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SUMMARY

A new classification of the Brachiopoda is proposed to take into account recent advances in our
understanding of the anatomy, shell morphology, ontogeny and phylogeny of the phylum. The use of
phylogenetic analysis to help rationalize this new information did not obviate the dilemma facing all
previous classifications of how best to reconcile fossil and living data. Over 959, of all recognized genera
are founded on extinct species, with the greatest diversity occurring in Cambro-Ordovician times when
all but two of the 26 major groups constituting the phylum first appeared. Only five of these groups
survive to the present day, albeit as well dispersed representatives of the early diversity. To compare
phylogenies extrapolated from these data, phylogenetic analyses of Recent and Cambro-Ordovician
groups were conducted independently by using 55 biological characters for the former group and 69
morphological (and inferred anatomical) features for the latter; only 12 characters were common to both
exercises.

The cladogram derived for seven Recent suprafamilial taxa, with Phoronis and cyclostome and
ctenostome bryozoans as outgroups, is virtually the same as that being obtained by studies of the
brachiopod genome. It is also largely compatible with the cladogram for 33 Cambro-Ordovician
suprafamilial taxa with Phoronis as outgroup. This cladogram has, in turn, been subjected to stratocladistic
tests and has been shown to be consistent with the stratigraphic records of the taxa analysed.

A reconciliation of the genealogies derived from the Recent and Cambro-Ordovician data, represented
by 14 taxa and clades (with Phoronis as outgroup), was effected by using the 19 synapomorphies
characterizing these groups. The resultant cladogram shows living organophosphatic-shelled lingulids
(and discinids) as a sister group to a clade of all other living brachiopods. This clade, however, includes
the extinct organophosphatic-shelled paterinids and the organocalcitic-shelled craniids. The inclusion of
the craniids, in particular, is a cladistic compromise that is inconsistent with genetic and some anatomical
and morphological evidence. It was therefore decided to accommodate these inconsistencies by dividing
the Brachiopoda into three subphyla, each typified by Recent species with early Palaeozoic ancestors and
defined by easily identifiable synapomorphies. The inarticulated Linguliformea, consisting of two classes
(Lingulata and Paterinata), is characterized by an organophosphatic shell with a stratiform secondary
layer and by planktotrophic larvae. Its modern representatives are the lingulids and discinids. The
inarticulated Craniiformea is primarily distinguished by an organocarbonate shell with a laminar
secondary layer and the absence of a pedicle throughout ontogeny. The craniids are the sole Recent
descendants. The mainly articulated Rhynchonelliformea is the largest subphylum as it embraces five
Classes (Chileata, Obolellata, Kutorginata, Strophomenata and Rhynchonellata). Its synapomorphies
include an organocarbonate shell with a fibrous secondary layer, the presence of a pedicle without a
coelomic core and the development of a recognizable diductor muscle system controlling the opening of
the valves about a hinge axis defined by interareas. All Recent brachiopod species articulating with
cyrtomatodont teeth and sockets are rhynchonelliforms.

geological continuity, which reflects their dominance
as marine benthos throughout the Palaeozoic era. It is

. T ION .
1. INTRODUCTIO therefore understandable that palaeontologists played
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The Brachiopoda, a group of invertebrate bivalves, are
normally minor members of present-day marine com-
munities, being represented by no more than a hundred
or so genera, albeit cosmopolitan and intertidal to
bathyal in distribution. They do, however, have an
unexcelled fossil record of morphological diversity and
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a leading role in classifying brachiopods once nine-
teenth century naturalists had determined the anatomy
and development of Recent species and had more or
less established their relationships with other eumeta-
zoans. Unsurprisingly, brachiopod taxonomy remains
greatly influenced by this historic division of labour,
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which accounts for many of the difficulties attending
attempts to reclassify the phylum.

Ashas been well documented by Muir-Wood (1955),
the brachiopods known at the beginning of the
nineteenth century were assigned, at one time or
another, to many different invertebrate groups but
were most commonly classified as molluscs (Lamarck
1801, Guvier 1800-1805) or molluscoides. The latter
name was used by Huxley (1853) to accommodate the
views of himself and Hancock (1859) that the brachio-
pods and polyzoans (bryozoans) are related. Morse
(1870) concluded that brachiopods are more closely
related to annelids than to molluscs and cited the
possession of setae as part of the evidence of common
ancestry.

