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Abstract
Phylogenetic relationships within the parvclass Disparida are evaluated using parsimony-based phylogenetic methods. The

Disparida is a combination of forms with simplified morphologies and forms with highly specialized morphologies. The

latter, e.g., Acolocrinidae, Calceocrinidae, Catillocrinidae, and Myelodactylidae, are consistently identified as clades, as

are some simplified forms, such as the Allagecrinidae, Eustenocrinidae, and Tetragonocrinidae. The Iocrinidae is typically

recovered as a paraphyletic grade between the outgroup the oldest disparid, Alphacrinus, and more tipward disparids. The

primary aspects of disparid phylogeny that remain ambiguous using parsimony analysis are the Cincinnaticrinidae and

Homocrinidae, each of which is broadly paraphyletic with taxa in basal and/or derived positions, the status of several

monogeneric families, and the phylogenetic position of disparids too poorly known to include in phylogenetic analysis.
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Introduction

The parvclass Disparida (sensu Wright et al. 2017) was

traditionally understood as a monocyclic order within the

Inadunata (sensu Moore and Teichert 1978) and is pre-

sently defined phylogenetically with the stem-based defi-

nition as ‘‘the most inclusive clade containing

Synbathocrinus conicus Phillips (1836) but not Dendro-

crinus longidactylus Hall (1852)’’ (Wright et al. 2017).

This clade ranged from the Early Ordovician to the Middle

Permian. Disparids as a whole are a fascinating group of

Paleozoic crinoids that generally are highly simplified, yet

certain clades are among the most morphologically spe-

cialized Paleozoic crinoids known, such as the bilaterally

symmetrical Calceocrinidae that were recumbent on the sea

floor with their arms along their column when in a closed,

resting posture (Moore 1962a; Brower 1966; Ausich

1986a) or the Zophocrinidae that reduced the number of

radial plates to four and lacked arms (Springer 1926a)

(Fig. 1).

Although relatively little research on Paleozoic crinoids

has considered eurytopy, range durations, and geographic

distribution among crinoids, in a study of Mississippian

crinoids, Kammer et al. (1997, 1998) concluded that Mis-

sissippian disparids were characterized by eurytopy and

relatively long generic durations. Recently, Donovan et al.

(2011) and Zamora et al. (2015) noted the unexpected

cosmopolitan distribution of certain disparid genera during

the Ordovician, which was a time characterized generally

by endemic echinoderm faunas (Paul 1976; Lefebvre et al.

2013).

Disparid evolutionary history

The oldest disparid crinoid is Alphacrinus Guensburg

(2010) from among the oldest known crinoid faunas in the

middle Tremadocian of the Laurentia paleocontinent

(Guensburg and Sprinkle 2003, 2009, 2010; Guensburg

2010). As early as the Floian, disparid crinoids had become

geographically widespread with faunas present on the

paleocontinents of Avalonia, Gondwana, and Laurentia

Editorial Handling: C. Klug.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13358-018-0147-z) contains supplementary
material, which is available to authorized users.

& William I. Ausich

ausich.1@osu.edu

1 School of Earth Sciences, Ohio State University, 125 South

Oval Mall, Columbus, OH 43210, USA

Swiss Journal of Palaeontology (2018) 137:159–176
https://doi.org/10.1007/s13358-018-0147-z(0123456789().,-volV)(0123456789().,- volV)

http://orcid.org/0000-0001-7140-5986
https://doi.org/10.1007/s13358-018-0147-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s13358-018-0147-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13358-018-0147-z&amp;domain=pdf
https://doi.org/10.1007/s13358-018-0147-z


Fig. 1 Representative examples

of members of the Parvclass

Disparida: a lateral view of

crown and proximal column of

Ectenocrinus simplex (Hall

1847); OSU 54458; b lateral

view of crown and proximal

column of Parapisocrinus

quinquelobus (Bather 1893);

from Springer (1926a); c lateral

view of crown and proximal

column of Catillocrinus

tennesseeae Shumard (1865);

from Springer (1923); d lateral

view of crown and proximal

planispirally coiled column of

Myelodactylus extensus

extensus Springer (1926a); from

Springer (1926b); e lateral view

of aboral cup of Zophocrinus

howardi Miller (1891) from

Springer (1926a); f lateral view
of crown and proximal column

of the calceocrinid

Halysiocrinus tunicatus (Hall

1860); from Springer (1926a).

Scale bars 5 mm
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(Kelly and Ausich 1978, 1979; Donovan 1988; Ausich

1986b; Guensburg and Waisfeld 2015). Despite wide dis-

tribution of a few taxa, disparids were largely endemic

during the earlier Ordovician. Relative to other crinoids,

disparids had the greatest biodiversity increase of any cri-

noid lineage during the Great Ordovician Biodiversity

Event (GOBE) (Ausich and Deline 2012) (Fig. 2) and,

along with diplobathrid camerates and hybocrinids, were

the dominant crinoids of the Early Paleozoic Crinoid

Evolutionary Fauna (Baumiller 1994; Ausich et al. 1994).

Genera and species diversified markedly during the

Ordovician (Fig. 2), including 17 of the 30 disparid fami-

lies that are traditionally recognized. This radiation also

established the long-standing trend among disparids for

extreme morphologies, including forms such as the aco-

locrinids with multiple very narrow arms on each radial

plate, calceocrinids as noted above (Fig. 1f), and myelo-

dactylids with the column planispirally coiled (Fig. 1d).

Equally impressive to the Ordovician radiation was the

severity of Late Ordovician extinctions (Eckert 1988;

Donovan 1988, 1989a; Peters and Ausich 2008). Fewer

than half of Ordovician genera and families survived into

the Silurian (Fig. 2), and only two of these Ordovician

families, Calceocrinidae and Pisocrinidae, attained much

success thereafter (Ausich and Deline 2012).

