Rhombifera
had a triangular theca. He wrote “Theca elongate,
triangular in section; appears composed of two circlets
—alower, of three plates united by strong stereom folds,
visible exteriorly only as terminal pores outlining “pore-
rhombs”. One presumes Bather followed Barrande’s
descriptions, but Barrande consistently got the
orientation of the theca wrong, so why did Bather think

Figure 7. Detail of the oral area of Rhombifera bohemica
Barrande, 1867, SU.PAL.2017.054.16. A, View of the oral
prominence surrounding the mouth (M); B, the same with
the interpretation of the five equant radial plates (R1-R5)
with circular ambulacral facets alternating with the narrower
oral plates (01-07). Note the three oral plates (lower right)
with two associated pits interpreted as the gonopore (G) and
hydropore (H); latex whitened with ammonium chloride; C,
interpretation of the plating and orifices; scale bars = 1 mm.
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Table 1. Slit-spacing in the pectinirhombs of Rhombifera bohemica Barrande, 1867.

Specimen Rhomb Position Internal/external No. slits Spacing (mm) Comment

NMP L13001 1L2:IL3 Axial in IL2 External 10 0.310 Lectotype

NMP L13001 1L2:IL3 Basal in IL2 External 10 0.395 Lectotype

NMP L13001 L2:L3 Aboral in L3 External 10 0.405 Lectotype

NMP L13001 L2:L3 Axial in L3 External 10 0.315 Lectotype

NMP L10799 IL:IL Axis up Internal 10 0.400 Paralectotype

NMP L10800 IL:IL Base Internal 10 0.400 Paralectotype

NMP L13000 IL:IL Base External 10 0.440 Paralectotype, same rhomb
NMP L13000 IL:IL Axis up External 10 0.445 Paralectotype, same rhomb
NMP L13000 IL:IL Top External 10 0.410 Paralectotype, different rhomb
NMP L13104 L1:L2 Top (Axial) Internal 10 0.500 Paralectotype, c. 20 dichopores
NMP L13106 L1orL2 Top (Axial) Internal 10 0.440 Paralectotype c. 30 dichopores
NMP L13107 L:L Aboral Internal 10 0.410 Paralectotype c. 38 dichopores
NMP L13109 IL:IL Above axis Internal 10 0.400 Paralectotype
SU.PAL 2017.054.16 L1:L2 Aboral half External 10 0.425 Figured, measured in L1
SU.PAL 2017.054.16 L1:L2 Top (Axial) External 8 0.547 Figured, measured in L2
SU.PAL 2017.054.16 L1:L2 Aboral External 9 0.506 Figured, measured in L1
SU.PAL 2017.054.17 IL:IL Base Internal 10 0.445 Figured, in same half-rhomb
SU.PAL 2017.054.17 IL:IL Axial Internal 10 0.335 Figured, in same half-rhomb
SU.PAL 2017.054.17 IL:IL Top Internal 7 0.653 Figured, in same half-rhomb
UCBL-EM 12146 IL:IL Base Internal 10 0.520

UCBL-EM 12146 IL:IL Axial Internal 10 0.430

UCBL-EM 12146 IL:IL Top Internal 10 0.470

UCBL-EM 12147 IL:IL Axial Internal 10 0.330

UCBL-EM 12147 IL:IL Base or top Internal 10 0.420

UCBL-EM 12148a L:L Top (Axial) Internal 10 0.350

UCBL-EM 12148a L:L Nearly aboral Internal 10 0.460

UCBL-EM 12148b IL:IL Axial Internal 10 0.380

UCBL-EM 12148b IL:IL Base Internal 10 0.480

UCBL-EM 12149 L:L Upper half External 10 0.440

UCBL-EM 12149 L:L Aboral half Internal 10 0.480

UCBL-EM 12149 IL:IL Axial Internal 10 0.410

UCBL-EM 12149 IL:IL Top Internal 10 0.400

UCBL-EM 12150a IL:IL Above axis External 10 0.420

UCBL-EM 12150b IL:IL Above axis Internal 7 0.612

Mean spacing 0.4348 mm

Standard deviation 0.0749 mm

Coefficient of variation 17.235 %

Portuguese examples

FRGM CP089a IL:IL Axial internal 10 0.4306

FRGM CP089a IL:IL basal internal 10 0.3889

FRGM CP089a IL:IL Adoral internal 10 0.4722

FRGM CP089a L:iL Aboral External 10 0.5000

FRGM CP089b IL:IL Axial internal 10 0.4667

FRGM CP089b IL:IL basal internal 10 0.4000

FRGM CP089b IL:IL Adoral internal 10 0.4933

GML DM1 IL:IL Adoral External 10 0.6190

GML DM1 L:L Aboral External 10 0.4762

GML DM1 IL:IL Above axis External 10 0.5952

Mean spacing 0.4842 mm

Standard deviation 0.0748 mm

Coefficient of variation 15.457 %

the lower circlet (i.e., the infralaterals) had only three
plates? Thus, Renard’s (1967, fig. 1) plate diagram
illustrating R. mattei as having only three equal basal
plates and three equal infralateral plates was not novel.
Kesling (1962, p. 281 et seq.) introduced two alternative
statements. First, he stated (p. 281) “Theca usually
elongate, bipyramidal with the adoral and aboral halves
shaped like high, square, truncated pyramids attached
base-to-base.” (our emphasis). Secondly (p. 282) he
added “Four ILL known from steinkerns described
by Barrande (1867, p. 175-179; 1887, p. 175-178).
Jaekel indicated a fifth IL in his reconstruction (1899,
pl. 10, fig. 8), but he did not explain whether it was
based on observed or hypothetical specimens.” The

only logical explanation for Kesling’s second statement
is that he knew from the key specimen he described
that there were five lateral plates with three rhombs
and from Barrande’s original illustrations that the
sutures between the two half-rhombs were aligned in
the infralateral and lateral circlets. Thus, if the three
lateral rhombs were L5:L1, L1:L2 and L2:L3 involving
four lateral plates, L1, L2, L3 and L5, he assumed the
infralateral circlet was identical with rhombs IL5:IL1,
IL1:IL2 and IL2:IL3 (Fig. 1A). However, with only three
infralateral plates, the sutures dividing the rhombs can
still be aligned in both circlets if the infralateral rhombs
are IL3:IL1, IL1:IL2 and IL2:IL3 (Fig. 1B). Indeed,
Barrande’s cross section (1867, pl. 11, fig. 13) shows
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precisely this arrangement, although without identifying
either infralateral plates or rhombs. Thus, we conclude
that both R. bohemica and R. mattei had three equal
infralaterals and therefore three equal basals, two of
which are clearly visible in MPZ 2023/92. Kesling’s
specimen (SU.PAL.2017.054.16.) confirms that there
were also five laterals, five radials and seven orals.
Thus, Rhombifera had a plate formula of 3BB, 3ILL,
5LL, SRR and 700 (Fig. 1C). No other glyptocystitoid
rhombiferan has fewer than five infralateral plates.