Classifications based on molluscan affinities lingered
on into the twentieth century and were adopted as late
as 1934 in the Russian edition of Zittel’s Textbook of
Palaecontology. By then, brachiopods were being widely
recognized as a distinct phylum (Schuchert & Le Vene
1929; Hyman 1940; Cooper 1944). Indeed, in the light
of his studies of the life history of a terebratulide,
Percival at one time (1944) concluded that articulated
brachiopods with organocarbonate shells are so
different from inarticulated species with organophos-
phatic exoskeletons as to warrant the recognition of
two phyla.

The precise rooting of the Brachiopoda and related
phyla within eumetazoan phylogeny remains in dis-
pute. In the nineteenth century, comparative studies of
anatomy and larval development, especially those of
Phoronis and brachiopods by Caldwell (1882), led
Hatschek (1888) to propose a new phylum, the
Tentaculata (later more appropriately renamed
‘Lophophorata’ (Hyman 1959, p. 229)), for brachio-
pods, bryozoans and phoronids. For almost a century
the lophophorates have widely been regarded as
protostomes and attempts have even been made to
restore Hatschek’s original rank of phylum for the
group, with the brachiopods, bryozoans and phoronids
consequently reduced in hierarchical status to classes
(Emig 1984). More recently, Conway Morris & Peel
(1995, pp. 343-344) concluded that brachiopods
evolved from extinct protostomes, the early Cambrian
articulated halkieriids. In our estimation this radical
proposal is currently too speculative to warrant the use
of the halkieriids as the sister group of the brachiopods.

A deuterostomous origin of some or all lopho-
phorates has also attracted support. Reservations on
how to interpret the development of the brachiopod
gut and coelom prompted Hyman (1959, p. 230) to
suggest that the lophophorates ‘form some sort of link
between the Protostoma and Deuterostoma’. Nielsen
(19954, p. 6), on the basis of studies and reinterpre-
tations of lophophorate larval development, argued
against the monophyly of the lophophorates by
assigning the bryozoans to the protostomes and the
brachiopods and phoronids to the deuterostomes. In
his view, many features, like the lophophore, which are
common to all three taxa, are not synapomorphies but
homoplasies. The prevalent opinion among zoologists,
however, favours all lophophorates as being deuteros-
tomes (Zimmer 1964 ; Brusca & Brusca 1990; Schram
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1991; Meglitsch & Schram 1991; FEernisse ef al.
1992).

Before the use of outgroups to help determine
character polarity, these conflicting views would have
had little effect on intra-phyletic brachiopod classi-
fication. A broadly based phylogenetic analysis of the
Brachiopoda, however, is best conducted with the aid
of taxa of indisputably close affinity. This desideratum
now seems to be fulfilled by molecular evidence,
particularly through the use of ribosomal RNA to
determine metazoan molecular phylogeny (Conway
Morris 1993). So far the unanimous conclusion, based
on comparisons of sequences of 185 rRNAs and using
Lingula to represent brachiopods, is that the lopho-
phorates are protostomes (Field et al. 1988; Ghiselin
1988; Patterson 1989; Lake 1990; Adoutte & Phillipe
1993), a conclusion accepted by us for this paper.

More detailed genetic studies of the lophophorates,
however, are beginning to raise severe intra-phyletic
taxonomic problems. An analysis of sequences from
one articulated and one inarticulated species of
brachiopods, as well as a phoronid and a bryozoan,
showed the articulated species and the phoronid as
sister taxa that, together with the inarticulated
brachiopods, molluscs and polychaete annelids, form a
sister clade to the bryozoans (Halanych et al. 1995). In
contradiction to this possible diphyletic origin of the
Brachiopoda, a more comprehensive 185 rRNA study
of over 30 species, representing all Recent brachiopod
superfamilies, showed them to be monophyletic (Cohen
& Gawthrop 1996, and personal communication).
Even so, Cohen & Gawthrop are unequivocal in
nesting the phoronids within the brachiopod clade,
either as a sister group of all inarticulated species or of
the craniids alone. Their data rather weakly identified
molluscs (possibly with annelids among others) as sister
group(s) of the brachiopods and phoronids but were
inadequate to show the relationship of the bryozoans.

