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ABSTRACT—The discovery of a new species, Cyclolampas altus new species in the upper Callovian of Burgundy (France)
leads to the systematic revision of the rare echinoid genus Cyclolampas Pomel, 1883. Two morphometric approaches are
used jointly to describe and quantify variations in test shape: the analysis of linear measurements and the Elliptic Fourier
shape analysis. Both analyses yield congruent results that highlight the amplitude of within-species variations and quantify
the part due to allometry. Along with the description of C. altus, the systematic position of species formerly assigned to the
genera Pygorhytis Pomel, 1883 and Cyclolampas is amended. Previously attributed to the genus Pygorhytis, Cyclolampas
castanea (Desor, 1858) is reassigned to the genus Cyclolampas on the base of new observations. Conversely, the
examination of the Bajocian species Pygorhytis kiliani (Lambert, 1909) and Pygorhytis gillieroni Desor in Desor and de
Loriol, 1872, which were previously assigned to Cyclolampas now supports their taxonomic reassignment to the genus
Pygorhytis. Finally, the two species Cyclolampas verneuili (Cotteau, 1870) and Cyclolampas cotteaui Mintz, 1966 (nomen
nudum) are considered junior synonyms of the genus type species Cyclolampas voltzii (Agassiz, 1839). The questioned
origin date of the genus, estimated either to the Bajocian or to the Oxfordian, is now clearly established to be upper
Callovian. These new results fit well with the overall scheme of atelostomate echinoid evolution and migration to deep-sea
environments during the Middle and Upper Jurassic.

INTRODUCTION

THE LATE Triassic biotic crisis deeply affected echinoid
diversity, which recovered during the Early Jurassic

(Sprinkle, 1983; Kier, 1984) but markedly increased later in
the Middle Jurassic (Thierry and Néraudeau, 1994). Diversity
dynamics of post-Triassic echinoids is closely related to the
evolution of irregular echinoids; originating in the Early Jurassic
(Jesionek-Szymanska, 1970; Kier, 1974; Smith, 1984; Smith
and Anzalone, 2000; Saucède et al., 2007), they gave rise to an
initial burst of diversity in the Middle Jurassic as early as the
Aalenian (Thierry and Néraudeau, 1994). One third of the
species of irregular echinoids recorded in the Middle Jurassic
belong to the atelostomates, a subgroup of irregulars that
expanded its distribution range to open-water environnements
and colonized soft, fine-grained sediments (Thierry, 1984;
Barras, 2008) from the shallows to deep shelves as soon as
the Bajocian (Thierry, 1984; Thierry et al., 1997). In the Upper
Jurassic, the overall diversity of irregular echinoids decreased
(Thierry et al., 1997) while many atelostomates migrated and
specialized to deep basin environments (Thierry and Néraudeau,
1994; Gaillard et al., 2011), well before the end Cretaceous
origination of deep-sea modern faunas (Smith, 2004; Smith and
Stockley, 2005). Recent findings have documented such a
specialization to deep-sea habitats in the Oxfordian atelostomate
Tithonia oxfordiana Gaillard, Néraudeau and Thierry, 2011
(Gaillard et al., 2011). Our understanding of the evolution of
atelostomates is therefore highly dependent on our knowledge of
deep-sea and open-water deposits of the Middle and Late
Jurassic (Thierry et al., 1997).

The genus Cyclolampas is part of those atelostomate
echinoids that migrated into the deep-sea in the Upper Jurassic.
Interestingly, it was mostly known by a few specimens from
Switzerland and Southeast of France where deep-sea basin
deposits of the Upper Jurassic had long been investigated
(Desor, 1858; Cotteau, 1874; Mintz, 1966).

While early irregular echinoids still retained the apical plate
pattern of regular echinoids, namely with the periproct enclosed
within the apical system (Jesionek-Szymanska, 1970; Smith and
Anzalone, 2000), one key morphological innovation associated
with their subsequent diversification was the achievement of the
so-called ‘exocyclic’ pattern, in which the periproct and apical
plates, genitals and oculars are completely disjuncted (Kier,
1974; Smith, 1984). The evolutionary trend of the periproct to
move away from the apical system has been achieved
progressively in the different subgroups of irregulars indepen-
dently throughout the Jurassic (Jesionek-Szymanska, 1963;
Mintz, 1966; Saucède et al., 2007).

It is now assumed that the genus Cyclolampas evolved from
the genus Pygorhytis through the achievement of the exocyclic
pattern (Mintz, 1966; Barras, 2007). However, estimations of
the origin of the genus are conflicting as either in the Bajocian
(Thierry and Néraudeau, 1994) or the Oxfordian (Mintz, 1966).
This would make the exocyclic pattern appearance alternatively
early or late in the ‘pygorhytine’ evolutionary lineage as
compared to the achievement of the process near the end of the
Middle Jurassic in other taxa (Thierry, 1974). Therefore, the
validity of the conflicting origin dates of the genus is
questioned, all the more so as Cyclolampas is characterized by
a poor fossil record.

Despite a poor fossil record, two species were initially
assigned to the genus Cyclolampas and recognized by most
authors: Cyclolampas voltzii (Agassiz, 1839) and Cyclolampas
verneuili (Cotteau, 1870). The two species were described from
badly preserved specimens and were distinguished with little
precision on the bases of detailed differences in test shape,
namely test height and profile, ambital outline and distance
between the periproct and posterior ocular plates (Cotteau,
1870; Mintz, 1966). These vague differences led to some
confusion over species identification (Beurlen, 1934; Mintz,
1966), which, along with uncertainties in the stratigraphic
position of most specimens contributed to hinder evolutive
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assumptions (Mintz, 1966). Six supplementary species were
referred to as Cyclolampas: Cyclolampas bernensis (Ooster,
1865), Cyclolampas assulatus (Schauroth, 1865), Cyclolampas
gillieroni (Desor in Desor and de Loriol, 1872), Cyclolampas
suevicus (Quenstedt, 1875), Cyclolampas kiliani (Lambert,
1909), and Cyclolampas cotteaui Mintz, 1966 (nomen nudum)
but these species were not all recognized by previous authors
(Lambert and Thiéry, 1924) or not formally discussed (Mintz,
1966; Thierry and Néraudeau, 1994).

The recent discovery of a new species of Cyclolampas,
Cyclolampas altus n. sp., from the upper Callovian of Burgundy
(France) leads to the systematic revision of the genus, including
the redescription and taxonomic reassignment of certain species
within the genera Pygorhytis and Cycolampas, and to reconsider
its stratigraphic range. The number of specimens collected in the
field sheds light on the amplitude of within-species variations
that question the systematics of the genus and lead to reconsider
the diagnostic characters used to discriminate among Cyclo-
lampas species so far. This work presents 1) a systematic
revision of the genus Cyclolampas, including the description of
a new species and new observations of congeneric species, and
2) a quantitative morphological study of Cyclolampas species
that joins the tools of biometry and those of geometric
morphometrics.