ORIGIN OF RHOMBIFERA

Rhombifera is characterized by a theca composed of
five plate circlets with a formula of 3BB, 3ILL, 5LL,
5RR and 700, as well as disjunct pectinirhombs with
discrete dichopores that open in small oval pores. The
presence of pectinirhombs suggests that the sister
group must lie within the superfamily Glyptocystitoida
Bather, 1899, but precludes the monotypic families
Macrocystellidae Bather, 1899, and Cuniculocystidae
Sprinkle & Wahlman, 1994, which lack pectinirhombs.
The families Cheirocrinidae Jaekel, 1899, Pleuro-
cystitidae Neumayr, 1889, and Glyptocystitidae
Bather, 1899, are precluded because they retain
the plesiomorphic six radial plates and have a large
periproct surrounded by three to five thecal plates. The
monotypic family Cystoblastidae Jaekel, 1899, is also
precluded as it has only four lateral plates. This leaves
the families Echinoencrinitidae Bather, 1899, and
Callocystitidae Bernard, 1895, by default. The latter
is characterized by advanced disjunct pectinirhombs
with confluent dichopores and vestibule rims, whereas
several echinoencrinitid genera, including the type
genus Echinoencrinites von Meyer, 1826, have thecae
with closed plate circlets, five radials and pectinirhombs
with discrete dichopores opening in very short, oval
slits. Furthermore, echinoencrinitids are characterized
by reduced oral areas, as is Rhombifera, and typical
pectinirhombs of Echinoencrinites open as small oval
pores less than twice as long as wide. Altogether,
Echinoencrinites appears to be the best candidate for
sister group to Rhombifera. Kesling (1962, p. 285-286)
came to the same conclusion for similar reasons.
Nevertheless, Rhombifera is unique among all
glyptocystitoids in having only three basals and three
infralaterals, as well as a unique plate arrangement in
which some plate sutures in the infralateral and lateral
circlets are aligned in an interradial position, whereas
normally the sutures alternate radial (IL) and interradial
(LL). Furthermore, the small radial plates are centrally
aligned in re-entrants to the lateral plates. Rhombifera
also has a periproct surrounded by only two plates, L4
and L5. All these points are sufficient, in our opinion, to
justify retention of the monotypic family Rhombiferidae
Kesling, 1962.

Discussion. In comparison with more typical
echinoencrinitids, the theca of Rhombifera bohemica

Figure 8. External (A) and internal (B) views of GML
specimen showing the relatively smooth external surface
and prominent pectinirhombs, Queixoperra Member of the
Cabego do Pedo Formation, Peneda de Goes, Améndoa-
Magcéo, Portugal; scale bars = 5 mm.

Barrande, 1867, type species of Rhombifera, is very
elongate. The three basals are small and lack any half
pectinirhombs. From the position of the periproct it is
clearthatthe undeveloped basal was B4 and the missing
infralaterals were IL4 and IL5. The three remaining
infralaterals are greatly expanded in an ad-aboral
direction, accounting for over half the thecal height, and
bear three large almost symmetrical pectinirhombs with
60 or more dichopores. The largest infralaterals reach
nearly 50 mm height (Fig. 4F). The aboral portions of
the laterals are similarly greatly enlarged but the adoral
portions are not, giving rise to decidedly asymmetrical
pectinirhombs with 40 or more dichopores in the aboral
portion (below the axis) and five or fewer in the adoral
portion. It is also doubtful that the dichopores adoral
to the axis were fully functional in life. Some vertical
sutures between the laterals align with those between
the infralaterals. The periproct is high on the theca
close to the oral ring. Two laterals, L4 and L5, form
the periproct border, L5 contributing the larger portion.
Only two periproct border plates is unknown in any
other glyptocystitoid rhombiferan, although plate L5 is
commonly the plate contributing the largest portion of
the periproct border. Equally, the periproct is near the
adoral margin of the lateral plates and therefore much
higher in the theca relative to other glyptocystitoids. In
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contrast to the infralaterals and laterals, the radials and
orals are greatly reduced, alternate with each other and
form a slightly raised oral ring around the mouth. The
radial circlet was the last to form in ontogeny (Sumrall
& Sprinkle, 1999), and is paedomorphic in that all the
radials are small, pyriform plates isolated from each
other by the orals. This is another unique character of
Rhombifera, as is the fact that facets for ambulacral
feeding structures (presumably brachioles) lie on the
radial plates, which have short food grooves adorally.
In addition, the adoral ends of the laterals bear curved
indentations into which the isolated radials fit. Thus, the
infralateral, lateral and radial circlets have plates that
are all aligned in aradial position, rather than alternating
with each other; another unique feature of Rhombifera.
Seven inter-radial orals occur, three above the other, in
the CD interambulacrum (Fig. 7C) and one each in the
other four interambulacra.

To derive Rhombifera from a typical echinoencrinitid,
such as Echinoencrinites, requires expanding the
relative length of the proximal stem; reducing the number
of basals and infralaterals to three; greatly expanding
the infralateral and lateral plates in an ab-adoral
direction; confining the rhombs to the infralateral and
lateral circlets and aligning rhombs in the two circlets
one above the other; raising the periproct to become
relatively closer to the oral prominence; intercalating the
radial and oral plates; and developing the brachioles on
the radial, not the oral, plates. In all these respects we
think Rhombifera was a highly derived glyptocystitoid,
although the oral prominence with its small, isolated
radial plates is probably paedomorphic.

RELATIONSHIPS TO OTHER BLASTOZOANS

Paul (2021, p. 53) suggested that Rhombifera was the
closest sister group to the blastoids s./., which include
the eublastoids, coronates and the Silurian genus
Lysocystites Miller, 1889. Bauer et al. (2022) criticised
the cladistic analysis that accompanied this suggestion.
In addition, a new interpretation of the thecal plate

arrangement in hemicosmitoid rhombiferans became
known while the original paper was in press (Paul &
Toom, 2021). The new interpretation suggested that
hemicosmitoid and glyptocystitoid rhombiferans shared
homologous thecal plates but arranged in three circlets
in the former and four in the latter. This interpretation
implies that the dichopores forming the rhombs in both
groups could also be homologous. Briefly, if the cladistic
analysis were done now, several hemicosmitoid
and glyptocystitoid characters would be coded in
significantly different ways. Furthermore, the preceding
description of the anatomy of the genus Rhombifera
itself enables us to code characters for Rhombifera,
such as the three basal and three infralateral plates,
that were unknown or unconfirmed when the original
analysis was undertaken. Altogether, it is appropriate to
repeat the analysis in the light of all these facts.

A phylogenetic analysis was undertaken by one of
us (BL) using PAUP (version 4.0a build 169). Paul’s
(2021) original analysis included 14 taxa to which we
have added Echinoencrinites von Meyer, 1826, and
Cystoblastus Volborth, 1867 (Tab. 2). All parsimony-
based analyses were far more informative than all
maximum likelihood analyses, so only those results
are presented here. All parsimony analyses produced
the same consensus topology (Fig. 9), but varied in
tree length, number of equally parsimonious trees and
standard indices. Separate analyses were run for the
original hypotheses of plate homology presented in
Paul (2021, tab. 2) where homologues of glyptocystitoid
infralaterals were considered present in all blastoids
s.l. (hypothesis A) and the revised plate homologies
presented here in which infralaterals are considered
absent in all blastoids (hypothesis B; Tab. 3, Fig. 10).
Heuristic searches produced six equally parsimonious
trees under hypothesis A of length 78 and consistency
index of 0.667. Identical searches under Hypothesis
B produced nine equally parsimonious trees of length
75 and consistency index of 0.667. We conclude that
hypothesis B is preferable to the original hypothesis.