Considering traditionally recognized families, five new

families originated during the Silurian, seven new families

originated during the Devonian, and one family originated

during the Permian. No new disparid families emerged

during the early Mississippian radiation that culminated in

the ‘‘Age of Crinoids’’ (Kammer and Ausich 2006). This

post-Ordovician history emphasizes further the contrasting

role of disparids during the Ordovician versus the Silurian–

Permian. Nevertheless, after the Ordovician, some extreme

morphologies persisted, and new extreme morphologies

originated. The Calceocrinidae is the longest ranging cri-

noid family (Late Ordovician to Middle Permian) and was

quite diverse until the Late Devonian (see Ausich 1986b).

After the Ordovician, the Pisocrinidae (Fig. 1b) and

Myelodactylidae (Fig. 1d) also underwent a significant

Silurian radiation, and additional originations of extreme

morphologies included the Anamesocrinidae and Catil-

locrinidae (Fig. 1c) with multiple very narrow arms from

each radial plate, the unusual Pygmaeocrinidae with very

few brachialis forming a pyramidal cover over the oral

surface, the Zophocrinidae that lacked arms (Fig. 1e),

among others. The youngest known disparids are from the

Middle Permian.

Previous work

The Treatise on Invertebrate Paleontology (Moore and

Teichert 1978) was a seminal contribution to the study of

crinoids and served as a springboard for the next generation

of crinoid studies on morphology, paleoecology, system-

atics, and phylogeny. The Treatise understanding of dis-

parid classification (Moore et al. 1978) and phylogeny

(Lane 1978) was codified in Moore and Laudon (1943),

and Moore (1952, 1962b). These authors used the number

and position of compound radial plates, which define a

plane of bilateral symmetry, as the primary criterion by

which disparids can be subdivided (Fig. 3). Disparids are

known with one, two, three, four, or five compound radial

plates. Four basic types of disparid bilateral symmetry were

defined by Ubaghs (1978, Fig. 43).

Although similarities exist, aspects of the Moore and

Laudon (1943) and Lane (1978) phylogenies conflict.

Moore and Laudon subdivided their Disparata into the

Hybocrinidae and the homo-synbathocrinid stock. Their

Disparata minus the Hybocrinidae (sensu Sprinkle and

Moore 1978) are the Disparida of Moore and Teichert

(1978), Wright et al. (2017), and the present study. Further,

the discussion in Moore and Laudon (1943, pp. 24–29)

does not align in all cases with their illustration (Moore and

Fig. 2 Generic richness of the Parvclass Disparida through the Paleozoic. EPCEF Early Paleozoic Crinoid Evolutionary Fauna, MPCEF Middle

Paleozoic Crinoid Evolutionary Fauna, and LPCEF Late Paleozoic Crinoid Evolutionary Fauna
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Laudon 1943, Fig. 3). An attempt to summarize the con-

clusions of these previous studies is given below.

The Eustenocrinidae, Iocrinidae, and Anomalocrinidae

were regarded as having independent, deep origins; and the

Eustenocrinidae was regarded as the most stemward group

for the majority of disparids: ‘‘Eustenocrinus is probably

not itself the ancestor of Middle Ordovician and younger

homo-synbathocrinids, but this genus probably closely

approximates the root of the stock’’ (Moore and Laudon

1943, p. 25). The Eustenocrinidae gave rise to the Homo-

crinidae, which in turn gave rise to most of the remaining

disparids of the homo-synbathocrinid stock (Moore and

Laudon 1943, Fig. 3).

Placing the Eustenocrinidae, which has five compound

radial plates, in a stemward position was used undoubtedly

in part as a consequence of selecting the disparid with the

maximum number of plates in the aboral cup, thus the

general overarching crinoid evolutionary trend of plate

reduction could be invoked at the base of disparid evolu-

tionary history (Moore 1952, p. 622; Lane 1978). Plate

reduction is an important evolutionary trend within the

Crinoidea, including the disparids, but plate addition was

an equally important evolutionary trend, especially during

the Early and Middle Paleozoic.

As noted, Lane (1978) also regarded the Eustenocrinidae

as the most stemward disparid from which all other dis-

parids arose. Three lineages emerged from the Eusteno-

crinidae, each defined by different aboral cup symmetries,

including those with the homocrinoidal symmetry plane

(E–BC), the heterocrinoidal symmetry plane (D–AB), and

an imperfect crinoidal symmetry plane (A–CD). The

Iocrinidae had the imperfect A–CD symmetry plane, and

Lane (1978) derived the Myelodactylidae from the Iocri-

nidae. Those with a D–AB symmetry plane included the

Heterocrinidae (now Cincinnaticrinidae) that questionably

gave rise to the Anomalocrinidae. Those with the E–BC

symmetry plane included the Homocrinidae that gave rise

to the Calceocrinidae and at least some of the post-Or-

dovician groups, including the Synbathocrinidae and

Belemnocrinidae (Lane 1978). Tunguskocrinus was iden-

tified as a potential ancestor for ‘‘at least some’’ post-Or-

dovician disparids. Lane (1978) did not speculate on the

derivation of the Anamesocrinidae, Catillocrinidae, and

Pisocrinidae. Lane (1978) did recognize several evolu-

tionary trends among post-Ordovician crinoids, including

fusion of infer- and superradial plates into simple radial

plates, development of five atomous arms, and develop-

ment of multiple very narrow atomous arms articulated to a

single radial plate.

Ausich (1996, 1998a, b) also concluded that the euste-

nocrinid morphology represented the basal disparid from

which four basic lineages emerged: Maennilicrinidae–Te-

tragonocrinidae, Homocrinidae–Calceocrinidae, Cincin-

naticrinidae, and Iocrinidae–Myelodactylidae.