MATERIAL AND GEOLOGICAL SETTING

The specimens of Cyclolampas altus n. sp. described in this
work were collected in the Oolite Ferrugineuse Formation
(OFF) at two localities in Burgundy (Côte d’Or, France). Eleven
specimens were collected by the authors and Y. Ronnat at
Hauteville-lès-Dijon (N 47822 000 00, E 4859 044 00), among which
nine were preserved well enough for study; an additional
specimen was collected by Prof. P. Neige at Chaignay (N
47828 039 00, E 584 016 00) (Fig. 1; Table 1). The OFF is composed of
a limestone-marl complex, a few decimeter to a few meter thick,
characterized by the relative frequence and abundance of
ferruginous ooliths (Rémond et al., 1992). Dated from the
upper Callovian to the middle Oxfordian, the OFF was deposited
under open-water conditions and reduced sedimentation rates
and shows many unconformities along with local facies
variations (Collin et al., 1999). It is rich in a diversified and
abundant pelagic (ammonites, belemnites) and benthic (bi-
valves, gastropods, brachiopods, echinoids, crinoids) inverte-
brate macrofauna that gave rise to many biostratigraphical and
paleontological studies (Bonnot et al., 1984; Bonnot et al., 1992;
Bonnot, 1996; Bonnot and Marchand, 1994; Scoufflaire et al.
1997). At Hauteville-lès-Dijon and Chaignay, the layer where
specimens of C. altus were collected is composed of a gray
ferrugineous limestone, devoid of ooliths, and likely deposited
under the storm-wave base as attested by the localized absence
of hummocky cross stratifications. The associated ammonite
fauna is abundant and clearly dates the layer to the upper
Callovian (Quenstedtoceras lamberti zone, Quenstedtoceras
lamberti subzone): Quenstedtoceras lamberti (Sowerby, 1819),
Peltoceras schroederi Prieser 1937, Euaspidoceras subbabea-
num (Sintzov, 1888 sensu Jeannet 1951), Alligaticeras sp.,
Grossouvria sp., Hecticoceras paulowi (de Tsytovitch, 1911),
Sublunuloceras discoides (Spath, 1928), Distichoceras bicosta-
tum (Stahl, 1824), Horioceras baugieri (d’Orbigny, 1847). The
rest of the macrofauna is composed of echinoids (Rhabdocidaris

sp., Collyrites bicordata (Leske, 1778), Stomechinus sp.,
Diplopodia sp. and Holectypus sp.), nautiles (Pseudaganides

sp.), bivalves (Ostrea sp., Gryphaea sp., Flabellomya sp.,
Goniomya sp., Entolium sp., Chlamys sp.), gastropods (Pleuro-

tomaria sp.), brachiopods (Thurmanella sp., Moeschia sp.,

Gallienithyris sp.) and crinoids (Millecrinus sp.).

Four specimens of Cyclolampas castanea were collected by
P.-Y. Boursicot from fine limestone deposits at Montreuil-
Bellay (N 47808 047 00, W 0808 005 00) in Pays de la Loire (Maine-
et-Loir, France). Two of them are sufficiently well-preserved to
be studied (Table 1). The levels where the specimens were
collected also yielded the echinoid species Tithonia praecon-

vexa Jesionek-Szymanska, 1963 and Collyrites elliptica (La-
marck, 1816) and were dated to the upper Callovian (Peltoceras
athleta zone, Collotia collotiformis subzone, Collotia colloti-
formis horizon) with the following ammonite fauna: Peltoceras

retrospinatum Gérard and Contaut, 1936, Euaspidoceras

raynaudi Bonnot, 1996, Collotia collotiformis (Jeannet, 1951),
Collotia fraasi (Oppel, 1857), Kosmoceras irwingi Bonnot and
Marchand, 1997, Subgrossouvria sp., Grossouvria evexa

(Quenstedt, 1885), Sublunuloceras virguloides Gérard and
Contaut, 1936, Brightia canaliculata (Quenstedt, 1849), Paral-

cidia couffoni Gérard and Contaut, 1936 and Distichoceras

complanatoides (Quenstedt, 1887). Eighteen other specimens of
C. castanea were collected by P. Nicolleau from marl deposits
at Prahecq (N 46815 034 00, W 0820 041 00) in Poitou-Charentes
(Deux-Sèvres, France). Most of them are affected by diagenetic
distortion so that only four of them could be analyzed (Fig. 1;
Table 1). In the same levels, the associated echinoid fauna is
composed of Collyrites elliptica (Lamarck, 1816), Disaster (?)
moeschi Desor, 1858 and Polydiadema inaequale (Agassiz, in
Agassiz and Desor, 1846). The levels are also rich in
ammonites, crinoids, and belemnites and were dated to the
Quenstedtoceras lamberti zone, Quenstedtoceras lamberti sub-
zone (upper Callovian) (P. Nicolleau, personal commun., 2001).

The other specimens of Cyclolampas examined, C.voltzii and
C. castanea, come from collections of the Muséum national
d’Histoire naturelle (MNHN) in Paris (France) and University of

FIGURE 1—Map of France showing the localities where studied specimens
of Cyclolampas Pomel, 1883 and specimens from the literature were collected.
Shaded gray corresponds to the main areas where the Middle and Upper
Jurassic crop out.
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California Museum of Paleontology (UCMP) in Berkeley (USA)
(Table 1).

SYSTEMATIC PALEONTOLOGY

Terminology.—The definition of morphological terms used in
the systematics section follows the Treatise of Invertebrate
Paleontology (Durham and Wagner 1966, p. U251–U256).

Specimen repositories.—Université de Bourgogne (UBGD) in
Dijon (France), Géosciences Rennes (GR) in Rennes (France),
Muséum national d’Histoire naturelle (MNHN) in Paris (France)
and University of California Museum of Paleontology (UCMP) in
Berkeley (USA).

Stem group ATELOSTOMATA Zittel, 1879
Family COLLYRITIDAE d’Orbigny, 1853

Genus CYCLOLAMPAS Pomel, 1883

Type species.—Dysaster voltzii Agassiz, 1839 (by subsequent
designation of Lambert and Thiéry, 1924), Oxfordian, Montagne
des Voirons (Haute-Savoie, France).

Included species.—Cyclolampas voltzii (Agassiz, 1839), Cyclo-
lampas castanea (Desor, 1858) and Cyclolampas altus n. sp.

Diagnosis.—Apical system exocyclic (posterior ocular plates
and periproct not in direct contact) and disjuncted, the anterior
part located slightly posterior to the test morphological apex, the
posterior part located at test posterior margin. Phyllodes with pore
pairs organized in three columns per half ambulacrum.

Description.—Apical side regularly convex to subconical,
especially in large specimens. Ambital outline subcircular to
slightly elongate. Oral side almost flat, a little pulvinate.
Interambulacrum 5 faintly swollen and rounded to the posterior
margin, bicarinated near the periproct. Apical system disjuncted,
the anterior part not located at the test morphological apex but
slightly posterior. Several complemental plates connect the two
portions of the apical system and usually prevent direct contact

between anterior ocular plates II and IV. The posterior part of the
apical system is located at test posterior margin, posterior ocular
plates and periproct connected by catenal plates, not in direct
contact (exocyclic condition). Periproct oval, subambital in
position, flush with test. Ambulacra narrow, composed of tiny
round pores aborally. Apical extremity of posterior ambulacra
distinctly curved backwards. Pores enlarged and increased in
number on the oral side. Phyllodes with occluded plates and pore
pairs organized in three columns per half ambulacrum, but no
widening of ambulacra. Peristome subcircular in shape, central in
position to slightly excentric anteriorly. Presence of tiny tubercles
evenly distributed all over the test, a little larger and scrobiculate
on the oral side.

Occurrence.—Callovian of France, Switzerland, former Soviet
Union; Oxfordian of France, Switzerland, Tunisia; Kimmeridgian
of France; Tithonian of Morocco, Spain, Italy, Poland.