In the light of these studies, we conclude that
brachiopods form a clade meriting recognition as a
phylum. In so doing we reject poorly founded assertions
(Valentine 1975; Wright 1979), first refuted by Rowell
(19814, b), that the Brachiopoda are polyphyletic. We
have also recognized the need to make any classi-
fication proposed by us flexible enough to accom-
modate even the phoronids.

Intra-phyletic classifications of the Brachiopoda
have been as contentious as those deciding the intra-
metazoan affinities of the phylum. Many schemes were
proposed in the nineteenth century but only two have
survived in popular usage more or less to the present
day. They are based on the presence or absence of teeth
and sockets for the articulation of the valves (the
classes Articulata and Inarticulata erected by Huxley
(1869)), and the ontogeny and presumed phylogeny
of shell form and pedicle opening (the orders
Atremata, Neotremata, Protremata and Telotremata of
Beecher (1892)).

Beecher’s more sophisticated classification began
falling into disuse when it was found that such key
diagnostic features as ‘deltidial plates’ and ‘pseudo-
deltidia’ had developed many times during the
evolution of the articulated brachiopods (Cooper 1944)
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and that his order Protremata had been erected on a
misinterpretation of the ontogeny and structure of the
thecideidine shell (Williams 1955). By the time Part H,
Brachiopoda, of the Treatise on invertebrate paleontology
came to be published in 1965, all Beecher’s orders had
been discarded.

The classification adopted for Part H of the Treatise
was founded on the assumption that it would be both
utilitarian and closer to brachiopod phylogeny if it
were built up from genera to superfamilies by continual
morphological comparison, the pre-eminent palaeonto-
logical measure of affinity (Williams & Rowell 1965, p.
H223). The superfamilies, with few exceptions, formed
well-defined clusters mostly characterized by synapo-
morphies. Each cluster was given ordinal status and
named after its best known genus (Williams 1956).
Eleven such orders were recognized and, except for the
poorly known Kutorginida, were assigned to the
Inarticulata or Articulata, which classes had been
retained. Indeed, these classes survived in universal use
until recently when it was shown that several kinds of
articulation were developed during early brachiopod
radiation (Popov 1992).

Within a year of the issue of the brachiopod Treatise,
a phylogenetic analysis of the phylum had been
published by Hennig (1966, pp. 145-154). Some of the
data used for the analysis were incorrect; even so,
Hennig was prompted to suggest that the inarticulated,
carbonate-shelled craniids are more closely related to
articulated, carbonate-shelled brachiopods than to
inarticulated, phosphatic-shelled species like the lin-
gulids. This point had in fact already been raised
within the T7eatise itself by Jope (1965, p. H159) as a
result of her biochemical studies of the brachiopod
shell. In effect, the attempt to integrate a classification,
based on valve articulation, with one intended to
reflect the broad pathways of brachiopod evolution
was already under scrutiny. However, phylogenetic
analyses of Recent brachiopods by Rowell (19814, &;
1982) endorse the higher-level Treatise classification.

Later reviews had the advantages of access to new
data on early Palaeozoic carbonate-shelled inarticu-
lated species and to computer programs facilitating
virtually inexhaustible experiments in phylogenetic
analyses. Gorjansky & Popov (1985, 1986), after
appraising a mixture of reinterpretations of the
development and anatomy of living species and of well-
preserved skeletal features of extinct groups, concluded
that phosphatic-shelled, inarticulated stocks consti-
tuted a distinct class of lophophorates (Lingulata)
outside a restricted clade of carbonate-shelled forms
(an amended Brachiopoda). This view, entailing
bivalve homoplasy among early lophophorates, had
been abandoned before the publication of an account
by Nielsen (1991) of the development of Crania, which
supported a close affinity between the craniids and
other carbonate-shelled species but refuted brachiopod
diphyly.