With discovery of the Tremadocian-aged Alphacrinus,

Guensburg (2010, 2012) regarded this, the oldest disparid

with some fixed interradial plates, as the most stemward

disparid. From Alphacrinus, more tipward disparid taxa

and clades included Ibexocrinus, Iocrinus–Merocrinus–

Isotomocrinus, and Ramseyocrinus–Tetragonocrinus

Fig. 3 Expanded plate diagrams for three disparid crinoids from an

aboral view; radial circlet configuration given below each disparid,

the order is A, B, C, D, and E, as explained in the text: a Iocrinus

subcrassus with only the C ray with a compound radial plate; b two

compound radial plates (C and E rays) in Columbicrinus crassus;

c Peniculocrinus milleri with five compound radial plates. Radial

plates and superradial plates filled with black shading; inferradial

plates with horizontal ruling; posterior plates with stippled pattern,

anal X plate indicated with an X; and arrows indicate position where

brachials are fixed, if above the distal margin of the radial plate

circlet. Not to scale
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(Guensburg 2012, Fig. 2). More recently in the analysis of

early crinoid phylogeny (Ausich et al. 2015), the disparids,

which form a clade, have either Alphacrinus or Heviacri-

nus as the most stemward disparid, depending on the taxa

included in the analysis. In the analysis of only Tremado-

cian to Dapingian crinoids, Alphacrinus was at the base of

the disparid clade (Ausich et al. 2015, Fig. 2a; and see

below). Based on the results of Ausich et al. (2015), Wright

(2017) and Wright et al. (2017), the disparids as a parvclass

within the infraclass Inadunata and subclass Pentacrinoida.

Materials and methods

As indicated in the acknowledgments, studied material

comes from specimens in numerous museums, as well as

from the literature. The species included in analyses are

listed in Online Resource 1a. Consistent with other

‘Assembling the Echinoderm Tree of Life’ projects (http://

echinotol.org) (Ausich et al. 2015; Cole 2017; Wright

2017; Wright et al. 2017), disparids were initially coded

with a rubric of 132 characters with a total of 568 potential

character states (Ausich et al. 2015). For the present study,

as possible, all Tremadocian through Darriwilian (Early

through Middle Ordovician) disparid genera were coded;

and as possible, representatives of all post-Ordovician

families were included. A total of 100 disparids were

coded, but only 80 characters were relevant for all dis-

parids with fewer parsimony-informative characters appli-

cable depending on the subset of taxa analyzed. Data are

available on Morphobank (http://morphobank.org). The

relatively small number of parsimony-informative charac-

ters, despite taxa with extreme morphology, is a conse-

quence of disparids as a whole having relatively simple

morphologies (Fig. 1a, b). Disparids are monocyclic (only

radial and basal plate circlets in the aboral cup), fixed

plates above the radial circlet are very uncommon, dis-

parids are generally relatively small, and arms are either

unbranched or typically have relatively simple branching.

The relative dearth of discrete characters is especially acute

for Silurian through Permian disparids as a whole.

Parsimony analyses were conducted in PAUP 4.0a142

(Swofford 2015) using the criterion of maximum parsi-

mony. All characters were initially treated as equally

weighted and unordered. Each analysis was a heuristic

search with random addition that was repeated 1000 times.

Branch swapping was performed using the tree bisection–

reconnection (TBR) algorithm. Both strict consensus and

50% majority rule trees were evaluated, and Adams con-

sensus trees were evaluated where appropriate to identify

‘‘wildcard taxa’’ for possible elimination (Wiley and

Lieberman 2011). After initial analyses with unweighted

characters, characters were weighted using the rescaled

consistency indices (rc), and new trees were generated. The

consistency index (ci), retention index (ri), and rescaled

consistency index (rc) are presented for each tree. Boot-

strap values and Bremer support were also calculated in

PAUP 4.0a142. Additional details of the cladograms pre-

sented in this paper are in the figure captions and in the

Online Resources.

Homology among crinoid calyx plates has been widely

discussed (Moore 1962b; Ubaghs 1978; Simms 1993;

Ausich 1996, 1998a, b; Rozhnov 2002; Guensburg and

Sprinkle 2003; Wright 2015, 2017; Ausich et al. 2015;

Guensburg et al. 2016; and others). The calyx plate

homology scheme used here is taken basically from

Ubaghs (1978). Analyses that accompanied Ausich et al.

(2015) revealed that alternative homology schemes applied

to the same calyx plate circlets did not affect the resulting

topologies in phylogenetic analysis. One departure from

the Ubaghs (1978) scheme that was used in this study is the

coding of the C-ray aboral cup plates. In disparids, infer-

and superradial plates were coded rather than radial and

anibrachials or brachianals (see Ausich 1996, 1998a;

Ausich et al. 2015) in the C ray (Fig. 3a).

An exemplar species of each genus was used for phy-

logenetic analysis. Where possible, type species were

coded, but in some cases other more completely understood

species were coded (Online Resource 1a). Alphacrinus is

used as the outgroup for analyses. As noted by Guensburg

(2010), Alphacrinus is the oldest disparid and it retains

some plesiomorphic characters. Also, as indicated in phy-

logenetic analysis of Tremadocian to Dapingian crinoids

(Ausich et al. 2015, Fig. 2.4; Wright et al. 2017), the most

stemward disparid was Alphacrinus. Alternatively, some

analyses in Ausich et al. (2015) that included younger taxa

placed Heviacrinus stemward of Alphacrinus. In the pre-

sent study, Alphacrinus was used as the outgroup because

of its position on cladograms in Ausich et al. (2015,

Fig. 2a) and Wright (2017), because it is the oldest disparid

(middle Temadocian) (compared to the Darriwilian-aged

Heviacrinus), and because Alphacrinus retains fixed calyx

plates in the interrays, as do Tremadocian crinoids in other

clades (Guensburg and Sprinkle 2003, 2009, 2010;

Guensburg 2010).

An important aspect of disparid morphology is the

number and position of compound radial plates. Compound

radial plates (biradials) are present in the majority of dis-

parids. In the prototypical crinoid, a single radial plate (in a

radial position) is sutured on the upper shoulders of two

basal plates (each in an interradial position), and the arm is

attached to the upper or distal margin of the radial plate

(Fig. 3). A compound radial plate has two plates (inferra-

dial plate and superradial plate) occupying the space where

a single radial plate is typically present. The most common

ray to have a compound radial plate is the C ray, but the
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full range of possibilities are realized from all five rays

having compound radial plates to all five rays having

simple radial plates (Fig. 3).

