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ABSTRACT—A set of 127 binary and multistate characters, weighted by the number of derived character states, degree of
covariation, and level of homoplasy, was used in a cladistic analysis of type species representing 12 genera previously
assigned to families Monticuliporidae and Mesotrypidae. The most parsimonious tree consisted of a 10-genus
monophyletic crown group with the remaining two genera forming a basal paraphyletic stem group. The composition of
the monticuliporid crown group is broadly similar to two earlier classifications while stem group membership matches the
family Mesotrypidae. Phenetic groupings, based on overall morphological similarity, have memberships that are similar to
those of clades but provide no means of determining the polarity of evolutionary relationships either within or between
them. Finally, only the observed stratigraphic ranges of the type species of genera provide a statistically significant match
with cladistic branching sequence, perhaps because current composite generic ranges reflect the mixing of species
belonging to different genera. Based on cladogram topology, we propose the placement of all 12 genera into a single
family Monticuliporidae.

INTRODUCTION

THE MONTICULIPORIDAE and Mesotrypidae are currently recog-
nized families of Ordovician and Silurian stenolaemate

trepostome bryozoans (Class Stenolaemata, Order Trepostoma-
ta). The twelve genera currently assigned to these families
(Table 1) contain species that typically form slender or massive
cylindrically-branching colonies (stem diameters 4–8 mm)
having maximum sizes ranging between a few millimeters to
several centimeters. The validity of current family definitions
has been questioned (Anstey and Perry, 1970; Boardman, 1983),
but family-level revisions have been few (Anstey and Perry,
1970; Anstey, 1990; Anstey and Pachut, 1995). Although
morphological studies (e.g., Boardman and Utgaard, 1966; Bork
and Perry, 1967, 1968; Pachut and Anstey, 2002) have provided
a foundation for a taxonomic revision, re-descriptions of some
constituent genera have resulted in cases of synonymy
(Boardman and Utgaard, 1966; Astrova, 1978; Boardman,
1983; Brown and Daly, 1985; Hickey, 1988), underscoring the
need for a reanalysis.

Historically, conventional taxonomic classifications of bryo-
zoans have been phenetic (e.g., Anstey and Perry, 1973; Pachut
and Horowitz, 1987). Measurements or codings of morphologic
characteristics were analyzed, typically using cluster analysis,
resulting in groupings of taxa based on overall morphological
similarity. In contrast, cladistic techniques attempt to determine
patterns of relatedness using only shared-derived, or synapo-
morphic (i.e., advanced), characters rather than using all
attributes, some of which might be shared-primitive, or
symplesiomorphic, features. Morphological attributes, or con-
tinuous measurements of them, are coded as discrete character
states that are compared with those of an outgroup taxon
(presumed to be related to ingroup taxa) to evaluate genealog-
ical relationships. Cladistic characters can be reweighted to
reduce the effects of homoplasy, or convergent evolution, using
objectively determined measures of character independence.
Comparisons between cladistic branching patterns and phenetic
cluster membership can add support to genealogical groupings
and/or document patterns of convergent evolution.

This study evaluates cladistic relationships among 12
Ordovician bryozoan genera previously assigned to the families
Monticuliporidae or Mesotrypidae (Table 1, Figs. 1–6), using a
set of 127 morphologic characters. The goals are to compare
cladistic results to existing taxonomic assignments, to determine
whether support exists for two distinct monophyletic families,
and to compare cladistic branching pattern to the stratigraphic
distributions of genera. Results indicate the presence of a single
monophyletic family Monticuliporidae, with two genera form-
ing a basal paraphyletic grouping and 10 genera comprising a
derived monophyletic clade. A statistically significant match
occurs between the stratigraphic distributions of the type species
of genera and cladistic branching pattern.

HISTORICAL REVIEW

Establishment of the families.—Nicholson (1881) created the
family Monticuliporidae that included the genera Monticulipora,
Fistulipora, Constellaria, and Dekayia. Three of these genera
have subsequently been reassigned either to another trepostome
family (Dekayia to the Heterotrypidae) or to families of
cystoporate bryozoans (Fistulipora to the Fistuliporidae, Con-
stellaria to the Constellariidae). Monticulipora was divided into
five sub-genera: Heterotrypa, Diplotrypa, Monotrypa, Prasopora,
and Peronopora (Nicholson, 1881). Heterotrypa and Monotrypa
have been reassigned to the Heterotrypidae and Amplexoporidae,
respectively, Diplotrypa was reassigned to the Mesotrypidae
(Astrova, 1978; Table 1), and Prasopora and Peronopora are now
considered genera of monticuliporids (Table 1). In his informal
listing of generic assignments, Bock (2010) included Acanthola-
minatus (Marintsch, 1998), Gortanipora (Vinassa de Regny,
1921), and Aspidopora (Ulrich, 1882) in the Monticuliporidae.
The most recent review of the Monticuliporidae defined the
family using a single cystiphragm character (i.e., it is monotheti-
cally defined; Boardman, 1983).

Astrova (1965) established the family Mesotrypidae to include
the genera Mesotrypa and Diazipora that were of uncertain
taxonomic status but appeared to be allied with genera assigned to
families Monticuliporidae and Halloporidae. The possession of
thin walls and a lack of blister-like cystiphragms separated
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mesotrypids from monticuliporids. Later, Astrova (1978) provid-
ed an overview of monticuliporid evolution, viewing the family
as displaying the following temporal trends: decreasing auto-
zooecial sizes, increasing numbers of acanthostyles, and a shift
from polygonal to round and/or petaloid apertures, the latter
produced by abundant inflecting acanthostyles. Additionally, she
suggested that Mesotrypa might be ancestral to the genus
Prasopora, considered to be a monticuliporid because it
possessed cystiphragms. Monticulipora was inferred to have
given rise to Homotrypa based on a shared colony growth form
and compressed autozooecial apertural shapes. A second group of
monticuliporids included Peronopora and Atactoporella, distin-
guished by their abundant mesozooecia and numerous large
acanthostyles (Astrova, 1978, p. 47–50).

Table 1 summarizes the history of generic assignments to the
Monticuliporidae and Mesotrypidae. The two most recent
analyses either placed eight genera in the Monticuliporidae and
two in the Mesotrypidae (Astrova, 1978) or only assigned seven
genera to the Monticuliporidae (mesotrypids were not considered;
Marintsch, 1998)). Marintsch’s concept of the Monticuliporidae
removed three of Astrova’s genera—Atactoporella, Aspidopora,
and Prasoporina—and added the genus Acantholaminatus to the
family. These differences of opinion underscore the need for a
reanalysis of these families using cladistic methods.

Taxonomic revisions.—Boardman and Utgaard (1966, p. 1097)
revised the generic concept of Peronopora to include species
sharing similar autozooecial characteristics and hooked, offset, or
segmented acanthostyles. This resulted in the grouping of species
with bifoliate (two-layered, back-to-back) colony growth forms,
like that of the type species, with those having non-bifoliate
growth habits. Specifically, species formerly assigned to
Atactoporella, Aspidopora, Homotrypella, Monticulipora, and
Prasopora were transferred into Peronopora (Boardman and
Utgaard, 1966; Astrova, 1978; Brown and Daly, 1985).