Remarks.—The absence of direct contact between the periproct
and posterior ocular plates is the only diagnostic character that
unequivocally distinguishes the genus Cyclolampas from Pygo-
rhytis (Mortensen, 1950; Mintz, 1966; Barras, 2007). During the
evolution of basal irregular echinoids, the periproct and posterior
ocular plates progressively broke up and moved apart following a
recurrent process that took place within the different irregular
lineages throughout the Jurassic (Jesionek-Szymanska, 1959,
1963; Kier, 1974; Smith, 1984; Saucède et al., 2007). Thierry
(1974) then Moyne et al. (2007) described this phenomenon
across the anagenetic evolution of the chronospecies of the genera
and subgenera Pygomalus, Collyrites and Cardiopelta through the
Middle and Upper Jurassic. Despite the gradational nature of the
process leading to the exocyclic condition, they considered
exocyclism a diagnostic character differentiating the subgenera
Pygomalus and Collyrites. This character is actually unmistakable
and proved taxonomically operative in this latter lineage. A
similar position is adopted here to differentiate between the two

TABLE 1—Origin of studied specimens: FC, Daniel Fournier private collection, Grenoble, France; MNHN, Muséum national d’Histoire naturelle de Paris;
UCMP, University of California, Berkeley, Museum of Paleontology; PYB, Pierre-Yves Boursicot private collection, Villedieu-la-Blouère, France; PN,
Philippe Nicolleau private collection, Aiffres, France; UBGD, Université de Bourgogne; GR, Géosciences Rennes.

Species Studied samples
Number of
specimens Location Stratigraphic position

Pygorhytis kiliani (Lambert, 1909)
(¼Pygomalus kiliani Lambert, 1909)

FC - V01 1 Villar-d’Arène, Hautes-
Alpes, France

upper Bajocian

Cyclolampas voltzii (Agassiz, 1839) MNHN - L20.054, L20.068 2 Rians, Var, France upper Oxfordian
(Bimammatum Zone)

MNHN - L20.069 2 Ginasservis, Var, France upper Oxfordian
(Bimammatum Zone)

MNHN - L20.070 1 Rians/Ginasservis, Var,
France

upper Oxfordian
(Bimammatum Zone)

MNHN - L20.067 1 Le Pouzin, Ardèche,
France

Oxfordian

Cyclolampas voltzii (Agassiz, 1839)
(¼Cyclolampas verneuili [Cotteau,
1870])

MNHN - L20.063 1 Saint-Péray, Ardèche,
France

lower Kimmeridgian
(Platynota Zone)

MNHN - L20.064 1 Chabrières, Hautes
Alpes, France

middle Oxfordian
(Transversarium Zone)

MNHN - L20.065 1 Tizroutine (Djebel
Zaghouan), Tunisia

upper Oxfordian

MNHN - L20.066 1 Hadjer Abbès, Morocco Tithonian
Cyclolampas voltzii (Agassiz, 1839)

(¼C. cotteaui Mintz, 1966)
UCMP - B222/10574 1 Saint-Péray, Ardèche,

France
?lower Kimmeridgian

(Platynota Zone)*
Cyclolampas castanea (Desor, 1858)

(¼Collyrites castanea Desor, 1858)
MNHN - L20.073 1 Chaux-de-Fonds,

Neuchâtel canton,
Switzerland

middle-upper Callovian

PYB - UBGD 277477, MB02 2 Montreuil-Bellay, Maine-
et-Loire, France

upper Callovian (Athleta
Zone)

UBGD 277476, PN - Pr1, Pr3, Pr4,
Pr5, Pr6

6 Prahecq, Deux-Sèvres,
France

upper Callovian
(Lamberti Zone)

Cyclolampas altus n. sp. UB - CO3/32 1 Chaignay, Côte d’Or,
France

upper Callovian
(Lamberti Zone)

GR-PC.1710, GR-PC.1711, GR-
PC.1712, UBGD 277474, UB -
Hv4, Hv6, Hv7, Hv8, Hv9

9 Hauteville-lès-Dijon,
Côte d’Or, France

upper Callovian
(Lamberti Zone)

* The Callovian age given by Mintz (1966) is dubious (see discussion for more details).
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genera of the Pygorhytis–Cyclolampas lineage, thus following on
previous authors (Mortensen, 1950; Mintz, 1966; Barras, 2007).

Eight nominal species had been referred to as Cyclolampas in

the literature (Table 1). In Thierry and Néraudeau (1994), two

species from the Bajocian of France and Switzerland were

attributed to Cyclolampas. The first one is Pygorhytis gillieroni

Desor in Desor and de Loriol, 1872 from the lower Bajocian

(Stephanoceras humphresianum zone) of Bulle (Fribourg, Swit-

zerland). Very little is known about this species. However,

Desor’s illustrations and description suggest that the periproct

contacts posterior oculars and that the species is very close to

Pygorhytis ringens (Agassiz, 1835), from which it differs by a

more rounded shape and a truncate overhanging posterior end,

with an inframarginal downward facing periproct. Until new data

are available, the direct contact between the periproct and

posterior ocular plates supports the assignment of the species to

the genus Pygorhytis, to which it was initially attributed (Desor

and de Loriol, 1872). Pygorhytis kiliani (Lambert, 1909) from the

upper Bajocian of Villar-d’Arène (Hautes-Alpes, France) was

initially assigned to the genus Pygomalus (Lambert, 1909). The

holotype has been lost, but new specimens were discovered by B.

Clavel and D. Fournier (personal commun., 2004) at the type

locality. The species was then transferred to the genus Cyclo-

lampas in Thierry and Néraudeau (1994), on the base of the newly

FIGURE 2—Apical and phyllode plate patterns: 1, apical plates of C. altus, GR-PC.1710; 2, phyllodes of ambulacrum I in C. altus, UBGD 277474; 3, apical
plates of Cyclolampas verneuili (Cotteau, 1870), after Solovejv 1971, fig. 18v-g; 4, apical plates of Cyclolampas castanea (Desor, 1858), UBGD 277476; 5,
apical plates and periproct of Pygorhytis kiliani (Lambert, 1909), FC V01; 6, phyllodes of ambulacrum IV in P. kiliani, FC V01.
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FIGURE 3—Photographs of specimens of Cyclolampas altus n. sp. from the upper Callovian of Hauteville-lès-Dijon (Côte-d’Or, France): 1a–1e, respectively:
apical view, lateral view, oral view, frontal view, posterior view, syntype GR-PC.1711; 2, peristome detail, syntype UBGD 277474; 3a–3c, respectively: apical
view, lateral view, oral view, syntype GR-PC.1710; 4a–4c, respectively: apical view, lateral view, oral view, GR-PC.1712. Scale bars¼10 mm.
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discovered specimens but neither an illustration or description
was provided to support this result. One of the newly collected
specimens could be examined for the present work. Our
observations don’t agree with the assignment of the specimen
to Cyclolampas. Though extremely distorted, the specimen
clearly shows an endocyclic apical pattern, the periproct being
in direct contact with posterior ocular plates and surrounded by
these latter (Fig. 2.5). Pore pairs of phyllodes are arranged into
triads in each half ambulacrum (Fig. 2.6) as already mentionned
in Lambert’s description of the type material (Lambert, 1909).
The joined occurrence of these two characters suggest that the
species should be assigned to the genus Pygorhytis, as already
suggested by Mintz (1966), but more well-preserved material is
needed to check for potential synonymy with other species of the
genus. Collyrites bernensis Ooster, 1865 had been attributed to
the genus Cyclolampas by Lambert and Thiéry (1924). Ooster’s
illustration indeed suggests that the species could be attributed to
the genus Cyclolampas but new material is needed to support this
view. Clypeus suevicus Quenstedt, 1875 had been referred to as
Cyclolampas by Lambert and Thiéry (1924) but the species is
poorly illustrated and it is difficult to confirm the assignement of
the species to Cyclolampas so far (Mintz, 1966). Finally,
Galerites assulatus Schauroth, 1865 has been synonymized with
C. verneuili (Quesntedt, 1875; Mintz, 1966) but we could not
confirm the synonymy.