As discussed, the number and positions of compound

radial plates are a character that unites many disparid

clades, both in the traditional understanding of disparid

phylogeny (Moore 1962b; Moore et al. 1978) as well as in

some of the results described below. The following short-

hand is used to designate the distribution of simple versus

compound radial plates, 12212, and this is referred to

herein as the radial circlet configuration. A radial circlet

configuration of 12212 should be read as follows: simple

radial plate in the A ray, compound radial plates in the B

ray, compound radial plates in the C ray, simple radial

plate in the D ray, and compound radial plates in the E ray

(see Fig. 3).

A time-scaled phylogeny and stratigraphic congruence

metrics were generated using the R package STRAP (Bell

and Lloyd 2015). The congruence metrics include the

Stratigraphic Consistency Index (SCI; Huelesbeck 1994),

Relative Completeness Index (RCI; Benton and Storrs

1994), Manhattan stratigraphic measure (MSM*; Siddel

1988; Pol and Norell 2001), and gap excess ratio (GER;

Willis 1999). Values for each metric were compared to a

null model from a Monte Carlo simulation, thereby

enabling determination of p values. The time-scaled phy-

logeny used a conservation method that constrains a node

to be as old as its oldest descendant (Norell 1992; Smith

1994).

Preliminary equal-weight analysis of all coded disparids

yielded a poorly resolved strict consensus tree with 8263

most parsimonious trees. Regardless, some traditionally

recognized families are delineated as clades, as discussed

below. In an attempt to better resolve disparid phylogenetic

relationships, three methods (as in Ausich et al. 2015) were

employed to obtain better resolved cladograms, including

1, removal of problematic taxa (those contributing to

character conflict) from analysis; 2, a posteriori reweight-

ing of characters based on their rescaled consistency indi-

ces (sensu Kroh and Smith 2010, as noted above); and 3,

the stepwise stratigraphic sampling approach of Ausich

(1998a, b). Taxa excluded from analyses were principally

those with fewer than 70% of characters or those identified

as a ‘‘wildcard’’ (Wiley and Lieberman 2011) in an Adams

consensus tree (Supplemental Table 2).

The stepwise phylogenetic approach of Ausich

(1998a, b) recognized that the branching at the base of a

clade has historical consequences for the entire clade

(Wagner 2000). However, the opposite may not be true.

This is especially relevant for disparids, in which an iter-

ative overarching morphology in many lineages is simpli-

fication of the calyx. In the stepwise approach, the oldest

subset of taxa (Tremadocian–Darriwilian) is used to help

constrain the base of the tree, and progressively younger

taxa are analyzed to build on the initial phylogenetic

structure. Accordingly, analyses are presented for Tre-

madocian through Darriwilian crinoids, Tremadocian

through Sandbian taxa, Tremadocian through Katian taxa,

all disparids, and only post-Ordovician disparids.

This study is only an analysis of phylogenetic relation-

ships among disparid crinoids, as elucidated through par-

simony analysis. A comprehensive classification for

disparids will be proposed in a subsequent paper. Thus,

taxa are referred herein to their currently recognized

familial assignments, i.e., Moore et al. (1978) and Ausich

(1998b), and subsequent publications (see Online

Resource 1a).

Disparid phylogeny

As noted above, analysis of all coded taxa (with more than

70% of characters coded) yields a very poorly resolved

consensus tree (8263 most parsimonious trees) (Fig. 4).

Regardless, some families with specialized morphologies

are sufficiently distinctive that they form clades despite the

overall uncertainty of this cladogram. These distinctive

families are the Acolocrinidae, Allagecrinidae, Anoma-

locrinidae, Belemnocrinidae, Calceocrinidae, Catil-

locrinidae, Eustenocrinidae, Myelodactylidae, and

Pygmaeocrinidae. Other monophyletic groups are also

presented in Fig. 4, but these either group taxa not tradi-

tionally recognized in the same family or group only some

taxa from an otherwise larger family (again, as families are

traditionally recognized). If the tree of Fig. 4 is analyzed

with characters reweighted, nine most parsimonious trees

are recognized, but with two exceptions (recognition of the

Tetragonocrinidae, Tetragonocrinus and Ramseyocrinus;

and loss of the Anomalocrinidae as a clade), the results

(Online Resource 1c) are analogous to the clades identified

in Fig. 4.

As noted, the above three methods were applied in an

attempt to more definitively assess the phylogenetic rela-

tionships among disparids. Figure 5a is the single most

parsimonious tree resulting from analysis of Tremadocian

through Darriwilian disparids (note: only taxa used with

more than 70% of characters coded, see Online Resour-

ce 1b). The analysis sorted taxa largely on the basis of the

radial circlet configuration. Three of four iocrinids (11211

radial circlet configuration) form a clade; and with the

fourth (Schaldichocrinus), the Iocrinidae are positioned as

a grade between the outgroup, Alphacrinus (also with a

11211 radial circlet configuration), and all other more

tipward disparids. Othneiocrinus (11212) is sister to all

other tipward taxa. Pogonipocrinus and Coralcrinus (both

eustenocrinids with a 22222 radial circlet configuration)

164 W. I. Ausich



form a clade, as do Ramseyocrinus (11110) and Te-

tragonocrinus (01101) (note: both tetragonocrinids with a

reduced number of radial plates and no compound radial

plate). Heviacrinus (11111) is sister to Ramseyocrinus and

Tetragonocrinus.