The dispute over craniid affinity is really a challenge
to the use of a single character complex, in this case
shell articulation, to define the higher ranks of a
Linnean classification of a phylum with a well-recorded
genealogy extending throughout the Phanerozoic. It
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came to a head with recent publications of cladograms
constructed from universally accessible biological data
characterizing seven extant superfamilies. The broad-
frame phylogeny of Carlson (1991, p. 6; 1995) showed
brachiopods to be monophyletic with craniids as
primitive ‘inarticulates’. That of Popov et al. (1993, p.
3) and Holmer et al. (1995) supported the division of
the monophyletic Brachiopoda into two classes, the
Lingulata and a new Calciata for all carbonate-shelled
species (including the craniids as the most primitive
member of that group).

Notwithstanding our lingering differences of opinion
on phylogenetic relationships within the phylum, we
have all agreed on a broad-frame classification for a
revised brachiopod Treatise. The revision of Part H of
the Treatise on invertebrate paleontology, which has
involved over 40 contributors from 13 countries for the
last seven years, is now in the final stages of completion.
Over 4500 genera will be described compared with less
than 1700 in the 1965 edition. The morphological
revelations of so many of these new taxa, especially
those from Asia and Australia and from Cambrian and
Permian successions, have changed our views on
brachiopod evolution as radically as have recent studies
of the molecular and traditional biology of the phylum.
Indeed, so much new information has been drawn
from these two different sources, fossil and Recent, that
it was decided to analyse their evidence independently
and thereby check the versatility of any proposed
classification by the following procedures.

First, no attempts were made to maximize the
overlap between the lists of characters typifying the
biology of living species on the one hand and the
morphology of fossilized shells on the other. Only 12 of
the 55 and 69 characters used to analyse relationships
between Recent and Cambro-Ordovician brachiopods,
respectively, assess the variability of the same features.
Secondly, analyses were made of the phylogenetic
relationships between contemporaneous groups at the
beginning and the end of the brachiopod record.
Consequently there is little direct taxonomic overlap
between the groups, even at superfamilial level. Lingula,
of course, is a spectacular exception but is counter-
balanced by Recent terebratulides and thecideidines,
the dominant carbonate-shelled, articulated species,
which first appeared after Ordovician times.

Finally, the cladograms, representing these two
differently characterized and geologically distant as-
semblages of superfamilies and suborders, were com-
pared and found to be largely compatible with each
other except for the location of the craniid branch. We
therefore concluded that together they reflect the
broad framework of brachiopod phylogeny and could
be adapted as a flexible, supra-familial classification of
the phylum once allowance is made for the unresolved
inconsistencies concerning craniid affinities. Accord-
ingly we propose the recognition of a supra-ordinal
hierarchy based upon these cladograms, consisting of
three subphyla and eight classes.
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2. MATERIALS AND METHODS

Attempts to classify the Brachiopoda phylogeneti-
cally have always had to reconcile two kinds of
diagnostic data. Over 959, of all described genera are
extinct, occurring prolifically as fossilized shells, es-
pecially in older Phanerozoic successions. They and the
higher taxa accommodating them are distinguished
solely on shell morphology (including impressions of
the secreting mantle and muscle attachments) with the
inevitable complications arising from repeated homo-
plasy. The numerically insignificant Recent genera are
also largely distinguished on their shell morphology;
however, at suprageneric levels, anatomical, embryo-
logical and, lately, genetic differences become increas-
ingly important and characterize six superfamilial to
ordinal groups: the linguloids, discinoids, cranioids,
rhynchonellides, thecideidines and terebratulides.

The first four of these Recent groups can be traced
back directly to Cambro-Ordovician ancestors that are
as different from one another morphologically as their
living descendants are biologically. The ancestral
stocks are contemporancous with 31 extinct groups of
superfamilial to ordinal status; a reconciliation of these
relicts of early Palaeozoic brachiopod radiation with a
cladistic extrapolation of living data seems a good way
to construct a comprehensive classification. This could
have been done as a single analysis based on a full
array of the morphological and biological characters
used to distinguish extinct and living groups. There
are, however, taxonomic as well as procedural advan-
tages to deriving phylogenies for the two groups
separately. In particular, a comparison of genealogies,
based on independently assembled character sets and
extrapolated from contemporaneous groups at the first
branches and at the tips of the brachiopod evolutionary
tree, would test the wvalidity of a reconstructed
phylogeny as a basis for a supra-ordinal classification.

A large quantity of data was processed during this
investigation but only lists of characters defining the
Operational Taxonomic Units (oTus) and matrices
prepared for phylogenetic analyses need be recorded.
Such lists and matrices are given at Appendix A.