This transfer prompted Hickey (1988) to reinvestigate generic
and familial concepts in monticuliporids through a cladistic
analysis. Using a set of 57 characters, the resulting clades
supported a monophyletic grouping of bifoliate species of
Peronopora. Conversely, the removal of median lamina charac-
ters resulted in a non-monophyletic clade containing bifoliate
species. This result indicates that bifoliate and unilaminate
species share some convergent (i.e., homoplastic) autozooecial
characters and could be considered congeneric if median lamina
characters are considered to be taxonomically unimportant.
Hickey concluded that a discontinuous median lamina in
Peronopora was characteristic of the morphology and develop-
ment of bifoliate forms and represented a heritable trait. Including

non-bifoliate species within the genus was unwarranted, negating
Boardman and Utgaard’s (1966) concept of Peronopora.
Additional observations in bifoliate species of Peronopora

supported this claim. They include a unique pattern of astogeny
(colony development), a restricted paleogeographic distribution,
and the inconsistent occurrence of hooked acanthostyles in other
genera. Pachut and Anstey (2002) supported Hickey’s (1988)
restriction of bifoliate species to Peronopora.

TABLE 1—History of generic assignments to the Monticuliporidae and
Mesotrypidae. Dashes indicate genera not classified by an author. Astrova
considered Aspidopora and Prasoporina to be synonyms of Prasopora, and
Homotrypella a synonym of Homotrypa; Marintsch considered
Homotrypella to be synonymous with Peronopora. Gortanipora* was
included in the Monticuliporidae in Bock’s (2010) informal compilation.

Genus Ulrich 1890 Astrova 1978 Marintsch 1998

Acantholaminatus – – Monticuliporidae
Atactoporella Monticuliporidae Monticuliporidae –
Aspidopora – Monticuliporidae –
Diazipora – Mesotrypidae –
Gortanipora* – – –
Homotrypa Monticuliporidae Monticuliporidae Monticuliporidae
Homotrypella Monticuliporidae Monticuliporidae Monticuliporidae
Mesotrypa – Mesotrypidae Monticuliporidae
Monticulipora Monticuliporidae Monticuliporidae Monticuliporidae
Peronopora – Monticuliporidae Monticuliporidae
Prasopora Monticuliporidae Monticuliporidae Monticuliporidae
Prasoporina – Monticuliporidae –

FIGURE 1—Acantholaminatus typicus Marintsch, 1998, and Atactoporella
typicalis Ulrich, 1883. 1, 2, Acantholaminatus typicus (holotype, USNM
431850), from Marintsch (1998), plate 4, figures 1a and 1c, respectively: 1,
longitudinal section illustrating autozooecia containing planar diaphragms,
cystiphragms, and acanthostyles; 2, tangential section displaying normal-sized
autozooecia containing cystopores, a macula (lower right) with megazooecia,
and acanthostyles with hollow cores; 3, 4, Atactoporella typicalis, holotype
USNM 43863-2 and syntype USNM 43625-2, respectively, from Astrova
(1978) plate XV, figures 2a and 2b, respectively: 3, tangential section in which
inflecting acanthostyles produce petaloid autozooecial cross sections; 4,
longitudinal section with autozooecia containing planar diaphragms, curved
cystiphragms, and small-diameter mesozooecia. USNM¼US National Museum
(Smithsonian Institution); all scale bars¼1 mm except for 3¼0.05 mm.
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As indicated above, Marintsch (1998) redescribed five of the
genera included in this study (Peronopora, Prasopora, Meso-
trypa, Homotrypa, Monticulipora) and established a new genus,
Acantholaminatus, placing all of them in family Monticulipor-
idae. He disagreed with Hickey’s restriction of bifoliate forms to
Peronopora and adopted Boardman and Utgaard’s (1966, p.
1097) generic concept. That decision made Homotrypella a
subjective junior synonym of Peronopora (Marintsch, 1998).

This overview of the history of monticuliporid systematics
illustrates how the combination of morphological uncertainties
and inadequate generic descriptions has resulted in a number of
reassignments of both species and genera. Historically, most of
the genera in our study have been considered to belong to the
Monticuliporidae (Ulrich, 1890; Astrova, 1978; Anstey, 1987;
Pachut et al., 1994; Marintsch, 1998; Pachut and Anstey, 2002;
and others) leaving the Mesotrypidae with the two genera
(Diazipora and Mesotrypa) that Astrova (1965) originally
assigned to that family.

Previous cladistic studies of bryozoans.—Anstey (1987, p. 33)
analyzed the role of astogeny in Paleozoic bryozoan evolution,
illustrating a previously unpublished genus-level phylogenetic
tree for the Monticuliporidae developed by D. Hickey. The tree
was generated using 67 characters and Dollo parsimony which
minimizes the probability of character state gains in favor of
character state losses. Mesotrypa and Diazipora were sister

genera that, in turn, represented a sister group of Prasopora. All
three genera represented a sister clade to one that included
Homotrypa, Gortanipora, Homotrypella, Peronopora, Atactopor-
ella, and Monticulipora. Aspidopora preceded both clades in the
branching sequence. Clades in this tree were moderately to highly
congruent with generic clusters produced by phenetic methods
(Anstey and Perry, 1973; Pachut and Anstey, 1984).

A cladistic study by Key (1990) resulted in the recognition of a
new trepostome genus, Bimuropora. Characters involving wall
structure, colony growth patterns, and autozooecial ontogeny
controlled the location of taxa within the cladogram. Specifically,
four species assigned to Bimuropora shared a common ancestor
with four species assigned to Champlainopora, resulting in the
establishment of family Bimuroporidae. However, the analysis
produced 19 equally parsimonious trees and a consensus
cladogram that contained two large unresolved polytomies.

Anstey (1990) performed a cladistic analysis of Paleozoic
bryozoan classes and orders, using 54 two- and multistate
characters. Each of the following formed separate monophyletic,
derived, clades: Class Stenolaemata, Paleozoic free-walled
stenolaemates, Order Trepostomata, and Order Cheilostomata.
Conversely, Class Gymnolaemata, and Orders Ctenostomata,
Tubuliporata, Cryptostomata, and Cystoporata were paraphyletic
taxa. Anstey concluded that extant groups of bryozoans were
more plesiomorphous (primitive) than extinct free-walled sten-
olaemates. However, the low consistency index (CI) of 0.438 and
the large number of character reversals and homoplasies
suggested that the tree’s topology might change if new characters
were included in the analysis.

Anstey and Pachut (1995) analyzed phylogenetic relationships
among 60 families of stenolaemate bryozoans using 54
characters. Initially 11 stenolaemate suborders were analyzed

FIGURE 2—Aspidopora areolata Ulrich, 1882 and Diazipora milleporacea
(Bassler, 1911). 1–3, Aspidopora areolata, photos courtesy of the USNM: 1,
2, tangential sections of USNM 43632, with ovate autozooecia, large
polygonal mesozooecia, and a macula (upper left, in 1); 3, longitudinal
section of USNM 460389 (43632-2) illustrating larger autozooecia and
smaller, interspersed, mesozooecia arising from the encrusting surface of the
colony; 4, 5, Diazipora milleporacea (IGE B-3120), from Astrova (1978),
plate XVI, figures 2a and 2b, respectively: 4, tangential section with
numerous, small, mesozooecia between large, circular, autozooecia; 5,
longitudinal section oriented obliquely to the direction of colony growth;
autozooecia, containing planar and curved diaphragms, and mesozooecia
remain recognizable. IGE¼Geological Institute of Estonia; all scale bars¼1
mm.