Isotomocrinus (11212, a cincinnaticrinid) is sister to the

clade containing Ramseyocrinus, Tetragonocrinus, and

Heviacrinus; and the remaining taxa (homocrinids; 12212)

are aligned along a grade with Cataraquicrinus and Apo-

dasmocrinus belonging to a more tipward clade, and

Fig. 4 Cladogram of all coded disparid crinoids; results from PAUP 4.0a142; heuristic search with random addition and 1000 repetitions,

characters unweighted; strict consensus of 8263 most parsimonious trees, tree length 629, ci = 0.272, ri = 0.541, rc = 0.147
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Fig. 5 Disparid cladograms from PAUP 4.0a142; both analyses

resulted from heuristic search with random addition and 1000

repetitions (see Online Resource 1b for explanation of taxa excluded):

a Tremadocian to Darriwilian cladogram, a posteriori reweighting of

characters using their rescaled consistency indices, single most

parsimonious tree, tree length 25.54, ci = 0.738, ri = 0.785, rc =

0.579. b Tremadocian to Sandbian cladogram, a posteriori reweight-

ing of characters using their rescaled consistency indices, strict

consensus of three most parsimonious trees, tree length 49.80,

ci = 0.657, ri = 0.735, rc = 0.462. Bootstrap (left) and Bremer

support (right) as appropriate for each clade
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Ibexocrinus and Tunguskocrinus forming a separate clade.

This cladogram unites taxa considered to be in each of the

following families: Eustenocrinidae, Iocrinidae, and Tet-

ragonocrinidae. Members of the Homocrinidae form a

paraphyletic grade of taxa more tipward of the iocrinids.

Figure 5b is a strict consensus of the three most parsi-

monious trees that resulted from taking the taxa of Fig. 5a

and adding genera representative of Sandbian-aged fami-

lies. Note Ramseyocrinus, Tetragonocrinus, and Heviacri-

nus (Floian–Darriwillian taxa) are not included in Fig. 2a

(Online Resource 1b); if included the tree resolution

decreases when Sandbian taxa are included. The only

polytomy in Fig. 5a is within the Iocrinidae, which is

united as a clade.

Figure 5a, b is broadly congruent. In Fig. 5b, taxa with a

11212 radial circlet configuration form a grade from Al-

phacrinus to more tipward disparids. Two clades are

identified in this grade: the Anomalocrinidae (Anoma-

locrinus and Geraocrinus) and a clade uniting Oth-

neiocrinus (Aptocrinidae) and Columbicrinus

(Columbicrinidae). Tryssocrinus (11212) is separated from

other cincinnaticrinids. Two major monophyletic groups

are present more tipward to this basal grade: one the

Iocrinidae (11211) and the other all more tipward taxa. The

clade sister to the Iocrinidae is comprised of three clades:

Eustenocrinidae with Acolocrinidae (22222), the Cal-

ceocrinidae, (12212) and two (but not all) members of the

Cincinnaticrinidae. Homocrinids are scattered throughout

the clade sister to the iocrinid clade. The homocrinid

Daedalocrinus (12212) is sister to the larger clade,

homocrinid Ibexocrinus (12212) is sister to the Cal-

ceocrinidae clade, and the homocrinid Cataraquicrinus

(12212) is sister to the more tipward cincinnaticrinids

(11212). Dulkumocrinus (12222) is sister to the Eusteno-

crinidae/Acolocrinidae clade.

Figure 6a is the single most parsimonious tree from

analysis of genera in Fig. 5b plus some Katian taxa.

Although the single tree of Fig. 6a does not generally have

strong support values, it is largely congruent with Fig. 5b.

The well-defined clades Eustenocrinidae/Acolocrinidae,

Calceocrinidae, and Anomalocrinidae are retained, as is the

Iocrinidae (11211) that also includes Othneiocrinus

(11211). The Anomalocrinidae retain their position

immediately tipward of Alphacrinus. However, the para-

phyletic Homocrinidae, Cincinnaticrinidae, and mono-

generic families (Aptocrinidae, Columbicrinidae, and

Dulkumocrinidae) are rearranged in this cladogram. The

Anomalocrinidae, Tyssocrinus (cincinnaticrinid), and

Daedalocrinus (homocrinid) form a paraphyletic grade

immediately tipward of Alphacrinus and stemward of the

Iocrinidae. Othneiocrinus (11212) is recovered in a derived

position within the Iocrinidae (which is unlikely). The

clade sister to iocrinids has a cincinnaticrinid (Tenuicrinus)

and a homocrinid (Penicillicrinus) as a paraphyletic grade

leading to two clades: one contains eustenocrinid/acolo-

crinid clade sister to the calceocrinids and the second is a

miscellaneous group of para- and polyphyletic taxa. Dys-

tactocrinus (cincinnaticrinid) is sister to the clade com-

prised of the eustenocrinids/acolocrinids and the

calceocrinids. The eustenocrinid/acolocrinid and cal-

ceocrinid clades of Fig. 6a are congruent with Fig. 5b, with

the exception that Dulkumocrinus is repositioned into the

clade of miscellaneous taxa. This grouping of miscella-

neous taxa, comprised of genera from several traditional

families, has internal relationships that contrast with those

of Fig. 5b, and this clade contains a mixture of cincin-

naticrinids, columbicrinids, dulkumocrinid, homocrinids,

and pisocrinids that does not display any particular phy-

logenetic structure.

Figure 7 considers disparids throughout the Paleozoic

and is a single most parsimonious tree. Figure 7 is the

result of analysis of all coded taxa with more than 70% of

characters coded and characters reweighted (Online

Resource 1b). This cladogram has many similarities with

the relationships presented in Figs. 4, 5 and 6. For exam-

ple, the Anomalocrinidae, Eustenocrinidae, Cal-

ceocrinidae, and Iocrinidae form clades. Different in Fig. 7

is that four homocrinids (Ibexocrinus, Kastocrinus,

Homocrinus, and Ectenocrinus) form a distinct clade, and

other taxa are also rearranged. The Belemnocrinidae

(11111) and Calceocrinidae form very well supported

clades. Rather than being within the clade that includes the

Eustenocrinidae, Fig. 7 repositions Acolocrinus so that it

forms a well-supported clade with the other member

(Paracolocrinus) of the Acolocrinidae. The Acolocrinidae

(22222) is joined with Anamesocrinus (12212) in a well-

supported clade, which in turn is united in a well-supported

clade with the Catillocrinidae (11111). This larger clade

with the Catillocrinidae and Anamesocrinidae at its base

unites disparids with multiple very narrow arms on indi-

vidual radial plates, despite the fact that these taxa have

contrasting radial circlet configurations.