All three species herein included in the genus Cyclolampas,
namely C. voltzii, C. castanea, and C. altus show important
within-species variations in test shape, mostly in test height and
test ambital outline as well as in the distance between posterior
ocular plates and the periproct. Our results show that these
characters are partly size-dependent and that the ambital outline
along with the distance that separates posterior oculars and the
periproct are not valid characters to discriminate among species.
The three Cyclolampas species are identified below using a
differential diagnosis based on two diagnostic characters: the
relative test height and profile.

CYCLOLAMPAS ALTUS new species
Figures 2.1, 2.2, 3

Diagnosis.—Test extremely inflated in height, conical in shape.
Test height about 70% of test length on average. Maximum height
positionned at about the middle of test length.

Description.—Mean test length 50.1 mm, varying from 39.3 to
58.7 mm, mean test width 46.3 mm (93% of test length), varying
from 35.1 to 56.2 mm and mean test height 34.5 mm (70% of test
length), varying from 26.8 to 41.3 mm. Ambital outline
subcircular (Fig. 3.4a, 3.4c) to ovate (Fig. 3.3a, 3.3c), or slightly
elongate posteriorly (Fig. 3.1a, 3.1c). In lateral view, apical side
domed (Fig. 3.1b, 3.3b) or subconical (Fig. 3.4b) with a low
ambitus (at the lowest third of test height); oral side flat, a little
pulvinate.

Apical system disjuncted, the anterior part not located at the
test morphological apex but a little posteriorly, the posterior part
of apical system at test posterior margin (Fig. 2.1). There are four
perforated genital plates, gonopores not flush with genital plates
but opening on top of a little cone at short distance above plate
surface. Complemental plates present between bivium and
trivium, within which they prevent direct contact between the
anterior oculars II and IV and between the genitals 1 and 4.
Apical system exocyclic, periproct and posterior ocular plates
connected by catenal plates.

Periproct subambital in position, flush with test. Peristome
central to slightly anterior. Ambulacra narrow aborally, non
petaloid with tiny round pores. Apical extremity of posterior
ambulacra distinctly curved backwards. Ambulacral pores
enlarged on the oral side, increasing in size and number near
the peristome to form phyllodes with no widening of ambulacra.
Phyllodes a little depressed, containing occluded plates and
enlarged pores that are arranged in three columns per half
ambulacrum (Fig. 3.2). Pores crescent-shaped, pores of a pair not
conjugate but separated by a node (Fig. 2.2). Adoral end of
ambulacra and peristome a little sunken. Plastron protosternous.
Interambulacrum 5 swollen near the posterior margin, forming a
faint keel that is sulcate near the periproct.

Etymology.—From the Latin altus, meaning high, referring to
the relative high test of the species.

Syntypes.—Specimens GR-PC.1710, GR-PC.1711, UBGD
277474 housed in the paleontological collections of GR (GR-
PC.1710, GR-PC.1711) and UBGD (UBGD 277474), Middle
Jurassic, upper Callovian (Quenstedtoceras lamberti Zone), Oolite
ferrugineuse Formation, Hauteville-lès-Dijon (N 47822000 00, E
4859044 00) in Burgundy (Côte d’Or, France). Three syntypes were
designated as representative of the characteristic, important shape
variation between specimens of C. altus.

Occurrence.—Upper Callovian (Quenstedtoceras lamberti
zone) at Hauteville-lès-Dijon (N 47822000 00, E 4859044 00) and
Chaignay (N 47828039 00, E 584016 00) in Burgundy (Côte d’Or,
France).

Remarks.—The notable test height and shape of C. altus clearly
distinguishes the species from other congeneric species. Speci-
mens of C. altus differ markedly between each other, however, in
test relative height and shape with the ambital outline varying
from acuminate to circular (Fig. 3.1–3.4). These morphological
variations were partly correlated to size (see the morphological
analysis section below), the largest specimens tending to be the
highest and most circular in outline, whereas small specimens
tend to be the lowest and most acuminate (Fig. 4.1, 4.2). Shape
differences between specimens of C. altus are thus interpreted as
within-species variations that were likely caused by growth
allometry in part. More material and sampling sites are needed for
these variations to be fully understood. It is noteworthy that
similar within-species variations were observed in other conge-
neric species (see the morphological analysis section below).

CYCLOLAMPAS VOLTZII (Agassiz, 1839)
Figures 2.3, 5.1–5.3

1839 Dysaster voltzii AGASSIZ, p. 8, pl. 4, figs. 11–13.
1842 Dysaster voltzii (Agassiz); DESOR, p. 25, pl. 1, figs. 18–

21.
1847 Dysaster voltzii (Agassiz); AGASSIZ and DESOR, p. 139.
1858 Collyrites voltzii (Agassiz); DESOR, p. 207.
1859 Collyrites voltzii (Agassiz); WRIGHT, p. 326.
1865 Collyrites voltzii (Agassiz); OOSTER, p. 54.
1867 Collyrites voltzii (Agassiz); COTTEAU, p. 89, pl. 20.
1870 Collyrites verneuili COTTEAU, p. 272, pl. 39, figs. 7, 8.
1872 Collyrites voltzii (Agassiz); DESOR and DE LORIOL, p.

376, pl. 59, fig. 12.
1874 Collyrites verneuili (Cotteau); COTTEAU, p. 511, pl. 139,

figs. 9, 10.
1875 Disaster voltzii (Agassiz); QUENSTEDT, p. 575, pl. 84, fig.

23.
1883 Cyclolampas verneuili (Cotteau); POMEL, p. 51.

3

FIGURE 4—Linear regression between size and component score values: 1, size versus PC1 scores of the oral shape analysis, rPearson¼�0.51, p , 0.05; 2, size
versus PC1 scores of the lateral shape analysis, rPearson¼ 0.48, p , 0.05; 3, size versus PC2 scores of the lateral shape analysis, rPearson¼ 0.14, p . 0.05.
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1896 Cyclolampas voltzi (Agassiz); GAUTHIER, p. 19.

1924 Collyrites (Cyclolampas) voltzi (Agassiz); LAMBERT and
THIERY, p. 391.

1924 Collyrites (Cyclolampas) verneuili (Cotteau); LAMBERT

and THIERY, p. 39.

1929 Collyrites (Cyclolampas) voltzii (Agassiz); DEECKE, p.
502.

1929 Collyrites (Cyclolampas) verneuili (Cotteau); DEECKE, p.
502.

1933 Cyclolampas verneuili (Cotteau); LAMBERT, p. 59.

1934 Cyclolampas voltzi (Agassiz); BEURLEN, p. 59, figs. 6a,
6b.

1934 Cyclolampas verneuili (Cotteau); BEURLEN, p. 61, fig.
6c.

1950 Cyclolampas voltzii (Agassiz); MORTENSEN, p. 17, figs.
16, 17.

1950 Cyclolampas verneuili (Cotteau); MORTENSEN, p. 18.
1966 Cyclolampas verneuili (Cotteau); MINTZ, 1966, p. 81,

pls. 1, 2.
1966 Cyclolampas voltzii (Agassiz); WAGNER and DURHAM, p.

526, fig. 414.
1966 Cyclolampas voltzii (Agassiz); MINTZ, p. 81.
1966 Cyclolampas cotteaui MINTZ, p. 83, pls. 1, 4, figs. 10, 11

(nonem nudum).
1971 Cyclolampas verneuili (Cotteau); SOLOVJEV, p. 49, fig.