FIGURE 3—Gortanipora bassleri (Nickles, 1902) and Goryunovia
hemiseptata Taylor and Rozhnov, 1996. 1, 2, Gortanipora bassleri (USNM
96584) from Nickles (1902), figures 3 and 4, respectively: 1, longitudinal
section with autozooecia containing curved, hook-like, partial diaphragms or
incomplete cystiphragms; 2, tangential section with abundant acanthostyles
and autozooecial apertures containing cystiphragms; 3, 4, Goryunovia
hemiseptata (PIN 4565/1) from Taylor and Rozhnov (1996), figures 3 and
5, respectively: 3, colony growth habit; 4, broken zooid containing two partial
diaphragms (hemisepta). PIN¼Paleontological Institute, Russian Academy of
Sciences; all scale bars¼1 mm except 4¼0.25 mm.
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by coding the most frequently displayed trait in a subset of 26
characters. The Branch and Bound algorithm of PAUP (Swofford,

2007) produced two trees with a CI of 0.556. Trepostomes and

cystoporates were sister groups, and the three major stenolaemate
orders (i.e., Cystoporata, Trepostomata, and Cryptostomata) were

monophyletic. A second family-level analysis utilized character

codings for the oldest known genus within each family and
reproduced the subordinal branching patterns of the first analysis.

They concluded (fig. 8.2, p. 245) that both the Halloporina and

the Trepostomata, minus the Esthonioporina, form ordinal-level
clades. Interestingly, the Monticuliporidae and Mesotrypidae
were not closely related. This might have resulted from the use of
the oldest genus within each family that lacked the synapomor-
phies that define conventional groupings (Anstey and Pachut,
1995, p. 243). When representative or typical genera were used,
the Monticuliporidae and Mesotrypidae were closely related sister
clades, as were the Families Halloporidae, Trematoporidae,
Heterotrypidae, and Dittoporidae (Anstey and Pachut, 1995, fig.
8.3, p. 246).

More recently, Pachut and Anstey (2002) applied cladistic
techniques to a data set consisting of 202 specimens, recognizing
eight species of the Middle and Upper Ordovician bryozoan
genus Peronopora. A subsequent paper (Anstey and Pachut,
2004) extended the earlier analysis by comparing cladistically-
defined species to those recognized using phenetic methods. Eight

FIGURE 5—Monticulipora mammulata d’Orbigny, 1850 and Peronopora
decipiens (Rominger 1866). 1, 2, Monticulipora mammulata, from Boardman
and Utgaard (1966), plate 133, figures 1a and 1b, respectively: 1, tangential
section of massive topotype with abundant mesozooecia in central macula and
common cystiphragms (USNM 146486); 2, longitudinal section of same
zoarium (USNM topotype suite 43829) illustrating a monticule at the top of
the image; vertical, attenuated, mesozooecia bend out of the plane of the
section; 3, 4, Peronopora decipiens (lectotype, UMMP 6676-3), from
Boardman and Utgaard (1966), plate 135, figures 1c, 1f, respectively: 3,
tangential section illustrating a monticule and mesozooecia; 4, longitudinal
section showing a break in median lamina (broken vertical line), making it
discontinuous, and autozooecia budding from its left and right sides;
overlapping series of cystiphragms are common within autozooecia;.
UMMP¼University of Michigan Museum of Paleontology; all scale bars¼1
mm except for 1¼0.5 mm.

FIGURE 4—Homotrypa curvata Ulrich 1882, Peronopora mundula (Ulrich,
1893) and Mesotrypa infida Ulrich, 1886. 1, 2, Homotrypa curvata
(plesiotype, IU 16531-018-31) from Brown and Daly (1985), plate 7,
figures 7 and 8, respectively: 1, tangential section with thick autozooecial
walls, a median line, and acanthostyles; 2, longitudinal section with a short
exozone containing an overlapping series of cystiphragms; 3, 4, Peronopora
mundula (Ulrich, 1893) (for Homotrypella instabilis Ulrich, 1886, now
Peronopora instabilis), hypotype USNM 431803 [NL IV 50(85)A-14-B],
from Marintsch (1998), plate 2, figures 2a and 2c, respectively: 3, longitudinal
section with endozonal diaphragms that become rare or absent in the exozone,
common overlapping cystiphragms, and mesozooecia with thicker diaphragms
than in autozooecia; 4, tangential section with subpolygonal autozooecial
apertures and thick autozooecial walls with inflecting and offset acanthostyles
in shallower portion of the section (upper right); deeper portion of section
(lower left) has subrounded thin-walled autozooecia, angular mesozooecia,
and smaller acanthostyles; 5, 6, Mesotrypa infida Ulrich, 1886 (syntype,
USNM 43542) from Astrova (1978) plate XVI, figure 1: 5, tangential section
illustrating 3–5 mesozooecia associated with each large circular autozooecial
aperture; 6, longitudinal section in which autozooecia have oblique and
convex diaphragms and transform into mesozooecia. IU¼Indiana University
Department of Geological Sciences; all scale bars¼1 mm.
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monophyletic species and eight paraphyletic metaspecies were
identified.

METHODS

Morphologic characters.—The character set was developed, in
part, from those used in earlier studies of Paleozoic stenolaemate
bryozoans including Anstey and Perry (1970, 1973), Corneliussen
and Perry (1973), McKinney (1977, 2000), Anstey (1978),
Prezbindowski and Anstey (1978), Pachut and Anstey (1984),
Blake and Snyder (1987), Hickey (1988), Anstey (1990), Key
(1990), Cuffey and Blake (1991), Hageman (1991), Pachut,
Anstey, and Horowitz (1994), Anstey and Pachut (1995),
Spearing (1998), Tang and Cuffey (1998), and Taylor and
Weedon (2000). Characters from these analyses were merged into
a comprehensive listing of 317 characters having a total of 701
derived states (Paquette, 2008; online Supplemental file 1). An
initial subset of 267 characters was appropriate for coding the
genera of this study. Lacking reasons to exclude characters, based
on previous cladistic or phenetic studies, all characters were
initially retained for analysis.

Character state codings (online Supplemental file 2) were
determined from published photographs of thin sections, SEM
photomicrographs, line drawings, and from systematic descrip-
tions of the type species of ten of twelve genera from Anstey and

Perry (1973), Astrova (1978), Boardman and Utgaard (1966),
Bork and Perry (1968), Brown and Daly (1985), Marintsch
(1998), Nickles (1902), Taylor and Rozhnov (1996), Ross (1967),
Utgaard and Perry (1964). Descriptions and illustrations of the
type species of Prasopora (P. grayae) and Homotrypella (H.
instabilis) were inadequate; two closely related species, Praso-
pora falesi and Peronopora mundula, were used to complete
character codings.