Table 2. Key genera discussed in the text and used in the phylogenetic analyses.

Higher taxon Family Genus Age Key Reference

‘Out group’ Eocrinidae Akadocrinus Middle Cambrian Nohejlova and Fatka (2016)
Cambrocrinidae Cambrocrinus Upper Cambrian Dzik and Orlowski (1993); Zamora (2012)
unassigned Ridersia Upper Cambrian Zamora et al. (2017)
unassigned Sanducystis Upper Cambrian Zamora et al. (2017)

Glyptocystitoids Macrocystellidae Macrocystella Tremadocian Paul (1984); Nardin et al. (2009)
Echinoencrinitidae Echinoencrinites Floian-Dapingian Bockelie (1981); Paul and Rozhnov (2016)
Rhombiferidae Rhombifera Sandbian-Katian This paper; Kesling (1962)
Callocystitidae Lepadocystis Katian Sumrall and Carlson (2000); Sumrall and Waters (2012)
Cystoblastidae Cystoblastus Darriwillian-Sandbian Paul and Toom (2021)

Hemicosmitoids Caryocrinitidae Caryocrinites Katian-Silurian Frest (1975); Sprinkle (1975); Lanc et al. (2015)
Hemicosmitidae Hemicosmites Darriwillian Bockelie (1979); Sumrall and Waters (2012)
Thomacystidae Thomacystis Katian Paul (1984)

Blastoids sensu lato Lysocystitidae Lysocystites Silurian Wenlock Sprinkle (1973)

Coronates Stephanocrinidae Stephanocrinus Katian-Silurian Brett et al. (1983)

Eublastoids unassigned Macurdablastus Katian Broadhead (1984); Bauer et al. (2019)
Codasteridae Codaster L Carboniferous Breimer and Macurda (1972); Macurda (1983)
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DISCUSSION

Table 3 summarizes the new interpretations of plate
homologies since Paul (2021). Paul (2021, tab. 2, p.
48) suggested that the basal, infralateral, lateral and
radial plate circlets of glyptocystitoid rhombiferans were
homologous with the basal, radial, deltoid and lancet
plates of blastoids, respectively. The orals (or periorals)
of glyptocystitioids were thought to be homologous
with the first ambulacral side plates of blastoids (Tab.
3A). Now that we know Rhombifera had only three

100%

83

infralateral plates, the possibility that the transition from
Rhombifera to blastoids involved the complete loss of
the infralateral circlet needs to be considered (Tab. 3B).
The basal which is lost between Echinoencrinites
and Rhombifera is B4, which occupies the AB and
BC interrays. In Lysocystites, coronates and most
eublastoids the small basal is in the AB interray.
Similarly, the ILL plates lost between Echinoencrinites
and Rhombifera are IL4 and IL5, but under the original
hypothesis the number was restored to five in blastoids
s.l. So, one advantage of the new hypothesis is that

Thomacystis

100%

100%

| 100% Caryocrinites
Hemicosmites

- Hemicosmitoida

100% Codaster 7
Macurdablastus

- Blastoidea s.1.

100%

Lysocystites

Stephanocrinus |

Rhombifera

100%

Cystoblastus

Lepadocystis
Echinoencrinites

- Glyptocystitoida

Cheirocystella
Macrocystella

Sanducystis

100%

Ridersia
— Cambrocrinus

L Akadocrinus

Figure 9. Cladogram derived from the two hypotheses that Lysocystites, coronates and eublastoids lack homologues of either
the orals or the infralaterals of glyptocystitoids. See text for further explanation.

Table 3. Plate homologies in blastozoans with tetraserial ambulacra under the two hypotheses of plate homologies in blastoids s./.

A Homologues with infralaterals present.

EAT Circlets Hemicosmitids Thomacystis'  Glyptocystitoids Rhombifera? Lysocystites® Coronates* Eublastoids
Axial Brachioles ? Brachioles ? ? Brachioles Brachioles
Trunk plates ? Floor plates ? ? Brachiolar trunk Side plates
Extraxial
Perforate 5 ? Adorals (5) Periorals (7) Periorals (7) ? ? ?
4 ‘Radials’ (9) Radials (4-6,10) R1-R4,R6  Ambulacrals (5) unkmounting ) .o ots (5)
plates (5)
3 L2-L5 + R1-R3, R5, R6 :%254"2(; R1,R3, L1-L5 L1-L5 Orals (5) Deltoids (5) Deltoids (5)
2 IL1-IL5 + L1 IL1-IL5 + L1 IL1-IL5 IL1-IL3 Radials (5) Radials (5) Radials (5)
Basals (4) Basals (3) B1-B4 B1-B3 Basals (3) Basals (3) Basals (3)
Imperforate Stem Stem Stem Stem Stem Stem Stem
B Homologues with infralaterals absent.
EAT Circlets Hemicosmitids Thomacystis' Glyptocystitoids Rhombifera? Lysocystites’® Coronates* Eublastoids
Axial Brachioles ? Brachioles ? ? Brachioles Brachioles
Trunk plates ? Floor plates ? ? Brachiolar trunk Side plates
Extraxial
Perforate 5 ? Adorals (5) Periorals (7) Periorals (7)  Orals (5) Deltoids (5) Deltoids (5)
4 ‘Radials’ (9) Radials (4-6,10) R1-R4,R6  Ambulacrals (5) Tunkmounting .. ots (5)
plates (5)
3 L2-L5 + R1-R3, R5, R6 E%—Lsg R1,R3, L1-L5 L1-L5 Radials (5) Radials (5) Radials (5)
2 IL1-IL5 + L1 IL1-IL5 + L1 IL1-IL5 IL1-IL3 Absent Absent Absent
1 Basals (4) Basals (3) B1-B4 B1-B3 B1-B3 B1-B3 B1-B3
Imperforate Stem Stem Stem Stem Stem Stem Stem

" Paul (1969), 2 Herein, 3 Sprinkle (1973), 4 Brett, et al. (1983).
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this loss of some IL plates followed by their restoration
becomes unnecessary. In Echinoencrinites the lateral
plates are interradial in position, whereas they are
radial in position in Rhombifera. Under the original
hypothesis they become interradial ‘oral frame plates’ in
Lysocystites, coronates and eublastoids (Fig. 10).
Thus, again the original hypothesis involves a reversal
of position from interradial to radial and back again
to interradial. This second evolutionary reversal is
unnecessary under the new hypothesis. Another advan-
tage of the new hypothesis is that in Rhombifera the
radials are aligned with the laterals in small embayments
that have the same topological relationship as the
lancets do to the ‘radials’ of eublastoids. In Rhombifera
the laterals are unusual in being positioned radially,
so this requires a single change of the laterals from
interradial in Echinoencrinites to radial in Rhombifera.
There is no problem with the relationship of the basals
to the plate circlet above. Blastoid basals remain
basically interradial under this new hypothesis and
alternate with the radially-positioned laterals (Fig.
10). The new hypothesis offers potential homologies
between the individual basal plates of Rhombifera and
those of blastoids s./. If the infralateral circlet was lost
entirely, the three basals would be forced to fit against
the five lateral plates. The apex of B3 in Rhombifera is
aligned with the junction between L3 and L4, which is in
the AB interradius. Thus, under the new hypothesis, B3
of Rhombifera is homologous with the small basal, and
B1 and B2 represent the two large basals, of blastoids
s.l. (Fig. 10).