18.
1971 Cyclolampas voltzii (Agassiz); SOLOVJEV, p. 48, fig. 18.

Diagnosis.—Test moderately high, though variable, test height

FIGURE 5—Photographs of specimens of Cyclolampas voltzii: 1a–1d, respectively: apical view, lateral view, posterior view, oral view, MNHN L20.069; 2a,
oral view, MNHN L20.064; 3a, lateral view, MNHN L20.066; 4a, Cyclolampas castana, lateral view, MNHN L20.073; 5a–5c, respectively: apical view, lateral
view, oral view, UBGD 277477. Scale bars¼10 mm.
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about 60% of test length on average. Apex excentric posteriorly,
maximum height positionned at about 55% of test length.

Material.—See Table 1 for material examined.
Occurrence.—Montagne des Voirons (Haute-Savoie, France),

Oxfordian.
Remarks.—Cyclolampas verneuili and C. cotteaui are here

considered two subjective junior synonyms of C. voltzii. Each of
these two synonymous species had been established and described
after the observation of one single, badly preserved and

incomplete specimen (Cotteau, 1870; Mintz, 1966). Each
specimen had been considered to differ from C. voltzii by subtle
differences in test shape. Compared to the first descriptions of C.
voltzii (Agassiz, 1839; Desor, 1842), Cotteau’s (1870) specimen
would distinguish by a more acuminate outline, higher test
profile, less backwards curved posterior ambulacra and a greater
distance between posterior ocular plates and periproct. Mintz
(1966) recognized three Cyclolampas species. The first one
corresponds to C. voltzii as illustrated in Agassiz (1839),

FIGURE 6—Linear measurements taken on echinoid tests: 1–3, linear regression with length as independent variable and distance periproct-bivium, rPearson¼
0.19, p . 0.05, maximum height relative position, rPearson¼ 0.38, p . 0.05, and relative height, rPearson¼ 0.59, p , 0.01 as dependent variables, respectively.
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characterized by a circular, non acuminate ambital outline, a low
test profile and a short distance between the periproct and
posterior oculars. The second corresponds to C. verneuili as
illustrated in Cotteau (1870), characterized by an acuminate test,
higher, sub-conical test profile and a greater distance between the
periproct and the bivium. Finally, he established a third species,
C. cotteaui for a specimen (UCMP B-222) that combines
characters of the two former species, namely a high test profile
and an acuminate ambital outline as in C. verneuili; a short
distance between the periproct and posterior oculars as in C.
voltzii. Here we consider that specimens previously identified as
C. verneuili and C. cotteaui fall inside the variation range of C.
voltzii, in which characters such as test height, ambital profile and
distance between posterior oculars and the periproct vary among
specimens (see the morphological analysis section below).
Moreover, C. cotteaui was established by Mintz (1966) and only
discussed in his unpublished Ph.D. thesis so that it should be
considered a nomen nudum and not a valid species name
following Article 13 of the International Commission of
Zoological Nomenclature (1999). The fact that specimens
assigned to C. cotteaui combine the respective diagnostic
characters initially attributed to either C. verneuili or C. voltzii
show that some characters may vary independently. Variations in
test height and ambital outline (acuminate to circular) were
actually correlated to size, the largest specimens being the highest
and most circular in outline, whereas small specimens tend to be
the lowest and the most acuminate (Figs. 4.1, 4.2, 6.3).

Conversely, variation of distance between periproct and posterior
oculars doesn’t seem to vary with size (Fig. 6.1). These results
show that ambital shape and distance between periproct and
posterior oculars should no longer be considered as diagnostic
characters to differentiate among Cyclolampas species.

Mintz (1966) designated Cotteau’s drawing (1874) of a

specimen of C. voltzii from the upper Oxfordian of Rians (Var,

France) as the holotype for his species and made a hypotype from

the specimen he observed (UCMP B-222). He attributed the latter

to the Callovian from Saint-Péray (Crussol) in Ardèche (France)

but gave no more information as to the origin of the specimen.

The upper Callovian substage being unkown at Saint-Péray,

Mintz’s specimen would belong to the lower or middle Callovian.

Considering that there is no other specimen of Cyclolampas

known until the upper Callovian in either Europe or North Africa,

considering the age of the holotype of C. cotteaui (upper

Oxfordian) and considering the age of other specimens of

Cyclolampas collected at Saint-Péray (lower Kimmeridgian),

including Cotteau’s specimen of C. verneuili (Cotteau, 1870), the

presumed low stratigraphic position of Mintz’s specimen seemed

very unlikely to us. It is much more probable that specimen

UCMP B-222 dates from the lower Kimmeridgian (Table 1). The

presumed low stratigraphic position of Mintz’s specimen of C.

cotteaui certainly matched his view, as he regarded C. cotteaui as

more ‘‘primitive’’ than C. voltzii and C. verneuili.

FIGURE 7—Linear measurements taken on the test for the biometric analysis.
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FIGURE 8—Principal component analyses: 1, analysis performed for lateral views; 2, analysis performed for oral views.
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CYCLOLAMPAS CASTANEA (Desor, 1858)
Figures 2.4, 5.4, 5.5

1858 Collyrites castanea DESOR, p. 207.
1859 Collyrites castanea (Desor); WRIGHT, p. 326.
1867 Collyrites castanea (Desor); COTTEAU, p. 69, pl. 15, figs.

1–9.
1872 Collyrites castanea (Desor); DESOR and DE LORIOL, p.

359, pl. 57, figs. 9–11.
1883 Pygorhytis castanea (Desor); POMEL, p. 50.
1893 Pygorhytis tumulus GREGORY, p. 11, pl. 2, figs. 6, 7.
1924 Pygomalus castanea (Desor); LAMBERT and THIERY, p.

391.
1924 Pygomalus tumulus (Gregory); LAMBERT and THIERY, p.

391.
1929 Collyrites castanea (Desor); DEECKE, p. 488.
1929 Collyrites tumulus (Gregory); DEECKE, p. 502.
1934 Pygorhytis castanea (Desor); BEURLEN, p. 57, fig. 3g.
1966 Pygorhytis castanea (Desor); MINTZ, p. 78.
1971 Pygorhytis castanea (Desor); SOLOVJEV, p. 48, pl. 3, fig.

17.

Diagnosis.—Test moderately high, height about 60% of test
length on average. Apex a little anterior in position, with
maximum height positionned at about 45% of test length.

Material.—See Table 1 for material examined.
Occurrence.—Chaux-de-Fonds (Neuchâtel, Switzerland), Cal-

lovian.
Remarks.—Cyclolampas castanea was initially assigned to the

genus Collyrites (Desor, 1858) until it was transferred to
Pygomalus (Lambert and Thiéry, 1924) then to Pygorhytis
(Mintz, 1966). Because of incomplete illustrations and descrip-
tions of the posterior part of the test, it turned out to be difficult to

assign the species to either of the latter genera. The type specimen
of C. castanea could not be examined but observation of other
specimens showed that periproct and posterior oculars are
disjuncted in C. castanea. This character, along with the presence
of phyllodes composed of three series of pores per half-
ambulacrum imply that the species must be reassigned to the
genus Cyclolampas as already suggested by Gregory (1893) and
Mintz (1966).

For the time being, we will here follow Solovjev (1971) and
consider Pygorhytis tumulus Gregory, 1893 from the Callovian of
Cutch (India) as a subjective junior synonym of C. castanea,
considering that the low test profile of P. tumulus falls inside the
range of variation of C. castanea. New material is however being
revised that would question this synonymy (Kroh, personal
commun., 2012).