The analytical ingroup includes 10 genera currently assigned to
the Monticuliporidae and two to the Mesotrypidae (Table 1; Figs.
1–6). Goryunovia (Taylor and Rozhnov, 1996) was selected as the
outgroup genus for cladistic analysis. It is older, stratigraphically,
and possesses abundant plesiomorphic character states compared
to the 12 ingroup genera. Cladistic analysis employed a subset of
127 of the original 267 characters, each of which shared a
character state with at least one other ingroup genus and also
possessed at least one character state coding not shared with
Goryunovia.

Cladistic analysis.—Cladistic analysis was performed using
PAUP (Phylogenetic Analysis Using Parsimony; Swofford, 2007)
employing both exhaustive (branch and bound) and heuristic
search strategies. Exhaustive searches begin with an initial tree
consisting of three taxa. As taxa are added, the search backtracks
one node, evaluates all possible trees created by that addition, and
continues this procedure until all possible trees have been
evaluated. The initial exhaustive search was followed by a
bootstrapped version that holds taxa constant while character
states are replicated, with replacement, building a series of
replicate trees equal in size to the original tree. Each replicate is
searched, using the branch and bound algorithm, resulting in a
series of trees from which a majority rule consensus tree is
generated. The frequencies (percentages) of clade occurrences
within the set of replicates are indicted at each node, providing
measures of confidence associated with branching points in the
cladogram.

Heuristic searches employ a trial-and-error method rather than
performing a comprehensive search. However, searches are faster
(require fewer computer resources) and can analyze larger data
sets than exhaustive searches. Heuristic searches are hill-climbing
methods that begin with a three-taxon tree to which the remaining
taxa are added (several methods are available). After each
addition, all possible combinations of taxa are evaluated and the
shortest tree is retained. Genera in this study were added
randomly (RANDOM option) followed by tree bisection and
reconnection (TBR) branch swapping. TBR bisects a tree along a
branch and then reconnects the resulting subtrees in every way
possible. Trees are evaluated using parsimony, retaining those
that required the fewest character state changes. The steepest
descent option was used to ensure that a search path was
evaluated along its entire length rather than being abandoned
when a shorter tree was found. Character state reconstruction at
internal (ancestral) nodes was accomplished by character state
optimization, minimizing the amount of change required by a
single character for any particular tree. In cases where character
state changes could be placed at multiple nodes, the accelerated
transformation criterion (ACCTRAN) placed them closer to the
root of the tree rather than closer to branch tips. Searches used the
heuristic search algorithm, the TBR option, and Fitch optimiza-
tion (unordered character state changes); the latter does not
penalize (i.e., increase tree length) character state reversals or the
skipping of sequential character states.

Several quantitative indices were calculated during each
analysis for the entire tree (ensemble index) and for individual
characters (individual index). The consistency index, CI (Kluge
and Farris, 1969), measures the fit of a character (or all

FIGURE 6—Prasopora falsei (James, 1884) (for Prasopora grayae) and
Prasoporina selwynii (Nicholson, 1881). 1, 2, Prasopora falsei (hypotype,
USNM 431732 [CB 145B-5-A]): 1, tangential section with rounded to
subrounded autozooecial apertures, small polygonal to subrounded
mesozooecia associated with, and sometimes isolating, megazooecia in
maculae, small acanthostyles, and large cystiphragms that wrap around two-
thirds to three-fourths of autozooecial apertures, from Marintsch (1998), plate
1, figures 2a and 2c, respectively: 2, longitudinal section containing
autozooecia with planar and curved diaphragms, overlapping series of
cystiphragms, and smaller-diameter, closely tabulated, mesozooecia; 3, 4,
Prasoporina selwynii, from Ross (1967), plate 48, figure 1 and plate 49, figure
8, respectively: 3, oblique tangential section (Loc. 8-27-A; YPM 25198)
illustrating small, crescentic, cystiphragms within ovate autozooecia that are
separated by small mesozooecia; 4, longitudinal section (YPM 25214) with
large, cystiphragm containing, autozooecia and smaller, closely tabulated,
mesozooecia passing into and out of the plane of the thin section.
YPM¼Peabody Museum, Yale University; all scale bars¼1 mm.
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characters) to the tree. Values range from a lower bound based on
the number of possible character states to an upper bound of one,
indicative of the best possible character fit. The retention index,
RI (Archie, 1989; Farris, 1989), is a function of the maximum,
minimum, and actual amount of change in a character. RI equals

zero when a character fits the tree as poorly as possible. The
rescaled consistency index, RC (Farris, 1989), is the product of RI
and CI. With a lower bound of zero (no fit) and an upper bound of
one (perfect fit), it provides a proportional indicator of a
character’s fit to the tree. Homoplasy is morphological similarity

FIGURE 7—Cladogram resulting from a heuristic search that was reweighted using values of the rescaled consistency index (RC) and rerun using PAUP. Tree
length¼118, consistency index (CI)¼0.6924, and homoplasy index (HI)¼0.3076. Lengths and indices for alternative trees are listed in Table 3. The initial search
weighted characters by the number of derived states and degree of covariation.
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resulting from convergent evolution, not from genealogical

descent. It is measured by the homoplasy index, HI (Sang,

1995), equaling 1-CI. Finally, the stratigraphic congruence index,

SCI, (Huelsenbeck, 1994) measures the fit of proposed cladistic

relationships to observed stratigraphic positions of taxa. Strati-

graphic consistency indices (Table 2) were calculated using

PAST (Hammer et al., 2001) based on first and last appearance

datums (FADs and LADs, respectively). Separate analyses were

performed using composite (entire) generic ranges and the ranges

of the type species of each genus. Stratigraphic data were

obtained from original publications with positions located within

the temporal stratigraphic framework of Ogg (2009).

Unweighted characters were used in initial cladistic analyses.
Secondary heuristic searches permitted character reweighting
using the maximum (individual character) value of the RI, CI, or
RC, calculated during the initial run. Reweighting reduces the
importance of homoplastic characters in establishing cladistic
relationships, removing the need to assign weights a priori when
justification for those weights (e.g., from previous studies) is
lacking.

Phenetic clustering.—Two separate cluster analyses were
performed, permitting comparisons between groupings based on
overall morphologic similarity and those based on inferred
genealogical relationships. In the first, Euclidean Distance was
used along with the unweighted pair-group average linkage

FIGURE 8—Majority-rule (50%) consensus tree resulting from a bootstrapped heuristic search. The tree represents a consensus of 100 replicate trees; circled
numbers equal the percentages of replicated trees in which a subclade appeared. For example, the Homotrypella–Gortanipora subclade occurred in 97 percent of
replicated trees.
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method. The Dice similarity coefficient was matched with the
neighbor joining algorithm in the other. Both analyses employed
100 bootstrap replicates that permit the calculation of occurrence
frequencies for each cluster, providing quantitative measures of
the phenetic stability of the resulting groupings (PAST; Hammer
et al., 2001).

RESULTS

Exhaustive, branch and bound, searches generated two
equally parsimonious trees (EPTs) each with a length of 442
(Table 3). Both trees had a consistency index (CI) of 0.5249, a
retention index (RI) of 0.4415, a rescaled consistency index
(RC) of 0.2317 and a homoplasy index (HI) of 0.4751 (i.e., 48%
homoplasy).