(a) Sources of data

The data used in this investigation have been
provided by many brachiopodologists, all involved in
the forthcoming revision of the brachiopod volumes of
the Treatise on Invertebrate Paleontology. Two of the
authors of this paper have written some or all of the
chapters on brachiopod anatomy and development,
shell structure and morphology; and all five of us have,
between us, described most of the taxa recorded in
Cambro-Ordovician successions. We have also been
given free access to relevant chapters and sections by
other contributors listed in the acknowledgements.
Thus we have been able to use up-to-date taxonomic
information that has been carefully evaluated by over
20 specialists and will be published within the next few
years.
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(b) Characterization of living brachiopods

A hundred or so Recent genera are presently
recognized and are assigned to 29 families. These
families aggregate into six oTus of differing hierarchical
rank. The linguloids, discinoids, craniidines, rhyncho-
nellides and thecideidines are well-defined clades of
superfamilial to ordinal status. The sixth unit, the
ordinal Terebratulida, is a clade with a more elaborate
evolutionary history. The traditional view that Recent
species assigned to the order are separable into short-
looped (terebratulidines) and long-looped (terebra-
tellidines) sister groups is upheld by studies of the
genome (Cohen & Gawthrop 1996). However, students
of the order now recognize at least six extant subclades
including the zeillerioids, long regarded as having
become extinct before the end of the Cretaceous (P. G.
Baker, personal communication). Notwithstanding the
identification of Macandrevia as a zeillerioid and the
difficulties of placing aberrant groups such as the
kraussinids, megathyrids and platidiids in relation to
other Recent terebratulides, it remains phylogeneti-
cally valid and is operationally convenient to restrict
the representation of this largest extant order to the
two subordinal terebratulidines and terebratellidines.

As noted in the Introduction, the protostomous sister
group of the Brachiopoda has not yet been genetically
identified with certainty. Even so, representatives of
the other lophophorates have been used for this analysis
despite Nielsen’s contention (19954, b) that ‘deuter-
ostomous’ brachiopods and phoronids are unrelated
to the protostomous bryozoans. The vermiform
phoronids, which lack biomineralized skeletons, can be
identified only as trace fossils; and microscopic burrows
in Devonian brachiopods (MacKinnon & Biernat
1970) seem to be the oldest plausible record of the
phylum. In contrast, fossilized bryozoans are abundant
in post-Cambrian rocks, and character suites of two
Recent orders that first appeared in the Ordovician
have been chosen to represent the phylum. They are
the tubuliporates and ctenostomates, with organocal-
citic and chitinoproteinaceous zooecia respectively.
New evidence (Weedon & Taylor 1995, p. 282) that
bryozoan biomineralization is more diverse than
envisaged when a unified secretory model for bryozoans
and brachiopods was first proposed (Williams 1984),
does not weaken the use of a tubuliporate as an
outgroup.

The 55 characters used to analyse present-day
relationships between seven brachiopods, a phoronid,
a tubuliporate and a ctenostome are listed in Appendix
A(a)(i); and the matrix, showing character differenti-
ation between these 10 otus, is given in Appendix
Af(a)(ii). The characters describe the morphological,
anatomical and developmental states of the lopho-
phorates and, except in one respect, differ little from
those of other recently compiled lists. Differentiation of
the integument and mantle, however, has been treated
in greater detail than in the past. It has been
summarized by 11 characters instead of the two or
three used in previous analyses. Many comparative
studies of the integument have been made within the
past 30 years and have provided new insights into
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relationships between extinct and Recent taxa as well
as between living species.

(¢) Characterization of extinct brachiopods

In 1995, 28 brachiopod orders (or suborders) were
widely recognized. All but two, the Terebratulida and
Thecideidina, are present in Cambro-Ordovician
successions with nine recorded among the early
Cambrian fossil assemblages and thirteen first ap-
pearing in the Ordovician. These taxa are distin-
guished on shell morphology and some have been
erected for rare, poorly preserved specimens as well as
aberrant species of dubious affinities. Consequently,
some of the orders are provisional groupings and
cannot be satisfactorily represented by a single stock.
The Orthida, for example, which includes some of the
earliest known articulated brachiopods, is more in-
formatively represented by five superfamilies, the
Orthoidea, Billingselloidea, Skenidioidea, Plector-
thoidea and Protorthoidea. In all, 33 orders, suborders
and superfamilies have been used to represent the
Cambro-Ordovician radiation and are listed in the
matrix (Appendix A(b)(i1)).