All but two of the iocrinids remain in an Iocrinidae clade

along with Eomyelodactylus. In contrast, Fig. 6a has Oth-

neiocrinus nested within the iocrinid clade; but in Fig. 7

Othneiocrinus is sister to the clade with iocrinids and

myelodactylids. The basal iocrinid in Figs. 5b and 6a,

Caleidocrinus (C.), has shifted out of this clade to a more

stemward position in Fig. 7; and the single Silurian iocri-

nid, Pariocrinus, is grouped with Daedalocrinus within the

paraphyletic grade leading stemward to Alphacrinus.

Sister to the iocrinids is a clade subdivided into two

major clades. Again, one of these clades contains the well-

defined Eustenocrinidae and Calceocrinidae; but in contrast

to Fig. 5b, this clade also contains the four-member clade

of homocrinids noted above. Penicillicrinus (also a

Morphological paradox of disparid crinoids 167



Fig. 6 Disparid cladograms from PAUP 4.0a142; both analyses

resulted from heuristic search with random addition and 1000

repetitions, bootstrap (left) and Bremer support (right) as appropriate

for each clade (see Online Resource 1b for explanation of taxa

excluded): a Tremadocian to Katian cladogram, a posteriori

reweighting of characters using their rescaled consistency indices,

one most parsimonious tree, tree length 62.46, ci = 0.545, ri = 0.656,

rc = 0.357; b unrooted cladogram of post-Paleozoic disparids, no a

posteriori reweighting of characters, strict consensus of one most

parsimonious tree, tree length 206, ci = 0.539, ri = 0.574, rc = 0.309.

Bootstrap (left) and Bremer support (right) as appropriate for each

clade
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homocrinid) is the sister taxon of this larger clade, but the

two other homocrinids (Cataraquicrinus and Daedalocri-

nus) are elsewhere in this cladogram.

The clade sister to the eustenocrinid/calceocrinid/

‘‘homocrinid’’ clade is comprised of two subclades. The

first contains the acolocrinid/anamesocrinid/catillocrinid

clade mentioned above and a sister clade comprised of

pisocrinids and other taxa. Eocicerocrinus is most stem-

ward in this clade, and Phimocrinus (11111, Syn-

bathocrinidae, Silurian–Devonian) and Kroppocrinus

(11111, Pygmaeocrinidae, Devonian) are nested among

pisocrinids. As before, the remaining clade is a miscella-

neous grouping of paraphyletic taxa, but this clade contains

all but one cincinnaticrinid, one homocrinid, and

Dulkumocrinus. This clade also contains Synbathocrinus

(11111, Synbathocrinidae, Devonian–Permian) and Al-

lagecrinus (11111, Allagecrinidae, Devonian–Pennsylva-

nian) as a clade. The two Belemnocrinidae are also united

as a clade.

It is noteworthy that based on comparison to abnormal

Devonian crinoids, McIntosh (1979) and Sevastopulo and

Lane (1988) suggested that Belemnocrinus and Whi-

teocrinus are pseudomonocyclic, cladid crinoids that sec-

ondarily lost the infrabasal circlet. To test these

suggestions, the taxa of Fig. 7, minus Belemnocrinus and

Whiteocrinus, were analyzed to yield Online Resource 1d,

which is a strict consensus of three trees. This tree is lar-

gely congruent with Fig. 7. The principle differences are

with iocrinids and the paraphyletic homocrinids. In com-

parison to Fig. 7, Online Resource 1d includes Calei-

docrinus (C.) in a clade with other iocrinids, but the

position of Pariocrinus is unchanged. Finally, parallel to

comparisons between other cladograms with different taxa

considered, the position of genera within the Homo-

crinidae, Cincinnaticrinidae, and monogeneric families

shifts.

Figure 6b is an unrooted tree of post-Ordovician dis-

parids (taxa with more than 70% of characters coded, see

Online Resource 1b) and is a single most parsimonious

tree. The following relationships are congruent with other

cladograms: Calceocrinidae form a well-supported group;

Catillocrinidae form a well-supported group; the Catil-

locrinidae, Anamesocrinidae, and Acolocrinidae form a

group; the Belemnocrinidae form a well-supported group;

Eomyelodactylus is linked with the iocrinids (in this case

Pariocrinus); Kallimorphocrinus and Synbathocrinus are

in a group that includes the Belemnocrinidae; and

Phimocrinus and Kroppocrinus are grouped with within the

pisocrinids (whereas in Fig. 7 and Online Resource 1d,

they are in a pisocrinid-dominated group but do not form a

separate clade). Genera from the Ordovician holdover

families, Homocrinus and Kastorcrinus (homocrinids) and

Cataractocrinus (eustenocrinid), are scattered near the base

of the large paraphyletic grouping dominated by pisocri-

nids. Note that if Belemnocrinus and Whiteocrinus are

excluded from the analysis (Online Resource 1e), the

overall tree topology does not change.

Finally, if post-Ordovician disparids with more than

60% of the characters coded are analyzed, most of rela-

tionships among genera remain consistent (Online

Resource 1f). The relationships among calceocrinids and

disparids with multiple armlets on each radial plate

(Acolocrinus, Paracolocrinus, Anamesocrinus, Catillocri-

nus, and Eucatillocrinus) remain the same as in Figs. 6 and

7 (despite differences in the radial circlet configuration).

The Myelodactylidae form a well-supported clade, and the

two Allagecrinidae (Kallimorphocrinus and Litocrinus)

form a clade. Countering expectations, many of the very

simplified, five-armed disparids do not group in clades

reflecting traditional familial assignments. Pygmaeocrinus

(Pygmaeocrinidae) is in a reasonably well-supported clade

with pisocrinids rather than with the other pygmaeocrinid

(Kroppocrinus). Kroppocrinus is grouped with Haplocri-

nites (Haplocrinitidae). Also, the two synbathocrinids

(Phimocrinus and Synbathocrinus) are positioned in dif-

ferent parts of the cladogram. If Belemnocrinus and Whi-

teocrinus are eliminated from the analysis (see explanation

above), the branching pattern is altered somewhat (Online

Resource 1g).