The heuristic search also found five EPTs each with a length
of 442. However, these trees had higher quantitative indices
than corresponding trees found by the exhaustive search,
indicative a better fit of taxa to heuristically-determined trees
(Table 3). CI values ranged between 0.6845 and 0.7085 (30% to
35% higher), RIs between 0.6802 and 0.7085 (54% to 60%
higher), and RC values between 0.4656 and 0.4989 (100% to
115% higher). Mean homoplasy across trees was 31 percent, 17
percent lower than for the exhaustive search. Tree number two
had the best suite of ensemble index values.

Reweighted heuristic searches (using CI, RI, and RC; Table 3)
produced single, shorter, trees that match the topology of one of
the two most common trees found by unweighted heuristic
searches. They also produced the same branching pattern found
in one tree from the exhaustive search but with reduced levels of
homoplasy. In both heuristic and branch and bound searches,
Peronopora is a basal taxon of a clade that also includes
Atactoporella, Aspidopora, and Acantholaminatus. In the other
exhaustive search that clade consists of two sister-group pairs:
Peronopora–Aspidopora and Atactoporella–Acantholaminatus.
The repeated appearance of one tree topology, irrespective of
the algorithm or analytical options used to generate it, suggests
that it represents the most accurate pattern of cladistic
relationships among genera, based on our set of character data
(Fig. 7). Reweighting in heuristic searches appears to be
responsible for reducing the effects of homoplastic (convergent)
characters and producing shorter trees than unweighted
exhaustive searches.

A bootstrapped heuristic (BH) search resulted in high
occurrence frequencies at each clade-defining node (Fig. 8),
increasing confidence in the topology displayed by the most

commonly occurring tree. For example, the Homotrypa–
Homotrypella clade occurred in 61 percent while the Gortani-
pora–Homotrypa–Homotrypella clade occurred in 97 percent of
bootstrap-replicates. Similar percentages occurred in the boot-
strapped branch and bound (BB) search. However, the BH
search partially resolved a polytomy in the bootstrapped BB
tree, separating Prasopora from Peronopora and Atactoporella.

Table 4 lists clade-defining apomorphies that are also plotted
on the optimal most parsimonious tree (Fig. 9). A complete
listing of character state changes associated with each node in
the tree can be found in online Supplemental file 3.
Synapomorphic character states evolved only once if they have
consistency indexes (CIs) equaling one. These characters
display no homoplasy (no convergence) and potentially provide
the most reliable traits for characterizing clades. Specifically, all
genera except Mesotrypa and Diazipora share monticule and
cystiphragm characters, a result consistent with Astrova’s
(1965) phenetic definition of the Mesotrypidae as a family
whose members lack monticules and cystiphragms. The
possession of acanthostyles of different sizes and diaphragms
having variable orientations within autozooecia separates
Prasopora and all remaining taxa from Prasoporina. The
Gortanipora–Homotrypa–Homotrypella clade is defined by
colony growth form, autozooecial wall structure, and budding
patterns; it has very strong bootstrap support and is recognizable
in several phenetic groupings. Basal keel and sinus structures
make Aspidopora a sister taxon to Peronopora.

At the genus-level, most parsimonious tree 1 had the highest
stratigraphic consistency index (SCI) of 0.4545 providing the
closest match (at 45%) between observed stratigraphic distri-
butions and cladistic branching pattern. However, this value is
not statistically significant at p�0.05. This might result from
compiling stratigraphic range data for species currently assigned
to these genera for which cladistic support does not exist. In
other words, the poor match between stratigraphic distribution
and cladistic branching pattern could result from composite
FADs and LADs that reflect the mixing of range data for species
belonging to different genera. Conversely, when composite
ranges were replaced by the observed ranges of the type species
of each genus, a highly significant (p�0.01) SCI of 0.9091 (91%
match) was obtained. Until species-level cladistic analyses have
been completed, we might expect poor matches between

TABLE 3—Indices for branch and bound and heuristic cladistic searches.
Included are the consistency index (CI), rescaled consistency index (RC),
retention index (RI), homoplasy index (HI), and stratigraphic consistency
index (SCI); all indices are described in the text. A branch and bound search
resulted in two trees having identical statistics. Heuristic tree two had the
best summary indices and was reweighted using CI, RC, and RI; RC
reweighting produced the most parsimonious tree having the best summary
indices.

Search
Tree

Length CI RC RI HI

Branch and Bound
Standard 442 0.5249 0.2317 0.4415 0.4751
Bootstrapped 232 0.5667 0.2675 0.4720 0.2675

Heuristic Search
1 442 0.6949 0.4832 0.6954 0.3051
2 442 0.7042 0.4989 0.7085 0.2958
3 442 0.6890 0.4732 0.6868 0.3110
4 442 0.6845 0.4656 0.6802 0.3155
5 442 0.6912 0.4769 0.6900 0.3088

Reweighted Tree
Number 2
CI 242 0.5910 0.3152 0.5333 0.4176
RC 118 0.6924 0.4892 0.7066 0.3076
RI 181 0.6180 0.3882 0.6281 0.3820

Bootstrapped 486 0.4774 0.1549 0.3245 0.5226

TABLE 2—Stratigraphic distributions of monticuliporid and mesotrypid genera.
First and last appearance datums (FAD and LAD, respectively) represent
reported ranges for type species (S) and composite ranges of constituent
species for genera (G). Stages and durations are from the International
Stratigraphic Chart (Ogg, 2009) based on dates from Gradstein et al. (2004)
and Ogg et al. (2008). Epoch abbreviations: Ordov¼Ordovician;
Silur¼Silurian; L¼Lower, M¼Middle, U¼Upper.

Genus
Epoch

(G)
FAD
(G)

LAD
(S)

FAD
(S) LAD

Monticulipora U. Ordov–U. Silur 460.5 418.7 460.5 449.5
Gortanipora U. Ordov 460.5 443.7 460.5 443.7
Peronopora U. Ordov–L. Silur 460.5 428.2 460.5 443.7
Aspidopora U. Ordov–L. Silur 455.8 428.2 452.5 443.7
Acantholaminatus U. Ordov 455.8 445.6 455.8 445.6
Homotrypa U. Ordov–U. Silur 460.9 418.7 460.5 449.5
Prasopora U. Ordov–U. Silur 460.9 418.7 460.5 449.0
Prasoporina U. Ordov–U. Silur 460.9 418.7 460.5 449.0
Diazipora U. Ordov 472.0 445.6 472.0 460.5
Mesotrypa M. Ordov–U. Silur 471.8 418.7 460.5 449.0
Atactoporella M. Ordov–L. Silur 471.8 422.9 452.5 443.7
Homotrypella M. Ordov–U. Ordov 471.8 443.7 460.5 449.0
Goryunovia L. Ordov 479.0 466.0 479.0 466.0
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evolutionary branching patterns and sampled stratigraphic
positions for studies conducted at and above the genus level.
For example, a cladistic analysis of the bryozoan genus
Peronopora (Pachut and Anstey, 2007) indicated that strati-
graphic sampling was incomplete. Cladistic relationships were
used to adjust sampled stratigraphic ranges. In spite of obtaining
a significant correlation (SCI) between observed stratigraphic
positions and cladistic branching patterns, the stratigraphic first
appearances of 11 of 16 species and metaspecies of Peronopora
were too young by estimated time spans ranging up to 3.9 myr.