The choice of one or more appropriate outgroups to
analyse variations in the shell morphology of Gambro-
Ordovician brachiopods poses a problem. The use of
other lophophorates, which lack a bivalved shell,
would give little guidance on the polarity of the
morphological characters that mainly distinguish early
Palaeozoic brachiopods. However, only the stratigra-
phically oldest taxa can be reasonably assumed to
include species that could serve as an ancestral
outgroup. The oldest known brachiopods are the
organophosphatic paterinide cryptotretids of early
Cambrian (Tommotian) age (J. Laurie, personal com-
munication). The oldest recorded calcitic brachiopods
are obolellides and chileides of the succeeding Atda-
banian and Botomian stages respectively. All three
were used, along with other lophophorates, in the early
rounds of analysis of the Cambro-Ordovician taxa to
identify the most appropriate outgroup.

The 69 characters defining the Cambro-Ordovician
taxa are listed in Appendix A(b)(i) and set out as a
matrix in Appendix A(5)(ii). Twelve characters, which
are also used for Recent taxa, describe the composition,
structure and form of the shell, the nature of the mantle
canal systems, the disposition of the gonads on the
valve floors and the nature and attachment of the
pedicle and muscle systems. The remainder are
morphological features of the shell, which were subject
to repeated homoplasy. For example, the spondylia of
protorthoids (and possibly skenidioids), poramboni-
toids and clitambonitoids evolved independently but,
being similar in form, development and function,
cannot be easily categorized. Other complications
arise when a character state, such as a uniplicate shell,
is a synapomorphy of all known species in one family
but merely one aspect of familial or even generic
variability in another. Indeed, in terms of the current
brachiopod classification, only a minority of mor-
phological characters defining suprafamilial taxa are
free of homoplasy.
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(d) Analytical procedures

The data were phylogenetically analysed by the
PAUP 3.1.1 program (Swofford 1993), supplemented
by the MacClade 3.0 program (Maddison & Maddison
1992). Heuristic searches were undertaken by stepwise
addition of taxa (a random sequence option of 10
replicates) or by branch-and-bound methods, but
exhaustive searches were also made if the data allowed.
All characters describing Recent and Cambro-Ordovi-
cian taxa were unordered during analyses, enabling
polarity to be determined exclusively by outgroup
methods. The majority were set up as multistate and,
to reduce the effects of homoplasy, were scale-weighted
(Swofford & Begle 1993, p. 19). Binary state characters
were equally weighted during searches.

3. RESULTS

Although the same procedures were adopted to
construct genealogies from data on the diversity of
Recent and Cambro-Ordovician brachiopods, dif-
ferent outgroups and character sets warrant inde-
pendent accounts of the results.

(a) Genealogy of Recent brachiopods

The conflicting interpretations of genetic data on
relationships between brachiopods and other lopho-
phorates prompted analyses of the brachiopods in
varying combinations with Phoronis and/or tubuli-
porate and ctenostomate bryozoans as outgroups. With
the exclusion of the bryozoans, the craniid was basal to
a clade of the remaining brachiopods (figure 1a). The
exclusion of the tubuliporate (with calcified zooecia)
resulted in the nine remaining taxa forming six trees,
each consisting of a brachiopod clade relative to the
Phoronis/ctenostome outgroups. Within these six clades,
the craniid served equally as a sister group to either the
organophosphatic ‘inarticulates’ or the organocalcitic
‘articulates’ (figure 1b,¢). A strict consensus tree
(figure 1d) portrayed the brachiopod clade as divided
into an unresolved trichotomy composed of the craniid,
the inarticulated organophosphatic and the articulated
organocalcitic branches. In relation to the two other
arrangements of both bryozoans with or without
Phoronis, the brachiopod clade invariably consisted of
two subclades, one with the craniid as a sister group to
the organophosphatic ‘inarticulates’ and the other
with the rhynchonellid as sister group to various
arrangements of the two terebratulides and the
thecideid.