Discussion

The Disparida are a paradox, a combination of highly

specialized and very simplified crinoids, which is demon-

strated throughout the analyses presented herein. Some

families, primarily the Homocrinidae and Cincinnati-

crinidae, consistently and variously form polyphyletic

groupings. However, regardless of the time slice consid-

ered, the taxa included, or the robustness of the coding for

included taxa, the morphologically highly specialized

clades emerge from a poorly resolved paraphyletic morass.

In previous studies (Moore and Laudon 1943; Moore

1952; Lane 1978; Ausich 1998a), the Eustenocrinidae were

selected (or determined) to represent the most stemward

disparid morphology. In the present analyses with Al-

phacrinus as the outgroup (Guensburg 2010), the euste-

nocrinids were a derived clade formed in part by the

addition of compound radial plates in all rays.

The Acolocrinidae, Anomalocrinidae, Allagecrinidae,

Belmnocrinidae, Calecocrinidae, Catillocrinidae, Eusteno-

crinidae, Myelodactylidae, and Tetragonocrinidae each

consistently group their constituent taxa into clades. These

families have traditionally been recognized as distinct by

most previous authors based on their specialized mor-

phologies and their radial circlet configuration (e.g., Moore
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and Laudon 1943; Moore 1962b; Moore et al. 1978; Ausich

1998a; Guensburg 2012). Other traditionally recognized

families that form clades in some analyses or examples

where most of the constituent taxa typically form a clade

include the Iocrinidae and Pisocrinidae. The radial circlet

configuration appears to be a primary criterion that unites

these taxa. In addition, some traditional views of families

grouped into orders are supported by the results presented

here. For example, the myelodactylids are nested within the

iocrinids, which supports placement of these two groups in

the Order Myelodactylida (Moore et al. 1978; Ausich

1998a) (Figs. 6b, 7); and despite the fact that Eocicero-

crinus (Ordovician) has a different radial circlet configu-

ration than other pisocrinids (all post-Ordovician),

Eocicerocrinus may be positioned in a stemward place-

ment relative to other pisocrinids, as envisioned by

Donovan (1989b) (Fig. 7, Online Resource 1d).

One important contrast between Figs. 6a and 7 and

Online Resource 1d is the position of Acolocrinus.

Acolocrinus is within the Eustenocrinidae clade in Fig. 6a.

In Fig. 7 the clade includes Catillocrinus (Mississippian–

Pennsylvanian), Eucatillocrinus (Mississippian), Aname-

socrinus (Devonian), Acolocrinus (Ordovician), and

Paracolocrinus (Silurian), but the branching in this clade is

in reverse stratigraphic order. In contrast, the oldest piso-

crinid (Eocicerocrinus, Late Ordovician) is at the base of

the pisocrinid clade; the older calceocrinids are positioned

in the lower portion of the calceocrinid clade; and Coral-

crinus, the oldest eustenocrinid in this analysis, is at the

base of the eustenocrinid clade. Placement of Syn-

bathocrinus versus Phimocrinus questions their status as

confamilial genera. Although still a grade from Alphacri-

nus to more tipward taxa, the iocrinids retain some struc-

ture by being divided into two clades (Fig. 6a).

Eomyelodactylus, the oldest member of the Myelodactyli-

dae, is nested within the iocrinoids (all having a 11211

radial circlet configuration), and homocrinids and cincin-

naticrinids are paraphyletic.

The limited taxa in the Tremadocian–Darriwilian anal-

ysis (Fig. 5a) are sorted reasonably well by radial circlet

configuration; however, this pattern dissolves as younger

taxa are included. Despite the consistency noted above for

all well-defined clades, other families traditionally defined

by the radial circlet configuration form inconsistent

groupings and are typically members of paraphyletic

groups. Among Ordovician or largely Ordovician families,

the taxa from the Homocrinoidae and Cincinnaticrinidae

lack consistent placement within clades. Members of these

families are typically either at or near the basal branch of

an otherwise well-defined clade or paired in a derived

portion of the tree.

Columbicrinus and Othneiocrinus (Columbicrinidae and

Aptocrinidae, respectively) may form a group (Fig. 5b).

Alternatively, Columbicrinus may be in a stemward posi-

tion in a paraphyletic clade (Figs. 6a, 7). Othneiocrinus

may be stemward of the Iocrinidae or within the iocrinid

grouping (Fig. 6a versus Fig. 7). Cataraquicrinus and

Dulkumocrinus (Homocrinidae and Dulkumocrinidae,

respectively) may be in different clades (Fig. 5b) or form a

clade together with two cincinnaticrinids (Cincinnaticrinus

and Isotomocrinus) (Figs. 6, 7).

Analyses were performed with only the simpler tradi-

tional families included (Online Resource 1h). These

analyses included 24 taxa with only 32 parsimony-infor-

mative characters (fewer in analyses without the Iocrinidae

included). As in previous analyses, iocrinids formed the

stemward portion of the cladogram in all cases with

homocrinids, cincinnaticrinids, and members of other

families largely in a grade (some within clades) tipward of

the iocrinids (Online Resource 1h). If column characters

are excluded, the relative positions of some iocrinids

change; tipward of iocrinids relative positions of taxa occur

as well as some different taxa identified as clades; and

Eocicerocrinus is positioned between iocrinids and other

tipward taxa (Online Resource 1i). If iocrinids are elimi-

nated from this analyses of (Online Resource 1j and 1k),

the only insight into any phylogenetic structure is that

Othneiocrinus and Columbicrinus form a clade (Fig. 5b).

Most post-Ordovician disparids are more difficult to

evaluate. The Calceocrinidae and Pisocrinoidae are clades

that originated during the Ordovician (assuming Eocice-

rocrinus is the most basal pisocrinid) and survived Late

Ordovician extinctions. The relationships of families that

originated after the Ordovician are more problematic

because many have only simple radial plates (except the

Anamesocrinidae and Haplocrinidae), all have atomous

(unbranched) arms (except the Belemnocrinidae), and taxa

have either five arms or multiple very narrow arms on each

radial plate.