Equally, the new position of the laterals is consistent
with the alternation of position seen in blastoids. Under
the new hypothesis the radials of blastoids (=laterals of
Echinoencrinites) alternate with the deltoids (=periorals
of Echinoencrinites), as they do in Rhombifera.
Thus, most of the changes required under the new
hypothesis took place between Echinoencrinites and
Rhombifera, including the reduction of the number of
orals forming the mouth frame from six to five. The last
can be explained equally well under both hypotheses.
The new hypothesis means that the periorals now bear
half the blastoid hydrospires, which is counter to the
predictions of the Extraxial Axial Theory (EAT; Mooi &
David, 1997), if orals are axial skeleton as suggested by
Paul (2021, p. 46). Thus, although the new hypothesis
explains several unique features of Rhombifera, it may
create new difficulties in the homology of the deltoids
of blastoids.

In glyptocystitoids with open plate circlets pectinirhombs
never develop between plates of originally non-
adjacent circlets, i.e., across B:L, IL:R or L:O sutures.
In eublastoids and coronates the pore structures are
always across originally non-adjacent plates at the L:O
sutures under hypothesis B. This raises two potential
difficulties; the presence of pore structures across non-
adjacent plates and the presence of pores in oral plates
which were previously thought to be axial skeleton
under the EAT. All hemicosmitoids have cryptorhombs

across plates of non-adjacent circlets. Plate L1 lies
in the infralateral circlet so the B1:L1 cryptorhomb is
‘non-adjacent’. Similarly, the IL1:R1, IL2:R2 and IL3:R3
cryptorhombs are ‘non-adjacent’. So, presence of
‘non-adjacent’ pore structures is not confined to the
eublastoids and coronates among the Dichoporita.
Paul (2021, p. 46) argued that in dichoporites with
branched ambulacra the brachioles always arose from
a pair of flooring or main trunk plates. He interpreted
the flooring and main trunk plates as the first two
modified brachiolar plates. The very first brachiole in
each ambulacrum arose from a facet shared by an
oral plate and another plate that Sumrall and Waters
(2012, fig. 1) labelled ‘L’ plates. Extending this logic
about flooring plates, Paul (2021) suggested that the
oral and L plates were also modified first brachiolar
plates and by extension axial skeleton under the EAT.
Now, with pore structures developed in homologues
of dichoporite orals, i.e., the deltoids of blastoids and
coronates, it seems much more likely that these plates
are part of the perforate extraxial skeleton under the
EAT. This is compatible with the fact that blastoids have
from 1-7 posterior deltoids since extraxial skeletal plates
may develop anywhere under the EAT. It also brings
the deltoids into line with the orals of ambulacralian
diploporites, which always bear diplopores, but never
bear brachioles. So, we also amend the interpretation
of dichoporite oral plates as being part of the perforate
extraxial skeleton. This is in line with the fact that the
posterior orals are usually associated with fundamental
orifices, such as the hydropore and gonopore which are
also characteristic of the perforate extraxial skeleton
under the EAT.

Rhombifera has lost B4, IL4 and IL5 compared with
Echinoencrinites. All the plates lost in Rhombifera are
posterior and the periproct has moved up the theca to
the top of the radial circlet. Thus, the movement of the
periproct and hind gut may be associated with the plate
loss. Blastoids appear to have inherited three more
or less equal basals. Alvarez-Armada et al. (2023)
described the gut of the blastoid Hyperoblastus reimani
(Kier, 1952), which scarcely extends below the level of
the hydrospires. This observation is consistent with
idea that in the transition from Rhombifera to blastoids
s.l., all the remaining infralateral plates were lost.
When one considers the position of the basals in
blastoids, the small basal usually lies in the AB
interradius. In Echinoencrinites, the single large
basal, occupies the AB and BC interradii. Thus,
positional arguments make it difficult to homologize
the individual basal plates between typical blastoids
s.l. and all glyptocystitoids other than Rhombifera.
The single small basal of blastoids s./. corresponds
to half the single large basal of glyptocystitoids.
However, if Rhombifera is an intermediate between
glyptocystitoids and blastoids, it lost the single large
basal before the blastoids evolved. With five ‘radial’
plates in the circlet above the three basals, it is a
geometric necessity to have two large and one small
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Figure 10. Plate diagrams illustrating the two hypotheses that Lysocystites, coronates and eublastoids lack homologues of either
the orals (hypothesis A, E-J) or the infralaterals (hypothesis B, K—P) of glyptocystitoids. Evolution is thought to have gone from
Echinoencrinites (A, B) to Rhombifera (C, D) and then to Lysocystites (E, F, K, L), coronates (G, H, M, N) and eublastoids (I, J,
0O, P). A-B, oral and lateral views of Echinoencrinites von Meyer, 1826; C-D, oral and lateral views of Rhombifera Barrande,
1867; E—F, K-L, oral and lateral views of Lysocystites Miller, 1889; G, H, M, N, oral and lateral views of Stephanocrinus Conrad,
1842; 1 and O, lateral views of a generalized eublastoid. J and P, oral views of the fissiculate eublastoid Codaster McCoy, 1849.
Key, Amb ambulacral; BB basal plates, ILL infralateral plates, LL lateral plates, RR radial plates, OO oral plates. Primary orifices
(mouth, anus, gonopore and hydropore) black. A redrawn from Kesling (1968, fig. 89.2b, p. S185); B redrawn from Bockelie
(1981, fig. 2a, p. 80); E and K redrawn from Sprinkle (1973, figs. 34-35); F and L redrawn from Paul (2021, fig. 20B, p. 54; pp.
140-14); G and M redrawn from Paul (2021, fig. 12, p. 49); H and N redrawn from Brett ef al. (1983, fig. 4A, p. 638).

basal plate in blastoids (Paul, in press). In coronates, There is nothing to suggest that the larger basal
such as Stephanocrinus, and many blastoids, the plates (zygous or paired basals) are two plates fused
origins of the basal plates are equally spaced about together. It seems likely therefore, that the occurrence
the stem. In Stephanocrinus the origins form the of the so-called ‘azygous’ or small basal in the AB
corners of an equilateral triangle and the basal:basal interradius of blastoids is a consequence of the loss
sutures lie midway along the sides of the triangle. of the large glyptocystitoid basal (B4) in Rhombifera.
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We conclude that the newly suggested homologies
between the plate circlets of glyptocystitoids and
blastoids s./. (Tab. 3B) are an improvement on the
original hypothesis. Basals are the same in both,
those of Rhombifera and blastoids s./. being B1, B2
and B3. Infralaterals of glyptocystitoids are entirely
lost in blastoids s./. Laterals of glyptocystitoids equate
to radials of blastoids s./. Radials R1-R4 and R6, of
glyptocystitoids equate to the lancet plates of blastoids
and trunk mounting plates of coronates. Finally, the
orals of glyptocystitoids are homologous with blastoid
deltoids and both are part of the perforate extraxial
skeleton under the EAT.