As in the two congeneric species, specimens of C. castanea

show shape variations that are partly size-dependent, the largest
specimens being the highest and most circular in outline, whereas
small specimens tend to be the lowest and the most acuminate
(Figs. 4.1, 4.2, 6.3).

MORPHOLOGICAL ANALYSES

Previous studies showed how difficult it is to interpret shape
variations within and among Cyclolampas species. This is mostly
caused by the scarcity of well-preserved specimens. In order to
discriminate between intra- and inter-specific variations, mor-
phological variations within and between species were examined
using two approaches: a biometric analysis based on linear
measurements taken on echinoid tests and an outline shape
analysis of photographed specimens using the Elliptic Fourier
transform method. In figures and Table 1, the distinction among

FIGURE 9—Canonical Variates Analysis (CVA) scatter plot performed for the lateral shape analysis.
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the specimens formerly assigned to the species C. verneuili and C.

cotteaui is provided so as to help the reader evaluate the relevance
of our taxonomic conclusions.

Biometric analysis.—Thirty specimens, which belong to the
three Cyclolampas species herein recognized were sufficiently
preserved to measure linear characters using a digital caliper
(Table 1). The eight following variables were measured,
corresponding to the morphological characters that were dis-
cussed by previous authors: test length, test height, test width,
maximum heigth position, maximum width position, peristome
and apical system positions along with the distance taken between
the aboral edge of the periproct and posterior oculars (Fig. 7). A
complete measurement set was not obtained for all specimens, as
some have broken parts. The ratio between raw measures and test
length was then computed for all variables to correct for size
effect. Morphological differences between species were tested by
performing a one-way ANOSIM (ANalysis Of SIMilarities) for
each variable using the software PAST v. 1.93 (Hammer et al.,
2001). The ANOSIM is a non parametric test of significance
between groups (Clarke, 1993). In analogy with the MANOVA,
this test is based on comparing any kind of distance between
groups with distances within groups. Contrary to the MANOVA,
the ANOSIM doesn’t require similar sample sizes, normal
distribution of values nor similar variances (Hammer et al.,
2001). The ANOSIM was performed using the Euclidean distance

and the significance of differences between groups was computed
by permutations among groups with 10,000 replicates.

Only three variables discriminate significantly among the three
species: test length, test relative height (Height/Length), and
maximum heigth relative position (Hmax/Length) (Fig. 6.2, 6.3).
Length differences among species was tested higly significant
with the ANOSIM (p,0.005), but pairwise comparisons betwen
species are only significant between C. altus and C. castanea

(p,0.01, Bonferroni corrected). The ANOSIM performed on
Hmax/Length is highly significant (p,0.01), but pairwise
comparisons between species are only significant between C.

castanea and C. voltzii (p,0.05, Bonferroni corrected). The test
maximum height is positioned backward in C. voltzii (Hmax/
Length values ~0.55), it is frontward in C. castanea (Hmax/
Length values ~0.45), though it is variable within both species. In
this respect, specimens of C. altus seem to be intermediate
(Hmax/Length values ~0.50) between the two other species (Fig.
6.2). The correlation between Hmax/Length and Length (Spear-
man’s correlation test) was not significant (rs¼0.38, p.0.05),
showing no significant effect of allometry. The ANOSIM
performed on test relative height is highly significant (p,0.01).
Pairwise comparisons between species are significant between C.

altus and the two other species (p , 0.05, Bonferroni corrected)
and show that the test is significantly higher in C. altus (Height/

FIGURE 10—Linear regression with length as independent variable and lateral and oral sizes as dependent variables: 1, length versus lateral size, rPearson¼0.90,
p , 0.001; 2, length versus oral size, rPearson¼ 0.99, p , 0.001.
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Length ~0.70) than in the two other species (Height/Length
~0.60). The test relative height was correlated to Length
(Spearman’s rs¼0.59, p,0.01), though with a low correlation
value (Fig. 6.3). This shows that relative height differences
between specimens are partly due to allometry. Therefore, height
differences between C. altus and C. castanea can be partly
explained by size differences between the two species.

Mintz (1966) partly discriminated the former species C.
cotteaui and C. verneuili from other specimens of C. voltzii on
the base of differences in the distance between the periproct and
posterior oculars. Our results don’t support this distinction, as
differences among species in the distance between the periproct
and posterior oculars were not tested significant (ANOSIM with
p.0.05) and the correlation with test length was not tested
significant either (Fig. 6.1). The material examined shows that the
distance between the periproct and posterior oculars is highly
variable within Cyclolampas species and that it is independent of
size. Overall, morphological differences between the specimens
formerly attributed to C. verneuili and C. cotteaui on the one
hand, and other specimens of C. voltzii on the other hand could
not be tested statistically as there are too few measurable
specimens at hand. However, graphics examination suggests no
conspicuous differences among the former species, whatever the
character analyzed (Fig. 6.1–6.3).

Outline shape analysis.—The performed biometric analysis
showed that Cyclolampas species can be discriminated between
each other using pairwise comparisons of test relative height and
maximum height position, but none of these linear characters can
discriminate between all three species at the same time. This is
partly due to important intra-specific variations but it also
questions the relevance of the morphological descriptors used so
far.

Many studies have demonstrated the relevance and discussed
the merits of Fourier shape analysis in morphometric studies of
those fossil organisms for which robust homologous landmarks
cannot be defined (Crampton, 1995; Crônier et al., 1998; Haines
and Crampton, 2000; Dommergues et al., 2007, among many
others). In this morphometric method, the whole outline shape of
organisms can be analyzed (not just a linear measure taken
between two points) regardless of size differences. In Cyclo-
lampas, the simple ovoid test shape and the absence of
morphological traits for robust homologous landmarks to be
defined makes the Fourier shape analysis a promising approach
for the analysis of morphological variations within the genus.

Both lateral and ambital outlines were analyzed to take into
account most of the morphological differences described by
previous authors. Twenty-one specimens were well enough
preserved to be photographed in apical view, 19 in oral view,
and 23 in lateral view. Full color photographs were transformed
into binary black and white images and outline shapes were
analyzed using the software SHAPE version 1.3 (Iwata and Ukai,
2002) based on elliptic Fourier descriptors. Size was normalized
and specimens aligned according to test length.

In Fourier-related analyses, the overall outline is expressed by
low frequency functions while sharp details are depicted by
middle- and high-frequency functions along with the analytical
noise due to the positioning of specimens when they are
photographed. Therefore, a limited number of harmonics must
be analyzed to limit the contribution of the analytical error. This
is determined as the best compromise between a low analytical
error and a reliable description of the original outline, as
estimated by the Fourier power (Crampton, 1995). The number
of harmonics to be retained for the analysis was here determined
by comparing measurement error to true morphological variations
among specimens. Measurement error was assessed positioning

and taking photos of all specimens twice for each view, and shape
analyses were performed independently. Then measurement error
was expressed as the proportion of variance due to among-
replicate variations following Bailey and Byrnes (1990). Derived
from a one-way Model II ANOVA, this method consists in
decomposing the total variance into a within-specimen variance
(S2

intra) that represents the part of the variance due to
measurement variations between replicates (measurement error),
and an among-specimen variance (S2

inter) due to true morpho-
logical variations among specimens. Then the percentage of
measurement error (%ME) is defined as:

%ME¼1003
S2within

S2within þ S2among

Measurement error was computed from Fourier coefficients of the
10 first harmonics. Values are relatively high and variable among
harmonics, with a mean value of 18% in lateral view, 32% in oral
view, and 51% in apical view. Regarding the high error value
computed for the latter view, only lateral and oral outlines were
analyzed. The number of harmonics to consider for the analysis
was determined by the inflexion point on the curve depicting the
cumulative Fourier power as a function of the harmonic order (for
more details, see Renaud and Michaux, 2003). The five and four
first harmonics were retained for the oral and lateral views
respectively. In order to highlight main shape variations, a
principal component analysis (PCA) was performed from the
Variance/Covariance matrix of normalized Fourier coefficients
for each view using the software SHAPE. Outlines were also
reconstructed and displayed on the PCA score plots (Fig. 8.1, 8.2)
to help visualize shape variation accounted for by each principal
component. The two reconstructed outlines here correspond to the
mean score value of the respective component plus and minus
twice the standard deviation (equals to the eigenvalue square
root), the scores on the remaining components remaining zero
(Iwata and Ukai, 2002).