In contrast to the use of synapomorphic characters in
cladistics, phenetic methods use overall morphologic similarity
to group taxa; the status of attributes, as either plesiomorphic or
apomorphic, is ignored. For the genera of this study, phenetic
cluster membership is similar to that of clades (Figs. 10 and 7,
respectively) when based on the Dice coefficient and either the
unweighted pair-group average linkage method or neighbor
joining (PAST; Hammer et al., 2001). Neighbor joining does not
require branches from the same internal node to have identical
lengths (Hammer et al., 2001) a modification appropriate for
data sets including taxa that might possess characteristics that
evolved at different rates. The phenograms include strong
bootstrap support for a basal Diazipora–Mesotrypa cluster. That
cluster is followed by an Aspidopora–Atactoporella–Acantho-
laminatus and a Gortanipora–Homotrypella–Homotrypa cluster,
both of which have weaker bootstrap support. Monticulipora is
more closely (and strongly) associated with Peronopora rather
than with Gortanipora, Homotrypella, and Homotrypa (GHH) in
Figure 10.1, but neighbor joining places Monticulipora at the
base of the GHH cluster, although with weak bootstrap support
(Fig. 10.2). Therefore, clades are recognizable phenetically,
although other combinations of similarity measures and linkage
methods (not illustrated) produced phenetic groups with
membership that diverged from that of clades. This volatility
makes phenetic analyses easy to manipulate and the interpre-

tation of both intra- and inter-group relationships subjective. We
suggest that it is impossible to confirm purported evolutionary
relationships depicted by phenetic groupings without having
prior knowledge of cladistic relationships.

DISCUSSION

Crown and stem groups.—Jefferies (1979) defined a crown
group as a living monophyletic taxon that includes extinct
members that possess (or have secondarily lost) all of the
diagnostic characteristics of that taxon. Therefore, a crown group
contains the latest common ancestor of a taxon and all of its
descendants. In contrast, a total group includes all extinct
members that possess one or more diagnostic characteristics of
the taxon (Smith, 1994). Removal of the crown group from the
total group results in a paraphyletic stem group (stem lineage of
Ax [1987]). This distinction was introduced to accommodate
fossil taxa within living taxa without unnecessarily inflating the
taxonomic hierarchy (Smith, 1994). Jefferies (1979) thought that
the task of paleontologists was to place fossils in their proper stem
groups and then establish sister group relationships among them.
In such a system, the name and Linnaean rank of the crown group
is extended to its associated stem group (i.e., applies to the total
group; Smith, 1994). When a group included both living and
fossil members, fossils were indicated separately as plesions and
taxonomic rank was used only to denote relative inclusiveness.
Our data set consists only of fossilized specimens from extinct
bryozoan genera. We have extended the concept of crown and
stem groups to our analysis of monticuliporid genera based on the
topological structure of our cladogram, an approach applied
earlier by Anstey and Pachut (2004) in defining species and
metaspecies of the Ordovician bryozoan genus Peronopora.

Family Monticuliporidae (Fig. 7) is represented by a crown
group that includes Prasoporina, Prasopora, Peronopora,
Aspidopora, Atactoporella, Acantholaminatus, Homotrypella,
Homotrypa, Gortanipora, and Monticulipora. The stem group
consists only of Diazipora and Mesotrypa, equivalent to
Astrova’s (1965) family Mesotrypidae. The placement of
Prasoporina and Prasopora within the crown group is somewhat
arbitrary, based on the possession of mesozooecial and diaphragm
synapomorphies that display varying levels of homoplasy (i.e., CI
values ,1.0).

Key apomorphic characters.—Synapomorphic character states,
important in defining clades, are listed in Table 4 and
corresponding character numbers have been placed at appropriate
nodes on the cladogram (Fig. 9). Once again, character state
changes having consistency indexes (CI) equaling 1.0 evolved
only once, making them the most useful attributes with which to
define taxa. Starting at the base of the cladogram, node 18 (e.g.,
listed in online Supplemental file 3 as node 17�node 18) is
defined by a single character having a CI of 0.2, indicating the
strong presence of homeomorphy. Character 100 differentiates
Diazipora from Goryunovia by the shape of the living chamber
(was equidimensional, became elongate).

Several key synapomorphic character states occur at Node 19,
but none of them have a CI of 1.0. Characters (in parentheses)
with the highest CI of 0.667 include the presence of a constant or
distally decreasing number of mesozooecia (124) and the
presence of monticules within which autozooecial diameters
decrease imperceptibly into intermonticular regions (134).
Character 206, the presence of oblique diaphragms attached to
proximal walls of zooids, has a CI of 0.6.

Characters that define the base of the crown-group at node 20
(occurred in 79% of bootstrapped trees; Fig. 8) include the
presence of abundant cystiphragms throughout the zoarium
(character 209; CI¼1.0), large cystiphragms (220) present
throughout the zoarium (211) that lack a proximal fringe (215),
monticules that are flat or depressed (150), have a central macula

TABLE 4—Clade-defining characters that are free of homoplasy (consistency
indices¼1.0). All characters are described, coded states listed, and
apomorphies tabulated in online Supplemental files 1–3.

Character
number Type Description

6 Zoarial Form Cross-section shape, cylindrical to
polygonal

7 Zoarial Form Cross-section shape, type of branching
9 Zoarial Form Diameter of branches

10 Zoarial Form Cross-section shape, uniform to
variable diameter

70 Zooecia Zooecial bend, rounded to abrupt
71 Endozone Wall type, curving or linear
81 Budding Axial endozone, presence of growing

tips
84 Budding Axial bud arrangement
87 Budding Axial bundle, not present to well-

defined
88 Budding Axial endozone without/with spiral

budding
89 Budding Axial endozone, non-radial to strongly

radial
90 Budding Axial zooecial arrangement
91 Budding Axial endozone, medial rows of zooids
94 Basal Zooecia Keel
95 Basal Zooecia Sinus

107 Endozone Regular to corrugated walls
155 Monticules Size
184 Acanthostyles Unimodal or discrete sizes
205 Diaphragms orientation relative to zooecial wall
209 Cystiphragms abundance
211 Cystiphragms present in zoarium, or only in exozone
213 Cystiphragms degree of curvature
215 Cystiphragms presence/absence of proximal fringe
219 Cystiphragms single and large or small and numerous
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(152) that is smaller than one autozooecial diameter (153) and are

regularly spaced (154), have megazooecia in the monticules

(146), and diaphragms that revert from convexly curved to

concave or absent (203). The latter seven characters include

varying degrees of homoplasy (CIs between 0.25 and 0.75).

Beginning at node 21, the rest of the crown group is defined by

synapomorphies that are free of homoplasy (CI¼1.0) that include

small (,1.5 mm) monticules (155), acanthostyles with a

unimodal size distribution (184), the presence of normally-curved

cystiphragms (213), and large cystiphragms in each autozooecium

FIGURE 9—Cladogram with synapomorphic characters indicated at selected nodes. Tree is ladderized for easier readability. Node numbers are circled;
characters displaying key apomorphies are listed inside rectangles. Characters are described, codings tabulated, and apomorphic character state changes listed in
online Supplemental files 1–3.
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(219). Obliquely oriented diaphragms undergo a character state
reversion, becoming perpendicular to autozooecial walls (205),
acanthostyles occur at autozooecial junctions (194), cystiphragms
are abutted by half-diaphragms (214), and single cystiphragms are
present in autozooecial apertures (221). This clade occurred in 52
percent of bootstrapped trees, a percentage reflecting topological
variety related to the presence of polytomies in many of the
replicated trees (Fig. 8).