CONCLUDING REMARKS

Detailed examination of available material of the
blastozoan genus Rhombifera Barrande resulted in
a refined definition of its morphology with significant
consequences for its phylogenetic relationships.
Rhombifera had three basals and three infralaterals,
plus five, radially-positioned laterals and five, facet-
bearing radials nested in the adoral edges of the

laterals. These are unique characters among
glyptocystitoid rhombiferans, but confirm the
suggested relationship  between  glyptocystitoid

rhombiferans and blastoids s./. The newly confirmed
characters suggested two alternative hypotheses
about plate homologies which have been evaluated
by cladistic analysis. Under either hypothesis, most
of the significant morphological changes took place
between Rhombifera and its ancestors rather than
between Rhombifera and supposed descendants.
The favoured new interpretation of plate homologies
between glyptocystitoids and blastoids suggests that
interradial orals (periorals of Paul, 1971, 1973) are
part of the perforate extraxial skeleton of blastozoans.
The interradial ‘deltoids’ of blastoids, five of which
form the mouth frame and are therefore homologous
with periorals, also bear the adoral halves of blastoid
hydrospires. Previously (Paul, 2021, p. 46), it had been
suggested that periorals of glyptocystitoids were the
first ambulacral plates and therefore part of the axial
skeleton.

Supplementary information. The nomenclatural acts
contained in this paper have been registered with ZooBank,
the online registration system for the ICZN: Nexus files are
available as supplementary information.

Author contributions. CRCP conceived and coordinated the
project; BL, MN and SZ provided the evidence to support it
in the form of latexes of specimens preserved in museums in
their respective countries, and relevant accompanying data.
Photographs were taken by MN in Prague except those in
Figures 3, and 8 where we used originals taken by SZ and J-C
Gutiérrez-Marco, respectively. BL produced the stratigraphic
summary (Fig. 2) and undertook the cladistic analysis. CRCP
produced the other line diagrams. We all contributed to the
text and approve the final version of the manuscript.

Competing interests. The authors declare that they do not
have any competing interests.

Funding. This work was supported by the Spanish
Ministry of Science, Innovation and Universities (PID2021-
125585NB-100), co-financed by the European Regional
Development Fund, project “Aragosaurus: Recursos
Geoldgicos y Paleoambientales” (E18_17R) funded by the
Government of Aragon. MN was supported by an internal
grant from the Czech Geological Survey no. 311410, which
is a contribution to the Strategic Research Plan of the Czech
Geological Survey (DKRVO/CGS 2023-2027).

Author details. Christopher R. C. Paul', Bertrand Lefebvre?,
Martina Nohejlova®, & Samuel Zamora*®. 'School of Earth
Sciences, University of Bristol; Life Sciences Building, 24
Tyndall Avenue, Bristol, BS8 1TQ Bristol, UK; glcrcp@
bristol.ac.uk; 2Université Claude Bernard Lyon 1, ENSL,
CNRS, LGL-TPE, F-69622 Villeurbanne, France; bertrand.
lefebvre@univ-lyon1.fr; *Czech Geological Survey, Klarov
3, Praha 1, 118 21 Czech Republic; martina.nohejlova@
geology.cz; “Instituto Geoldgico y Minero de Espafa (IGME-
CSIC), Residencia CSIC, Campus Aula Dei, Av. Montafiana
1005, 50059 Zaragoza, Spain; °*Grupo Aragosaurus-lUCA,
Area de Paleontologia, Facultad de Ciencias, Universidad de
Zaragoza, 50009 Zaragoza; Spain, s.zamora@igme.es.

Acknowledgements. We are grateful to Stéphane Jouve
(Paris-Sorbonne University) and Emmanuel Robert (Lyon 1
University) for access to original specimens of the Barrande
— de Verneuil collection examined by Kesling (1962),
and additional specimens of the de Verneuil — Barrande
collection, respectively. We thank them both for permission to
make latex casts. We are also grateful to Jana Bruthansova
and Martin Valent (National Museum, Prague) for access
to original specimens of Barrande. We are grateful to J.
C. Gutiérrez-Marco and E. Nardin for thorough reviews
of the original manuscript which greatly improved the final
version. In addition, J. C. Gutiérrez-Marco provided copies of
significant references and the original photographs for Figure
8. This work is a contribution to IGCP project n°735 “Rocks
and Rise of Ordovician Life”.

REFERENCES

Alvarez-Armada, N., Cameron, C. B., Bauer, J. E., & Rahman,
I. A. (2023). Heterochrony and parallel evolution of
echinoderm, hemichordate and cephalochordate
internal bars. Proceedings of the Royal Society B, 289,
20220258. doi: 10.1098/rspb.2022.0258

Alvaro, J. J., Benharref, M., Destombes, J., Gutiérrez-Marco,
J.C.,Hunter,A.W., Lefebvre, B., Van Roy, P., & Zamora, S.
(2022). Ordovician stratigraphy and benthic Community
replacements in the Eastern Anti-Atlas, Morocco. In A.
W. Hunter, J. J. Alvaro, B. Lefebvre, P. Van Roy, & S.
Zamora (Eds.), The Great Ordovician Biodiversity Event:
Insights from the Tafilalt Biota, Morocco. Geological
Society, London, Special Publication, 485, 37-67. doi:
10.1144/SP485.20

Ballestra, G., Becker-Wahl, C., German, A., Hofges, J.,
Hoffmann, M., Kumpa, M., Marker, A., Neidhofer, R.,
Rith, H. G., Schilling, E., Wilcke, J., & Walter, R. (1982).
La geologia del sinclinal de Guadarranque. Miinstersche
Forschungen zur Geologie und Paldontologie, 56, 45—68.

Barrande, J. (1867). Systéme Silurien du centre de la Bohéme.
Premier Partie: Recherches paléontologiques. Volume


mailto:glcrcp%40bristol.ac.uk?subject=
mailto:glcrcp%40bristol.ac.uk?subject=
mailto:bertrand.lefebvre%40univ-lyon1.fr?subject=
mailto:bertrand.lefebvre%40univ-lyon1.fr?subject=
mailto:martina.nohejlova%40geology.cz?subject=
mailto:martina.nohejlova%40geology.cz?subject=
mailto:s.zamora%40igme.es?subject=
https://doi.org/10.1098/rspb.2022.0258
http://doi.org/10.1144/SP485.20

Paul, C. R. C. et al. - Genus Rhombifera and the origin of Blastoidea - Spanish Journal of Palaeontology 39 (1), 71-90, 2024 87

3, Classe des Mollusques. Ordre des Ptéropodes. W.
Waagen.

Barrande, J. (1887). Systéme Silurien du centre de la
Bohéme. Premier Partie: Recherches paléontologiques.
Volume 7, Classe des Echinodermes. Ordre des
Cystidés. W. Waagen.

Bassler, R. S. (1938). Pelmatozoa Palaeozoica. In W.
Quenstedt (Ed.), Fossilium Catalogus, 1: Animalia, pars
83, Verlag fiir Naturwissenschaft. Grevenhage.