The two first components of the PCA computed for the lateral
view account for 88% of total variance, the first and second
components corresponding to 67% and 21% of total variance
respectively (Fig. 8.1). Specimens of C. altus are mostly
distributed towards positive score values of both components,
specimens of C. voltzii towards negative score values of the first
component and specimens of C. castanea are somehow
intermediate in distribution. Reconstructed outlines show that
main shape variation among specimens concerns the test relative
height (PC1), whereas the presence of a shape either symmetrical
and domed, or on the contrary slightly acuminate posteriorly is
secondary (PC2). The distribution of specimens suggests that
shape height could be a discriminant character between species
(PC1), whereas test assymetry could be interpreted as a result of
intra-specific variation (PC2). In order to test for the significance
of shape differences among species, a one-way MANOVA
(Multivariate ANalysis Of VAriance) was performed from
Fourier coefficients of the first four harmonics using the software
PAST version 1. 92 (Hammer et al., 2001). Tests for multivariate
normality of coefficient distribution showed that distribution
kurtosis departs from normality, moreover variances-covariances
values are not similar among harmonic coefficients. Coefficients
were therefore normalized prior to the analysis. The ‘‘species
effect’’ was tested significant (Wilks’ lambda significant with
p,0.001), showing significant differences of mean shapes among
the three species. In addition to the one-way MANOVA, a
Canonical Variates Analysis (CVA) was performed so as to
search for the maximal and second to maximal separation
between all three species as in a discriminant analysis (Hammer
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et al., 2001). A scatter plot was produced where specimens are
displayed along the two first canonical axes (Fig. 9). About 96%
of total variance was accounted for by the first canonical axis
along which C. castanea best discriminates from the two other
species. The two other species differentiate from each other along
the second axis that only accounts for 3.53% of total variance. In
addition, one specimen of C. altus (Hv4) is distributed within
specimens of C. voltzii. This specimen has indeed a particularly
low test profile and is also plotted close to C. voltzii specimens in
the PCA plot (Fig. 8.1). MANOVAs are usually considered as
powerful tests but the validity of the procedure performed on non-
normal variable-based data, though normalized prior to analysis,
was questioned by Warton and Hudson (2004). The chosen
alternative was to use distance-based data and less powerful but
robust tests. Hence, two analyses: a one-way ANOSIM and a NP
MANOVA (Non-Parametric MANOVA) were performed on raw
(non normalized) harmonic coefficients using PAST, with the
Chord distance chosen as the distance measure (considered as the
most appropriate distance measure for morphometric variables
and non euclidean spaces after Legendre and Legendre, 1998). In
both analyses, shape differences were tested significant among
species (p,0.001, with 10,000 permutations) and pairwise
comparisons (Bonferroni-corrected p values) showed significant
differences (p,0.001) between two species only: C. voltzii and C.

altus. This is not congruent with the results obtained with the
CVA. In both analyses shape differences among species were
tested significant, but the two analyses don’t seem to emphasize
the same shape differences.

The two first components of the PCA performed for the oral
view account for 80% of total variance, with 63% and 17% for the
first and second components respectively (Fig. 8.2). All
specimens are evenly distributed all along the first component
and no clear partition can be seen between species. On the second
component, one C. voltzii specimen (L20.066) appears as an
outlier with a marked acuminate shape whereas other specimens
show low score values, either positive or negative, with no
distinction between species. A one-way MANOVA was per-
formed from normalized coefficients of the first five harmonics so
as to test for species differences, but it was not tested significant
(Wilks’ Lambda p.0.05). The ANOSIM and NPMANOVA were
not tested significant either. Shape analysis of the oral view
clearly highlights the importance of intra-specific shape variation
within Cyclolampas species. It is noteworthy that these
differences don’t either match the distinction previously made
between the former species C. verneuili, C. cotteaui and other
specimens of C. voltzii. Reconstructed outlines of both compo-
nents show that intra-specific variation is expressed by more or
less wide or acuminate shapes within all three species.

Shape variations and size.—Morphological analyses have
shown that variation of test height among Cyclolampas specimens
is partly due to an allometric relationship between test height and
length (Fig. 6.3). In order to estimate the part of shape variation
due to shape allometry, the correlation and significance of the
regression between shape variations and size were computed
using PAST. Size was quantified as the square root of lateral and
oral area estimates, not only to take into account test length but
also width and height for size estimates of oral and lateral view,
respectively. Using the parameters of L ¼ test length, H ¼ test
height, and W¼ test width, size was estimated in lateral view (a)
and oral view (b) as follows:

ðaÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
pðL=4þ H=2Þ2

�r

2

ðbÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðL4þW=4Þ2

q

Linear regressions between test length and size estimates (Fig.
10.1, 10.2) were both tested highly significant (p,0.001) but the
value of the correlation coefficient is lower for the lateral view
(rPearson¼0.90, Fig. 10.1) than for the oral view (rPearson¼0.99, Fig.
10.2). This suggests that morphological variations are more
pronounced in lateral view than in oral view. Size differences
between species was tested for both views using the Kruskal-
Wallis test proposed in the software PAST (this test doesn’t
require data normality). For both views, size difference was tested
significant (p,0.05) and pairwise comparisons (Mann-Whitney
test) showed that only C. castanea and C. altus differ significantly
from each other (p,0.05, Bonferroni corrected). This agrees with
the results of the analysis performed on test length (Fig. 6).

Size estimates was plotted as a function of principal component
scores of the PCA performed on oral and lateral views (Fig. 4.1–
4.3). Both mean and extreme outline reconstructions are shown
along their respective components to help visualize shape
variations. In oral view (Fig. 4.1), the linear regression between
size and PC1 scores was tested significant (p,0.05) but the
correlation value is low (rPearson¼�0.51). The regression between
size and PC2 scores was not tested significant. This shows that
oral shape is partly determined by test size, the largest specimens
tending to be the most circular, while the smallest specimens are
the most acuminate. However, an important part of shape
variation remains unexplained. In lateral view (Fig. 4.2, 4.3),
the linear regression between size and PC1 scores was tested
significant (p,0.05) whereas it is not significant between size and
PC2 scores (Fig. 4.3). Lateral shape is partly determined by size
(rPearson¼0.48), the largest specimens being the highest. Biometric
and shape analyses herein agree with each other.

CONCLUSION

In the present work, the discovery of a new species of
Cyclolampas, C. altus n. sp., led to the systematic revision of the
genus and to the taxonomic reassignment of the following
species within the genera Pygorhytis and Cycolampas. Previ-
ously attributed to the genus Pygorhytis, C. castanea was
reassigned to the genus Cyclolampas on the base of new
observations. Conversely, the examination and revision of the
Bajocian species Pygorhytis kiliani and Pygorhytis gillieroni,
which were previously assigned to Cyclolampas (Thierry and
Néraudeau, 1994), now support their taxonomic reassignment to
the genus Pygorhytis. Finally, Cyclolampas verneuili and
Cyclolampas cotteaui are considered junior synonyms of the
genus type species Cyclolampas voltzii.