Two synapomorphies at node 24 display no homoplasy: the
presence of a gently rounded autozooecial bend (70) and the
existence of a distinct endozone (71). Additional synapomorphies
include abundant acanthostyles (183) that have a clear core and
include laminations (189). All of synapomorphies that defined the
Monticulipora subclade are also shared at node 16, the base of the
Acantholaminatus subclade, along with completely laminated
wall structure (161), acanthostyles along the autozooecial walls

FIGURE 10—Cluster analyses of genera using the Dice similarity coefficient. 1, phenetic grouping using pair-group linkage; 2, groupings based on neighbor
joining linkage. Numbers indicate bootstrap frequencies of each hierarchical cluster. Phenetic groupings are recognizable in cladograms, with departures
involving the placements of Peronopora and Monticulipora. Other clustering methods produced results that were less concordant with cladistic patterns.
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(192), and more than four diaphragms or cystiphragms in the
endozone (197).

Numerous synapomorphies support a very well-supported
subclade (97% of bootstrapped trees; Fig. 8) at node 23. Genera
include branching colonies (7) that have cylindrical cross
sectional shapes (6); earlier genera were predominantly massive.
They possess an axial endozone (81) containing irregularly
polygonal or rounded buds (84), a well-defined axial bundle (87)
lacking a radial budding pattern (88), and medial rows of
autozooecia (91). Finally, endozones have wavy walls (107) while
cystiphragms occur only in the exozone (211).

Homotrypa and Homotrypella branch at node 22 (bootstrap
frequency¼61%; Figs. 8, 9), and display synapomorphies with a
CI of 1.0 involving branch diameter (9) and its variability (10).
Other synapomorphies (CIs between 0.40 and 0.75) include
lateral branching (8), a high autozooecial reorientation angle (75),
subpolygonal autozooecial apertures (41; a reversion), and non-
localized budding (79).

The Acantholaminatus subclade, at node 16, is characterized by
the same synapomorphies as those at node 24 (the Monticulipora
subclade), the strongest of which are the presence of a gently
rounded autozooecial bend (70) and a distinct endozone (71).
Additional synapomorphies include a gradual change in wall
thickness between the endozone and exozone (69), short overlap
of recumbent zones (98) limited to the base of the zoarium (97),
the presence of subcircular megazooecia (148), larger acanthos-
tyles in monticules (158), and acanthostyles that predominantly
inflect autozooecial apertures (191). This subclade also has a
number of synapomorphies reflecting character state reversals.
Among them are restricted budding reverting to non-localized
budding in the exozone (79), elongate living chambers reverting
to equant (100), planar mesozooecial tabulae reverting to concave
(122), less than four diaphragms in the innermost exozone
becoming absent or rare (198), and large cystiphragms returning
to intermediate sizes (220).

Acantholaminatus and Atactoporella (node 14) share synapo-
morphies displaying levels of homoplasy (CIs) between 0.333 and
0.750. They include intermediate length endozonal portions of
autozooecia (74), mesozooecia that are closed at the zoarial
surface (115), four to seven acanthostyles per autozooecium in
monticular areas (157), five to seven acanthostyles per autozooe-
cium outside of the monticules (193), and the presence of
diaphragms/cystiphragms in the endozone (197). The loss of a
central macula in monticules (152, 153) and non-clustered
mesozooecia in monticules (117) represent character state
reversals.

The association of Aspidopora and Peronopora at node 15 is
defined by the presence of keel (94) and sinus (95) structures in
the endozone (CIs¼1.0). Additional synapomorphies (CIs be-
tween 0.500 and 0.667) involve budding pattern and basal zooecia
characteristics (33, 93, 255), whereas the loss of diaphragms or
cystiphragms in the exozone (201) reflects a character state
reversal.

Stratigraphic consistency.—Based on observed first appear-
ance datums (FADs; Fig. 11) most crown group genera appeared
nearly synchronously in the stratigraphic record. Acantholamina-
tus, Atactoporella, and Aspidopora are exceptions, appearing
approximately 5 my later. This pattern is broadly consistent with
the cladogram because the latter three genera, along with
Peronopora, share a more recent common ancestor separating
them from the other crown group genera. Similarly, Diazipora
and Mesotrypa are basal stem genera that appear early, and
consecutively, in the stratigraphic record. The statistically
significant (p�0.01) stratigraphic consistency index (SCI) of
0.91, calculated using the temporal ranges of the type species of

genera, confirms the close correspondence between stratigraphy
and cladistic branching. Conversely, a statistically significant SCI
was not calculated using composite generic ranges based on all
species currently assigned to these genera. This might reflect the
mixing of valid and incorrectly assigned species to genera, but an
evaluation of this possibility requires an analysis at the species-
level.

Comparisons with previous classifications.—Earlier classifica-
tions (Table 1) defined the difference between monticuliporids
and mesotrypids monothetically, based on the presence or
absence of cystiphragms, respectively. Applying that definition
to our cladistic results places Prasoporina within the monophy-
letic crown group of family Monticuliporidae leaving Diazipora
and Mesotrypa as a basal paraphyletic stem group of the family.
This cladistic result agrees with Astrova’s (1965) original
assertion of a close association between Diazipora and Mesotrypa
and her inferred ancestor-descendent relationship between

FIGURE 11—Stratigraphic ranges of genera assigned to the Mesotrypidae
and Monticuliporidae. 1, composite ranges based on first (FADs) and last
appearance datums (LADs) of each genus; 2, ranges based only on the FADs
and LADs of the type species of each genus. FADs and LADs are listed in
Table 2.
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Mesotrypa and Prasopora (Astrova, 1978; Fig. 7); she considered
Prasoporina to be a synonym of Prasopora. Monticulipora was
viewed as ancestral to Homotrypa, based on zoarial form and the
possession of compressed autozooecia, and Peronopora and
Atactoporella were proposed as a second lineage. Genera in each
of these pairs are sister taxa in two separate crown group
subclades (Fig. 7).

Similarities also exist between relationships depicted in our
cladogram and the one published by Anstey (1987, fig. 7; p. 33,
developed by Hickey but unpublished). In our analysis,
Mesotrypa and Diazipora are sister taxa representing two basal
branches in the cladogram. They are followed in the branching
sequence by Prasopora and Prasoporina which are, in turn, are at
the base of a terminal clade that, like Anstey’s, includes
Homotrypella, Homotrypa, Gortanipora, and Monticulipora.
Our cladogram differs from Anstey’s by placing Acantholamina-
tus (not considered by Hickey), Atactoporella, Aspidopora, and
Peronopora in a separate, more basal, sister clade rather than in a
single terminal one and has Aspidopora in a much more derived
location. The latter genus was at the base of Hickey’s cladogram.