As expected, the position of the craniid branch
within a lophophorate tree is sensitive to the choice of
outgroups. In these circumstances no cladogram can
satisfactorily represent the biological data given in
Appendix A(a); and our choice of one with Phoronis
and both bryozoans as outgroups can be justified only
as retaining representatives of all lophophorate phyla.
Irrespective of scale-weighting of characters, analyses
of such data by a branch-and-bound search discovered
three trees with a length of 129 steps and a retention
index of 0.9; the consensus tree is shown in figure 2.
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Figure 1. Four trees derived by branch-and-bound analyses of the matrix shown in Appendix A(a)(ii) with various
combinations of other lophophorates as outgroups; variations in brachiopod branches are restricted to relocations of
the craniids and regroupings of the terebratellid/thecideid polytomy within the ‘rhynchonellid’ clade: () shows the
location of the craniid branch in three of the six trees generated by a phoronid outgroup (the position of the craniid
branch in the other three trees relative to all other brachiopods is identical with that shown in (4); each of (b) and
(¢) shows the location of the craniid branch in three of the six trees derived with a phoronid and ctenostome bryozoan
as outgroups; (d) is a strict consensus of the six trees represented by cladograms (4) and (¢).
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tubuliporid
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craniid

lingulid

discinid

rhynchonellid

terebratulid

terebratellid

thecideid

Figure 2. A strict consensus of three trees derived by a
branch-and-bound analysis of the matrix shown in Appendix
A(a)(ii), with Phoronis and the tubuliporate and ctenostomate
bryozoans serving as outgroups.

The cladogram in figure 2 portrays a strict consensus
of all clades containing the rhynchonellide as a sister
group of a thecideid—terebratulide trichotomy. Synapo-
morphies of this ‘rhynchonellid’ clade include: an

Phil. Trans. R. Soc. Lond. B (1996)

astrophic shell articulated by cyrtomatodont teeth and
sockets; a proteinaceous, calcitic exoskeleton with a
fibrous secondary layer; a reversal of the mantle
rudiment during larval development and the closure of
the posterior arc of the mantle cavity with concomitant
fusion of mantle lobes (Williams 1956); a pedicle
developing from a rudiment; and an intestine without
an anus. The lingulid and discinid form another
‘lingulid’ clade characterized by such synapomorphies
as: a shell composed of chitin, proteins (including
collagen), glycosaminoglycans (Gacs) and apatite in
stratiform successions; a double row of tentacles along
the entire length of the lophophore; and gonads
restricted to the body cavity.

The craniid as a sister group of the lingulid clade is
also unique in the tabular growth of the laminar
secondary layer of its calcitic shell and the lack of
pedicle even during larval development when the
initial attachment area of the ventral valve consists of
an area of thickened microvillous epithelium with
inclusions and fibrils (Nielsen 1991, p. 19).

The equivocal relationship of the craniids with the
lingulid and rhynchonellid clades, as shown in figures
1 and 2, reflects their affinities with both groups. An
enlarged lingulid clade containing the craniids would
be characterized by such synapomorphies as a cir-
cumferential mantle cavity, a muscle system consisting
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Figure 3. The single tree derived in a heuristic search involving a stepwise random addition of taxa in ten replicates
within the matrix shown in Appendix A(b)(ii), for which the character states were weighted in the proportions given

in Appendix A(b)(i).

of obliques and two pairs of adductors, the presence of
a transient median tentacle in the early growth of the
lophophore and, within that organ, the median
division of the brachial canals into two separate
cavities. Synapomorphies of a rhynchonellid clade
incorporating the craniids would include a protein-
aceous calcitic shell with an inner epithelium not
involved in the secretion of the periostracum, a single
row of tentacles on trocholophous lophophores, gonads
suspended in mantle sinuses, and lecithotrophic larvae.
Some of these characters can be discerned in fossil
brachiopods by studies of either the chemico-structure
of the shell or anatomical impressions on valve interiors.
Further evidence for resolving relationships between
living brachiopods could therefore be expected from an
analysis of the early Palaeozoic group.