Bassler, R. S., & Moodey, M. W. (1943). Bibliographic and
faunal index of Paleozoic pelmatozoan echinoderms.
Geological Society of America Special Paper, 45, 1-733.
doi: 10.1130/SPE45-p1

Bather, F. A. (1899). A phylogenetic classification of the
Pelmatozoa. Report of the British Association for the
Advancement of Science, 68, 916—923.

Bather, F. A. (1900). The Echinoderms. In E. R. Lankester
(Ed.), A Treatise on Zoology 3. Adam & Charles Black.

Bauer, J. E., Sheffield, S. L., Waters, J. A., & Sumrall, C.
D. (2022). Echinoderm model systems, homology, and
phylogenetic inference: comment and reply to Paul
(2021). Acta Palaeontologica Polonica, 67, 465—468.
doi: 10.4202/app.00956.2021

Bernard, F. (1893-1895). Eléments de Paléontologie. J.-B.
Balliére et Fils.

Bockelie, J. F. (1981). The oral area of Echinoencrinites Von
Meyer, 1826. Norsk Geologisk Tidsskrift, 61, 79-82.
Boucek, B. (1928). O vrstvach zahofanskych — de de ¢eského
ordoviku [On the Zahofany beds — de of the Bohemian
Ordovician]. Rozpravy Ceské Akademie Védy Uméni Il

Tr., 37, 1-32.

Boucek, B. (1937). Stratigraphie et parallélisme de
I'Ordovicien supérieur de la Bohéme. Bulletin de la
Société Géologique de France [5], 7, 439-458.

Brett, C. E., Frest, T. J., Sprinkle, J., & Clement, C. R. (1983).
Coronoidea: a new class of blastozoan echinoderms
based on taxonomic reevaluation of Stephanocrinus.
Journal of Paleontology, 57, 627—651.

Callaway, C. (1877). On a new area of Upper Cambrian rocks
in south Shropshire, with a description of a new fauna.
Quarterly Journal of the Geological Society, London, 33,
652-672. doi: 10.1144/GSL.JGS.1877.033.01-04.37

Carpenter, P. H. (1884). Report upon the Crinoidea collected
during the voyage of HMS Challenger during the years
1873-76, part 1. General morphology with descriptions
of the stalked crinoids. Reports of the Scientific Results
of the Voyage of HMS Challenger, Zoology, 11, 1-442.

Carpenter, P. H. (1891). On certain points of the morphology
of the Cystidea. Journal of the Linnean Society, Zoology,
34, 1-52. doi: 10.1111/j.1096-3642.1891.tb02474 .x

Chlupaé, 1. (2002a). Explanatory remarks to reprinted
Joachim Barrande: Systeme Silurien du centre de la
Bohéme, Vol. 1. Crustacés: Trilobites. Petr Materna.

Chlupag, 1. (2002b). Explanatory remarks to reprinted
Joachim Barrande: Systéme Silurien du centre de la
Bohéme, Supplément au Vol. 1. Trilobites, crustacés
divers et poissons. Petr Materna.

Colmenar, J., Villas, E.,&Vizcaino,D.(2013). UpperOrdovician
brachiopods from the Montagne Noire (France): endemic
Gondwanan predecessors of Prehirnantian low-latitude
immigrants. Bulletin of Geosciences, 88, 153—174. doi:
10.3140\bull.geosci.1352

Colmenar, J., Villas, E., Gutiérrez-Marco, J. C., & Zamora, S.
(2015). Ordovician to Devonian echinoderm faunas from
the Iberian Chains. In S. Zamora, & |. Rabano (Eds.),

Progress in Echinoderm Palaeobiology. Cuadernos del
Museo Geominero, 19, 231-246.

Colmenar, J., Villas, E., Gutiérrez-Marco, J. C., Alvaro, J. J.,
Pereira, S., & Zamora, S. (2019). Ordovician to Silurian
benthic communities from the Eastern Iberian Chains. In
S. Zamora (Ed.), Palaeozoic Fossil Assemblages from
the Iberian Chains (Northeast Spain). Cuadernos del
Museo Geominero, 31, 12-97.

Colmenar, J., Villas, E., & Rasmussen, C. M. &. (2022). A
synopsis of Late Ordovician brachiopod diversity in the
Anti-Atlas, Morocco. In A. W. Hunter, J. J. Alvaro, B.
Lefebvre, P. Van Roy, & S. Zamora (Eds.), The Great
Ordovician Biodiversification Event: Insights from the
Tafilalt Biota, Morocco. Geological Society, London,
Special Publications, 485, 153-163. doi: 10.1144/
SP485.3

Conrad, T. A. (1842). Observations of the Silurian and
Devonian systems of the United States, with descriptions
of new organic remains. Journal of the Academy of
Natural Sciences in Philadelphia, 8, 183—190.

Delgado, J. F. N. (1908). Systeme Silurique du Portugal.
Etude de Stratigraphie Paléontologique. Memoéire de la
Commission du Service Géologique du Portugal, 1-245.

Fay, R. O. (1962). Ventral structures of Stephanocrinus
angulatus Conrad. Journal of Paleontology, 36, 206—210.

Gutiérrez-Marco, J. C., Chauvel, J., & Meléndez, B. (1996).
Nuevos Equinodermos (Cistideos y Blastozoos) del
Ordovicico de la Cordillera Ibérica (NE Espafa). Revista
Espariola de Paleontologia, 11, 100-119.

Gutiérrez-Marco, J. C., Meléndez, B., Parsley, R. L., Prokop,
R. J., & Marek, L. (1992). Equinodermos (Cystoidea,
Homalozoa, Asterozoa) de afinidades bohémicas en el
Ordovicico de las Zonas Centroibérica y Ossa Morena,
Espafia. Publicaciones del Museo de Geologia de
Extremadura, 1, 79-81.

Gutiérrez-Marco, J. C., Sa, A. A., Garcia-Bellido, D. C.,
& Rabano, I. (2017). The Bohemo-lberian regional
chronostratigraphical scale for the Ordovician System
and palaeontological correlation within South Gondwana.
Lethaia, 50, 258-295. doi: 10.1111/let.12197

Havli¢ek, V. (1980). Ordovician. In I. Chlupa¢, V. Havlicek,
J. Kiiz, Z. Kukal, & P. Storch, (Eds.), Palaeozoic of the
Barrandian (Cambrian to Devonian) (pp. 41-79). Czech
Geological Survey.

Havli¢ek, V., & Vanék, J. (1966). The biostratigraphy of the
Ordovician of Bohemia. Sbornik Geologickych Véd,
Paleontologie, 8, 7—69.

Jacinto, A. (2014). Equinodermes da Formagédo Cabego do
Peéo (Berouniano médio, Ordovicico Superior) da regido
de Macgéo (Portugal). (MSc Thesis in Geology, University
of Lisbon).

Jacinto, A., Gutiérrez-Marco, J. C., Silva, C. M. da, & S3,
A. (2014). Nota preliminar sobre os equinodermes da
Formagéo Cabeco do Pedo (Ordovicico Superior) da
regido de Macgao (Portugal). Libro de Actas IV Congresso
Jovens Investigadores em Geociéncias (pp.93-96).
Estremoz.

Jacinto, A. F. M., Gutiérrez-Marco, J. C., & Zamora, S.
(2015). Situacion actual de las investigaciones sobre
equinodermos del Ordovicico portugués. Current trends
in Palaeontology and Evolution. XIIl EJIP (pp.163—-167).
Madrid.