SYSTEMATIC PALEONTOLOGY

Phylum BRYOZOA Ehrenberg, 1831
Class STENOLAEMATA Borg, 1926

Order TREPOSTOMATA Ulrich, 1882
Family MONTICULIPORIDAE Nicholson, 1881

Type species.—Monticulipora mammullata d’Orbigny, 1850, p.
25.

Remarks.—Zoarial form includes encrusting, discoidal, hemi-
spherical-massive, branching, and occasionally frondescent or
bilaminate, typically displaying regularly-spaced monticules.
Autozooecial apertures may be polygonal, subrounded to circular,
and sometimes petaloid. Walls in most genera thin, longitudinal-
ly-fibrous or granular, partly separated, and with zones of
thickenings in a few genera; fused walls obliquely- and
transversely-laminated. Cystiphragms typically numerous, occur-
ring as separate blisters or stacked in an overlapping series, and
developed either throughout the colony or restricted to the
exozone; absent in Mesotrypa and Diazipora. Diaphragms
straight, oblique, and curved, varying in abundance. Mesozooecia
rare to numerous, usually containing abundant horizontal
diaphragms. Acanthostyles small, rare to numerous, and occa-
sionally large and inflecting autozooecial apertures, making them
petaloid, in a few genera.

The family-level cladogram of Anstey and Pachut (1995, fig.
8.3, p. 245) indicated that the Monticuliporidae are most closely
related to families Halloporidae and Trematoporidae. Halloporids
differ from monticuliporids by have ramose growth forms and
virtually lacking acanthostyles. Trematoporids differ by having a
broader range and variety of internal structures, including wall
microstructures, the presence of hemiphragms, cystose vesicles
separating autozooecia in some genera, and an absence of
cystiphragms.

Important studies that have described family-level concepts for
the Monticuliporidae include the following: Nicholson (1881),
Ulrich, (1882, 1890, 1893), Foerste (1887), Simpson (1887,),
Waagen and Wentzel (1887), Simpson (1897), Nickles and
Bassler (1900), Ulrich and Bassler (1904), Bassler (1906, 1911),
Hennig (1908,), Vinassa de Regny (1911, 1921), Coryell (1921),
Dreyfuss (1948), Modzalevskaya (1953), Astrova (1959, 1960,
1965, 1978), Yaroshinskaya (1960), Ross (1961, 1963, 1970), and
Marintsch (1998).

Family includes Monticulipora d’Orbigny 1850, Prasopora
Nicholson and Etheridge 1877, Peronopora Nicholson 1881,
Aspidopora Ulrich 1882, Homotrypa Ulrich 1882, Atactoporella

Ulrich 1883, Homotrypella Ulrich 1886, Mesotrypa Ulrich 1893,
Diazipora Vinassa de Regny 1921, Gortanipora Vinassa de
Regny 1921, Prasoporina Bassler 1952, and Acantholaminatus
Marintsch 1998.

CONCLUSIONS

Earlier classifications assigned either seven or eight of the 12
genera of this study to the Monticuliporidae, placed Mesotrypa and
Diazipora in a separate family Mesotrypidae, or did not consider
the latter two genera at all. A cladistic analysis of these genera used
a set of 127 binary and multistate characters each of which were
initially weighed by both the number of derived character states and
levels of character covariation across genera. The most parsimo-
nious tree resulted from reanalyzing the results of an initial heuristic
search after reweighting characters using values of the rescaled
consistency index, calculated during the original search, to reduce
the effects of homoplasy. Unweighted exhaustive searches and
alternate heuristic searches produced the same tree topology, but
with greater lengths, by employing different weighting strategies.
Cladistic results indicate that all 12 genera should be merged into a
single family Monticuliporidae. Ten genera constitute a monophy-
letic crown group while Diazipora and Mesotrypa form a basal,
paraphyletic, stem group.

The stratigraphic ranges of the type species of each genus
were significantly (p�0.01) correlated with cladistic branching
pattern. A similar, statistically significant, correlation between
branching pattern and composite generic ranges was not found,
perhaps because current generic concepts mix species from
different genera.

Cladistic results support a close association between Dia-
zipora and Mesotrypa, an inferred ancestor-descendent relation-
ship between Mesotrypa and Prasopora, Monticulipora as
possibly ancestral to Homotrypa, and the existence of a
Peronopora-Atactoporella lineage initially recognized by As-
trova (1965, 1978). Similarities also exist between our
cladogram and that of Anstey (1987), including the basal
location of Diazipora and Mesotrypa and the presence of a
monophyletic crown group. While the overall compositions of
crown groups in both cladograms are similar, each displays a
different internal branching sequence.
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Zeitschrift. 70:171–180.

TAYLOR, P. D. AND M. J. WEEDON. 2000. Skeletal ultrastructure and phylogeny
of cyclostome bryozoans. Zoological Journal of the Linnean Society, 128:
337–399.

ULRICH, E. O. 1882. American Paleozoic Bryozoa. Journal of the Cincinnati
Society of Natural History, 2:121–175.

ULRICH, E. O. 1883. American Paleozoic Bryozoa. Journal of the Cincinnati
Society of Natural History, 6:82–92.

ULRICH, E. O. 1890. Palaeozoic Bryozoa. Illinois Geological Survey, 8:283–
688.

ULRICH, E. O. 1896. Bryozoa, p. 257–291. In K. A. von Zittel and Eastman C.
R. (trans. and eds.), Textbook of Paleontology, Macmillan and Company,
New York.

ULRICH, E. O. 1893. On the Lower Silurian Bryozoa of Minnesota. Minnesota
Geological and Natural History Survey, Final Report, 3:96–322 (volume
published in 1895).

ULRICH, E. O. AND R. S. BASSLER. 1904. A revision of the Paleozoic Bryozoa,
Part II. On genera and species of Trepostomata. Smithsonian Miscellaneous
Collections, 47:15–55.

UTGAARD, J. AND T. G. PERRY. 1964. Trepostomatous bryozoan fauna of the
upper part of the Whitewater Formation (Cincinnatian) of eastern Indiana
and western Ohio. Bulletin of the Indiana Department of Conservation,
Geological Survey, 33:1–111.

VINASSA DE REGNY, P. E. 1911. Trias-tabulaten, Bryozoen und Hydrozoen aus
den Bakony: Balaton (Plattensee). Resultate Wiss., 1:1–22.

VINASSA DE REGNY, P. E. 1921. Sulla classificazione dei Trepostomidi. Atti
della Società Italiana di Scienze Naturali, e del Museo Civico di Storia
Naturale, Milano, 59:212–231.

WAAGEN, W. AND J. WENTZEL. 1887. Coelenterata. Salt Range Fossils.
Paleontology Indica, Series 13, 1:854–966.

YAROSHINSKAYA, A. M. 1960. Type Bryozoa, p. 393–400. In The Paleozoic
biostratigraphy of the Sayan-Altai Mountain Region. Trudy Sibirskogo
Nauchno-Isledovatelskogo Instituta Geologii, Geofiziki i Mineralnogo
Syrya (SNIIGGIMS) 19.

ACCEPTED 6 MARCH 2013

ADAMCZYK AND PACHUT—CLADISTIC ANALYSIS OF TWO PALEOZOIC BRYOZOAN FAMILIES 649

https://doi.org/10.1666/12-075 Published online by Cambridge University Press

https://doi.org/10.1666/12-075


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