Families (as traditionally recognized) with post-Or-

dovician originations include the following (total range of

families given): Allagecrinidae (11111) (Devonian to Per-

mian), Anamesocrinidae (12212) (Devonian), Belem-

nocrinidae (11111) (Mississippian), Catillocrinidae

(11111) (Devonian–Permian), Haplocrinitidae (12212)

(Silurian to Mississippian), Holynocrinidae (10110)

(Devonian), Paradoxocrinidae (11111) (Permian),

bFig. 7 Cladogram of Ordovician to Pennsylvanian disparids from

PAUP 4.0a142; cladogram from heuristic search with random

addition and 1000 repetitions after a posteriori reweighting of

characters using their rescaled consistency indices; one most parsi-

monious tree, tree length 81.62, ci = 0.530, ri = 0.737, rc = 0.391

(see Online Resource 1b for explanation of taxa excluded); Bootstrap

(above) and Bremer support (below) as appropriate for each clade
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Pygmaeocrinidae (11111) (Silurian to Devonian), Quin-

iocrinidae (12211) (Devonian), Ramacrinidae (12212)

(Silurian to Devonian), Synbathocrinidae (11111) (Sil-

urian–Permian), and Zophocrinidae (11110) (Silurian–

Devonian). Only members of the Allagecrinidae, Aname-

socrinidae, Catillocrinidae, Pygmaeocrinidae, and Syn-

bathocrinidae have taxa with a sufficient number of

characters coded for phylogenetic analysis. Unfortunately,

the following families lack a taxon that is well enough

preserved to include in the analyses: Haplocrinitidae,

Holynocrinidae, Paradoxocrinidae, Quiniocrinidae, Rama-

crinidae, and Zophocrinidae.

Of the remaining families, the Allagecrinidae, Catil-

locrinidae, Pygmaeocrinidae, and Synbathocrinidae have a

11111 radial circlet configuration; and the Aname-

socrinidae and Haplocrinitidae have a 12212 radial circlet

Fig. 8 Time-scaled tree based on Fig. 7. Tree constructed using DATEPHYLO function in STRAP (Bell and Lloyd 2015)
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configuration. If the poorly coded taxa are included in

analyses of post-Ordovician disparids (Online Resource 1f

and 1g; contrast with Fig. 6.2), the relationship of

Phimocrinus and Kroppocrinus becomes unstable, with

Haplocrinites (Haplocrinitidae) grouping with Kroppocri-

nus (Pygmaeocrinidae). However, most of the introduced

taxa form a clade consistent with their traditional family

assignments. For example, Litocrinus groups with Kal-

limorphocrinus (Allagecrinidae), Myelodactylus groups

with Eomyelodactylus (Myelodactylidae), Pisocrinus

(Pisocrinus) (Pisocrinidae) groups with other pisocrinids,

and Eocatillocrinus and Mycocrinus group with other

catillocrinids. However, also note that Abyssocrinus is

positioned stemward of Litocrinus and Kallimorphocrinus,

and Pygmaeocrinus groups with Kroppocrinus, which

would not be anticipated.

Figure 8 is a time-scaled phylogeny based on the tree

presented in Fig. 7. From this result, four stratigraphic

congruence metrics were calculated (Fig. 9; Table 1). The

dashed line on stratigraphic congruence histograms mea-

sures the stratigraphic congruence value for the tree in

Fig. 7 compared to the null model generated for this tree.

In three of four metrics, the topology of Figs. 7 and 8 was

significantly different from random.

Conclusions

The parvclass Disparida is a well-defined clade. Paradox-

ically, the Disparida includes both some of the morpho-

logically most simplified crinoids and some are clades

comprised of some of the most morphologically special-

ized crinoids. Traditionally (Moore and Laudon 1943;

Fig. 9 Stratigraphic congruence analyses for the best fit phylogenetic

distribution of Fig. 8. Dashed lines are observed values, and the

histograms represent a null model produced with a Monte Carlo

simulation from 1000 trees. SCI Stratigraphic Consistency Index

(Huelesbeck 1994), RCI Relative Completeness Index (Benton and

Storrs 1994), MSM* Manhattan Stratigraphic Measure (Siddel 1988;

Pol and Norell 2001), and GER, Gap Excess Ratio (Willis 1999)
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Moore 1952; Lane 1978; Ausich 1998a), the positions and

number of compound radial plates was a foundational basis

for the disparid phylogenetic tree; but based on analyses

presented here, this does not dominate the phylogeny of all

disparids. The specialized clades typically have the same

radial circlet configuration, but these clades largely arose

from a paraphyletic collection of simplified taxa belonging

to different traditionally defined families. With Alphacri-

nus as the outgroup, the Iocrinidae form a paraphyletic

grade to more tipward disparids. Two primary clades are

tipward of the iocrinids: one with pisocrinids as largely

basal and the other largely with paraphyletic cincinnati-

crinids and homocrinids basal. Families of highly special-

ized disparids (e.g., Acolocrinidae, Calceocrinidae,

Catillocrinidae, and Myelodactylidae) consistently form

well-supported clades, as do some distinctive forms (e.g.,

Allagecrinidae, Eustenocrinidae, and Tetragonocrinidae).

Primary questions raised by these analyses include whether

multiple very narrow arms on a single radial plate is a

morphology that evolved more than once; what is the

phylogenetic relationship among and between the Homo-

crinidae and Cincinnaticrinidae; determination of the

phylogenetic position of several post-Ordovician forms that

have either simplified morphology (e.g., Kroppocrinus and

Phimocrinus) or too few characters to include in numerical

analyses (e.g., Zophocrinus and Paradoxocrinus); and how

should superfamilial clades be recognized. Finally, given

the relative dearth of parsimony-informative characters for

the disparids with very simple morphology, to what degree

can a strictly phylogenetic classification be constructed

using the parsimony results presented herein.
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