Jaekel, O. (1899). Stammesgeschichte der Pelmatozoen. 1.
Thecoidea und Cystoidea. Julius Springer.


http://doi.org/10.1130/SPE45-p1
http://doi.org/10.4202/app.00956.2021
https://doi.org/10.1144/GSL.JGS.1877.033.01-04.37
http://doi.org/10.1111/j.1096-3642.1891.tb02474.x
http://doi.org/10.3140\bull.geosci.1352
http://doi.org/10.1144/SP485.3
http://doi.org/10.1144/SP485.3
http://doi.org/10.1111/let.12197

88 Paul, C. R. C. et al. - Genus Rhombifera and the origin of Blastoidea - Spanish Journal of Palaecontology 39 (1), 71-90, 2024

Jaekel, O. (1918). Phylogenie und System der Pelmatozoen.
Paldontologische Zeitschrift, 3, 1-128. doi: 10.1007/
BF03190413

Jaekel, O. (1927). Uber Tormoblastus n. g., eine coronate
Blastoidee, aus dem Ordovicium Schwedens. Arkiv for
Zoologie, 19A, 1-6.

Kesling, R. V. (1962). An interpretation of Rhombifera
bohemica Barrande, 1867, an unusual hydrophoridean
cystoid. Contributions from the Museum of Paleontology,
University of Michigan, 17, 277—-289.

Kesling, R. V. (1968). Cystoids. In R. C. Moore (Ed.), Treatise
on Invertebrate Paleontology, part S, Echinodermata 1
(S85-S267). Geological Society of America & University
of Kansas Press.

Kier, P. M. (1952). Echinoderms of the Middle Devonian Silica
Formation of Ohio. Contributions from the Museum of
Paleontology, University of Michigan, 9, 59-81.

Kraft, P., Linnemann, U., Mergl, M., Bruthansova, J., Laibl, L.,
& Geyer, G. (2023). Ordovician of the Bohemian Massif.
In D. A. T. Harper, B. Lefebvre, I. G. Percival, & T. Servais
(Eds.), A Global Synthesis of the Ordovician System:
Part 1. Geological Society, London, Special Publications,
532, 433-464.

Lefebvre, B., Alvaro, J. J., Casas, J. M., Ghienne, J. F.,
Herbosch, A., Loi, A., Monceret, E., Verniers, J., Vidal,
M., & Vizcaino, D. (2023). The Ordovician of France and
neighbouring areas of Belgium and Germany. In D. A. T.
Harper, B. Lefebvre, |. G. Percival, & T. Servais (Eds.),
A Global Synthesis of the Ordovician System: Part 1.
Geological Society, London, Special Publications, 532,
375-408. doi: 10.1144/SP532-2022-268

Leone, F., Hammann, W., Loi, A., Ferretti, A., Pillola, G.
L., & Serpagli, E. (2002). The Portixeddu Formation in
the Punta Pedrona section. Rendiconti della Societa
Paleontologica Italiana, 1, 231-234.

Lifan, E., Villas, E., Gamez Vintaned, J. A., Alvaro, J,

Gozalo, R., Palacios, T., & Sdzuy, K. (1996). Sintesis

paleontolégica del Cambrico y Ordovicico del Sistema

Ibérico (Cadenas Ibéricas y Cadenas Hespéricas).

Revista Espariola de Paleontologia, N° extr., 21-32.

A., Cocco, F., Oggiano, G., Funedda, A., Vidal, M.,

Herreti, A., Leone, F., Garca, S., Naitza, S., Ghinne. J.-F.,

& Pillola, G. L. (2023). The Ordovician of Sardinia (Italy):

from the ‘Sardic Phase’ to the end-Ordovician glaciation,

palaeogeography and geodynamic context. In D. A. T.

Harper, B. Lefebvre, I. G. Percival, & T. Servais (Eds.),

A Global Synthesis of the Ordovician System: Part 1.

Geological Society, London, Special Publications, 532,

409-431. doi: 10.1144/SP532-2022-12

Martin, O. (1990). Die Cystoidea im Ordovizium des
westlichen Mittelmeerraumes (Europa). (PhD thesis,
Heidelberg University, Heidelberg).

McCoy, F. (1849). On some new Palaeozoic Echinodermata.
Annals and Magazine of Natural History, Series 2, 3,
244-254.

Meyer, H., von (1826). Beschreibung des Echino-Encrinites
Senckenbergii, einer neu entdeckten Versteinerung.
Archiv fiir der gesammte Naturlehre, 7, 185—-192.

Miller, S. A. (1889). North American Geology and
Palaeontology. Western Methodist Book Concern.

Mooi, R., & David, B. (1997). Echinoderm skeletal homologies:
classical morphology meets modern phylogenetics.
In B. David, A. Guille, J. P. Féral, & M. Roux (Eds.),
Echinoderms Through Time (pp. 87-95). Balkema.

Loi,

Neumayr, M. (1889). Die Stdmme des Thierreiches. 1.
Wirbellose Thiere. Tempsky.

Paul, C. R. C. (1968). Morphology and function of dichoporite
pore structures in cystoids. Palaeontology, 11, 697—730.

Paul, C. R. C. (1971). Revision of the Holocystites fauna
(Diploporita) of North America. Fieldiana Geology, 24,
1-166. doi: 10.5962/bhl.title.3412

Paul, C. R. C. (1972). Morphology and function of exothecal
pore-structures in cystoids. Palaeontology, 15, 1-28.

Paul, C. R. C. (1973). British Ordovician Cystoids, part
1. Monographs of the Palaeontographical Society,
127(536), 1-64. doi: 10.1080/25761900.2022.12131722

Paul, C. R. C. (2021). New insights into the origin
and relationships of blastoid echinoderms. Acta
Palaeontologica Polonica, 66, 41-62. doi: 10.4202/
app.00825.2020

Paul, C. R. C. (in press). The ‘zygous rule’ applied to
blastozoan basal plates. Irish Journal of Earth Sciences.

Paul, C. R. C., & Rozhnov, S. V. (2016). Revision of
Scoliocystis  (Rhombifera: Echinoencrinitidae) and
related cystoid genera. Paleontological Journal, 50, 255—
275. doi: 10.1134/S0031030116030059

Paul, C.R. C., & Toom, U. (2021). Cystoblastus and the origin
of the Hemicosmitoida (Echinodermata, Blastozoa).
Estonian Journal of Earth Sciences, 70(3), 165-181. doi:
10.3176/earth.2021.13

Prokop, R. J., & Petr, V. (1999). Echinoderms in the Bohemian
Ordovician. Journal of the Czech Geological Society, 44,
63-68.

Regnéll, G. (1945). Non-crinoid Pelmatozoa from the
Paleozoic of Sweden. A taxonomic study. Meddelanden
frdn Lunds Geologisk-Mineralogiska Institution 108,
1-255.

Renard, H. (1967). Sur la présence du genre Rhombifera
dans les Calcaires a Cystoides de ['Ashgill de la
Montagne-Noire et d’'une nouvelle espéce: Rhombifera
matteii. Comptes rendus sommaire des Séances de la
Société Géologique de France, (1967), 298—299.