The joint use of linear measurements and tools of geometric
morphometrics highlighted the amplitude of within-species
variations, a likely source of confusion over taxonomic
identification of Cyclolampas species so far (see Mintz, 1966
for further discussion). Morphological variations are partly size-
dependent: variations in test height and ambital outline
(acuminate to circular) were significantly correlated to size
differences between specimens, the largest specimens being the
highest and the most circular in outline, whereas the smallest
specimens tend to have the lowest profiles and to be the most
acuminate. Because ambital shape variations occur within all
three species and because the respective variation ranges widely
overlap, the ambital shape should no longer be considered a
diagnostic character to differentiate between Cyclolampas
species. Conversely, test height varies both within and among
species, but among-species differences exceed the range of
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within-species variations. Test relative height and profile shape
are the two diagnostic characters that were retained to
differentiate among the three species. Shape analyses are
congruent with results of the biometric approach and show that
C. altus is intermediate in maximum height position between C.
castanea and C. voltzii, whereas it discriminates from the two
other species with its higher test (Figs. 4, 6).

The systematic revision of Cyclolampas implies that the
recognized stratigraphic range of the genus now extends from
the upper Callovian to the Tithonian. This new stratigraphic
distribution is more congruent with our knowledge of the
evolutionary history of atelostomates, as compared to the
conflicting former ones (Bajocian versus Oxfordian origin). In
particular, the morphological and ecological evolution of the
genus does fit with the overall scheme of atelostomate
evolution. Hence, the genus Cyclolampas likely evolved from
a ‘pygorhytine’ ancestor through the achievement of the total
breakup between the periproct and apical plates (Mintz, 1966;
Barras, 2007). This event took place by the end of the Middle
Jurassic, as it did occur in other atelostomate lineages (Thierry,
1974; Moyne et al., 2007). In addition, the origin of the genus in
deep-shelf environments of the Callovian and subsequent
migration to deep-sea basins during the Oxfordian agree with
the overall scenario of atelostomate specialization and migration
to deep-sea environments during the Upper Jurassic (Thierry,
1984; Thierry and Néraudeau, 1994; Thierry et al., 1997; Barras,
2008).

The habitat of atelostomate echinoids changed significantly in
the Upper Jurassic when most genera specialized to deep-sea
environments. In the Middle Jurassic, atelostomates evolved the
capability to feed on the organic content of fine-grained
sediments through the evolution of penicillate tubefeet, a key
innovation that triggered the diversification of the group then
favored its migration to deep-sea environments during the Upper
Jurassic (Thierry, 1984; Barras, 2008). In the Upper Cretaceous
and early Cenozoic atelostomates colonized deep-sea environ-
ments on a second time (Smith and Stockley, 2005). The
increase of surface water productivity and the consequent
increase of organic delivery to deep-sea environments very
likely promoted atelostomate migration on that time (Smith and
Stockley, 2005). On both occasions, it seems that the decisive
factor of atelostomate evolution and dispersal to the deep sea
was the access to new food resources (Smith and Stockley,
2005; Barras, 2008). The presence of C. altus n. sp. in the upper
Callovian of Burgundy is not a random occurrence either.
Whatever the prevailing ecological context at the origin of C.
altus, it should be related to the biogeographic template of
Burgundy at that time. Interestingly, the Callovian corresponded
to a time of relative high sea level in western Europe. In
Burgundy, this led to the weakening of the biogeographic barrier
formerly constituted by epicontinental platforms between Boreal
and Tethyan biotas as evidenced by the mixing of their
respective ammonite faunas (Dommergues and Marchand,
1988; Thierry, 1988). The relative high sea level along with
the weakening of biogeographic barriers could have promoted
both the specialization of benthic taxa to deep-sea environments
and then, their southward or eastward dispersal to deep-sea
basins of the Tethyan or Boreal realms. This could hold true for
the origin of Cyclolampas in western Europe and its dispersal to
the southern and eastern deep-sea basins of Europe and North
Africa during the Late Jurassic.
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authors are indebted to J. Gallemı́ and A. Kroh for improving the
quality of a first version of the manuscript.

REFERENCES

AGASSIZ, L. 1835. Prodrome d’une monographie des radiaires ou Echino-
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(Ammonitina, Aspidoceratidae) dans l’horizon à Collotiformis (Callovien
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COTTEAU, G. H. 1862–1867. Paléontologie française. Terrains Crétacés. Tome
VII, Echinides. Victore Masson, Paris, 892 p.

COTTEAU, G. H. 1870. Echinodermata: Echinoidea. In K. A. Zittel (ed.), Die
Fauna der altern Cephalopoden fuehrenden Tithonbildungen. Palaeonto-
graphica, supp. V. T. Fischer, Cassel, 272 p.

COTTEAU, G. H. 1874. Terrains Jurassiques, Echinides Irréguliers. Tome IX. In
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27, 79 p.

LAMBERT, J. AND P. THIERY. 1909–1924. Essai de Nomenclature Raisonnée des
Echinides. Ferrière, Chaumont, 607 p.

LEGENDRE, P. AND L. LEGENDRE. 1998. Numerical Ecology. Elsevier Science
BV, Amsterdam, 853 p.

LESKE N. G. 1778. Jacobi Theodori Klein Naturalis dispositio Echinoderma-
tum, edita et descriptionibus novisque inventis et synonymis acutorum
aucta. G. E. Beer, Lipsiae, xxiiþ278 p.

MINTZ, L. W. 1966. The Origins, Phylogeny, Descendants of the Echinoid
Family Disasteridae A. Gras, 1848. Unpublished Ph.D. dissertation,
University of Berkeley, 314 p.

MINTZ, L. W. 1968. Echinoids of the mesozoic families Collyritidae
d’Orbigny, 1853 and Disasteridae Gras, 1848. Journal of Paleontology,
42:1272–1288.

MORTENSEN, T. 1950. A monograph of the Echinoidea. I.5 Spatangoida.
Reitzel, Copenhagen, 432 p.

MOYNE, S., J. THIERRY, AND D. ANGENARD. 2007. Architectural variability of the
test in the genus Collyrites (Echinoidea, Disasteroida) during Middle
Jurassic. Annales de Paléontologie, 93:233–247.
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ORBIGNY, A. D’. 1853–1860. Paléontologie Française. Description des
Mollusques et Rayonnés fossiles, Terrains Crétacés, Vol. 6, Echinides
Irréguliers. Victor Masson, Paris, 596 p.
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RENAUD, S. AND J. R. MICHAUX. 2003. Adaptative latitudinal trends in the
mandible shape of Apodemus wood mice. Journal of Biogeography, 30:
1617–1628.

SAUCEDE, T., R. MOOI, AND B. DAVID. 2007. Phylogeny and origin of Jurassic
irregular echinoids (Echinodermata: Echinoidea). Geological Magazine,
144:333–359.

SCHAUROTH, C. F. VON. 1865. Verzeichnis der Versteinerungen im Herzog-
lichen Naturaliencabinet zu Coburg. Dietz, Coburg, 327 p.

SCOUFLAIRE, Q., D. MARCHAND, A. BONNOT, P. COURVILLE, M. RAFFRAY, AND V.
HUAULT. 1997. Le contact Callovien–Oxfordien dans les environs de
Chaignay: nouvelles données stratigraphiques et paléontologiques. Bulletin
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