Renard, H. (1968). Contribution a la révision des Cystoides
de I'’Ashgill de la Montagne Noire. (PhD thesis, University
of Montpellier, Montpellier).

Romao, J. M., Gutiérrez-Marco, J. C., Rabano, I., Oliveira, J.
T., & Marques Guedes, A. (1995). A Formacgé&o de Cabeco
do Peédo (Ordovicico Superior) no sinforma Améndoa-
Carvoeiro (SW da ZCl) e sua correlagédo estratigrafica
na provincia mediterranica. Memoérias do Museu e
Laboratério Mineralégico e Geologico da Universidade
do Porto, 4, 121-126.

Sa, A. A, Picarra, J., Vaz, N., Sequeira, A., & Gutiérrez-
Marco, J. C. (2011). Ordovician of Portugal. Pre-
Conference Field Trip Guide, May 3rd-8th, 2011. 11th
International Symposium on the Ordovician System. Vila
Real de Tras-os-Montes.

Schultze, L., (1867). Monographie der Echinodermen des
Eifler Kalkes. Denkschriften der Kaiserlich Akademie der
Wissenschaften Mathematisch-Naturwissenschaftlichen
Classe, Wien, 26(2), 113-230.

Sjoberg, S. (1915). Paracystis ostrogothicus g. et sp.
n, en engedomlig pelmatozo fran Ostergétlands
chasmopskalk. Geologiska Féreningens | Stockholm
Férhandlingar, 37, 171-178.

Sprinkle, J. (1973). Morphology and Evolution of Blastozoan
Echinoderms.  Special Publication, Museum of
Comparative Zoology, Harvard.


http://doi.org/10.1007/BF03190413
http://doi.org/10.1007/BF03190413
http://doi.org/10.1144/SP532-2022-268
http://doi.org/10.1144/SP532-2022-12
http://doi.org/10.5962/bhl.title.3412
http://doi.org/10.1080/25761900.2022.12131722
http://doi.org/10.4202/app.00825.2020
http://doi.org/10.4202/app.00825.2020
http://doi.org/10.1134/S0031030116030059
http://doi.org/10.3176/earth.2021.13

Paul, C. R. C. et al. - Genus Rhombifera and the origin of Blastoidea - Spanish Journal of Palaeontology 39 (1), 71-90, 2024 89

Sprinkle, J., & Wahlman, G. P. (1994). New echinoderms
from the early Ordovician of West Texas. Journal of
Paleontology, 68, 324-338. doi: 10.1017/S0022336
000022915

Sumrall, C. D., & Sprinkle, J. (1999). Early ontogeny of the
glyptocystitid rhombiferan Lepadocystis moorei. In M.
D. C. Carnevali, & F. Bonasoro (Eds.), Echinoderm
Research 1998 (pp. 409-414). Balkema.

Sumrall, C. D., & Waters, J. A. (2012). Universal elemental
homology in glyptocystitoids, hemicosmitoids, coronoids
and blastoids: steps towards echinoderm phylogenetic
reconstruction in derived Blastozoa. Journal of
Paleontology, 86, 956-972. doi: 10.1666/12-029R .1

Sumrall, C. D., Deline, B., Colmenar, J., Sheffield, S. L., &
Zamora, S. (2015). New data on late Ordovician (Katian)
echinoderms from Sardinia, ltaly. In S. Zamora, & I.
Rabano (Eds.), Progress in Echinoderm Palaeobiology.
Cuadernos del Museo Geominero, 19, 175-180.

Ulrich, E. O., & Kirk, E. (1921). Amecystis, a new genus
of Ordovician Cystidea. Proceedings of the Biological
Society of Washington, 34, 147—148.

Villas, E., Vennin, E., Jiménez-Sanchez, A., & Zamora, S.
(2011). The Upper Ordovician formations of the eastern
Iberian Chain. In E. Villas, E. Vennin, A. Jiménez-
Sanchez, J. J. Alvaro, S. Zamora, & J. C. Gutiérrez-Marco
(Eds.), Ordovician of the Iberian Range (NE Spain). Post-
Symposium Field Trip. 11" International Symposium on
the Ordovician System (pp. 10-23). Alcala de Henares.

Volborth, A., von (1867). O tsistoblastah, novom rode morskih
lilij ili krinoidej. [On Cytoblastus, a new genus of sea lilies

or crinoids]. Tipografia Imperatoskoj Akademii Nauk, St
Petersburg, 112. [in Russian]

Wolf, R. (1976). Erlduterungen zur geologischen Kartierung
des Gebietes zwischen Santed, Used and Orcajo in
den Westlichen Iberischen Ketten (NE-Spanien). (MSc
Dissertation, University of Wirzburg, Wirzburg).

Zamora, S., Colmenar, J., & Ausich, W. I. (2014). The
Echinoderm Faunas from the Fombuena Formation
(Upper Ordovician, Iberian Chains, Spain). XXX
Jornadas de Paleontologia de la Sociedad Espariola de
Paleontologia. jFundamental!l, 24, 257-259.

Zamora, S., Nardin, E., Esteve, J., & Gutiérrez-Marco, J. C.
(2022). New rhombiferan blastozoans (Echinodermata)
from the Late Ordovician of Morocco. In A. W. Hunter, J.
J. Alvaro, B. Lefebvre, P. Van Roy, & S. Zamora (Eds.),
The Great Ordovician Biodiversification Event: Insights
from the Tafilalt Biota, Morocco. Geological Society,
London, Special Publications, 485, 587-602. doi:
10.1144/SP485.10

Zamora, S., Valenzuela-Rios, J. I, Alvaro, J. J., Botella, H.,
Carls, P., Cascales-Mifiana, B., Dojen, C., Esteve, J.,
Ferron, H. G., Gutiérrez-Marco, J. C., Liao, J-C., Martinez-
Pérez, C., Pates, S., Pereira, S., Villas, E., & Colmenar,
J. (2019). Pre-conference field trip: Palaeozoic fossil
assemblages from the Iberian Chains (Northeast Spain).
In S. Zamora, & I. Rabano (Eds.), 63 Annual Meeting of
the Palaeontological Association. Valencia, Spain. Field
guidebook. Cuadernos del Museo Geominero, 31, 9-97.

Zittel, K. A. (1879). Handbuch der Paldontologie. Band
1.  Protozoa, Coelenterata, Echinodermata und
Molluscoidea. Oldenbourg.


http://doi.org/10.1017/S0022336000022915
http://doi.org/10.1017/S0022336000022915
http://doi.org/10.1666/12-029R.1
http://doi.org/10.1144/SP485.10

90

Paul, C. R. C. et al. - Genus Rhombifera and the origin of Blastoidea - Spanish Journal of Palaeontology 39 (1), 71-90, 2024



	INTRODUCTION
	FOSSIL LOCALITIES, STRATIGRAPHY AND AGE
	MATERIALS AND METHODS
	Repositories and institutional abbreviations

	SYSTEMATIC PALAEONTOLOGY
	Genus Rhombifera Barrande, 1867
	Rhombifera bohemica Barrande, 1867

	ORIGIN OF RHOMBIFERA
	RELATIONSHIPS TO OTHER BLASTOZOANS
	DISCUSSION
	CONCLUDING REMARKS
	REFERENCES