(b) Genealogy of Cambro-Ordovician brachiopods

The greatest difficulty in analysing Gambro-Ordovi-
cian data was choosing a means of polarizing charac-
ters. With stratigraphic polarity criteria rather than
outgroup criteria, the search for an ancestral group was
limited to the paterinides, obolellides, kutorginides and
chileides, which are among the oldest brachiopods
known and well represent the diversification of the
phylum during early Cambrian radiation. Excluding
stratigraphic first appearances from the analysis, an
exploratory use of these taxa, in combination and
singly, as outgroups to other Cambro-Ordovician
brachiopods as a whole, resulted in a variety of trees.
Crucial parts of many of the resultant cladograms were
inconsistent with the geological record and with several
previously prepared phylogenetic analyses of selected
ordinal or supra-ordinal taxa (Carlson 1991; Williams
& Brunton 1993; Brunton et al. 1995; Holmer & Popov
1996). Differences between the cladograms, however,
were relatively simple recombinations of three major
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groups: an inarticulated, organophosphatic-shelled
clade (lingulate); an articulated, calcitic-shelled clade
(orthate); and a paraphyletic group in between
(chileate). When the obolellide and kutorginide taxa
were used singly as outgroups, the chileate group and
the lingulate clade formed a larger clade with the
paterinide taxon as a sister group. The only difference
between the two arrangements was the dissociation of
the naukatoids from the chileate segment and their
attachment to the orthate clade, which had the
kutorginide (or protorthide) taxon as a sister group.
With the chileates as the outgroup the remaining taxa
formed two sister clades: one composed of the
organophosphatic-shelled taxa; and the other com-
prising the rest of the calcitic-shelled brachiopods.
Taking into account stratigraphic age and other
analyses previously cited, the most plausible clado-
grams are those with outgroups of paterinides, obolel-
lides and kutorginides or of the paterinide taxon on its
own. These cladograms were identical, with the
paterinides providing stratigraphic polarity (Swofford
& Begle 1993, p. 26), and other organophosphatic-
shelled brachiopods basal to a very large clade
consisting of exclusively calcitic-shelled species.

The use of bryozoans as well as Phoronis as outgroups
gave rise to stratigraphically anomalous derivations
such as the paterinids and lingulids from the craniids.
Phoronis, as the sole outgroup, however, released the
paterinids from this primary role and enabled im-
portant assumptions to be made on the polarity of
many characters distinguishing Cambro-Ordovician
groups, as the paterinide shell is extraordinarily diverse
in its composition and morphology (see below). A
single tree (figure 3), with a retention index of 0.79,
was identified in a heuristic search, involving a stepwise
random addition of taxa in ten replicates within the
matrix (Appendix A(b)(ii)) of 34 taxa and 69 scale-
weighted characters (Appendix A(b)(i)).
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To test the stratigraphic consistency of this tree
topology, two subsequent analyses were performed.
First, a stratigraphic consistency index (scr) (Huel-
senbeck 1996) was calculated, with the program
StratCon 1.0 (available from J. Huelsenbeck, Uni-
versity of California, Berkeley). This index represents
the number of stratigraphically consistent nodes for a
given tree, relative to the total number of possible
nodes. The tree in figure 3 has an scr of 0.61 and a
permutation probability of 100, which indicates that
none of 100 random permutations of the age ranks to
the branch tips had an scr of 0.61 or more. Secondly,
a stratocladistic analysis (Fisher 1992; Maddison &
Maddison 1992) was performed by adding the first
appearance in the stratigraphic record to the original
character matrix (Appendix A(b)(ii)) as a designated
stratigraphic character. With MacClade 3.0 (Mad-
dison & Maddison 1992), a full search of the tree
topology in figure 3 was performed, now including the
relative stratigraphic positions in the data matrix. A
few minor exchanges in topology resulted: protorthids
moved to the base of the skenidiid clade; chonetids
moved to the base of the chilidiopsid clade, with
strophomenids, plectambonitids and clitambonitids as
successively more primitive members of the billingsellid
clade; and pentamerids moved to the base of the
ancistrorhynchiid clade. These stratigraphic tests sug-
gest that the tree topology in figure 3 is highly robust
with respect to both morphological and stratigraphical
data.

In the cladogram (figure 3), the paterinides are
shown as a sister group of a lingulid clade. Both groups
are characterized by an organophosphatic, inarticu-
lated shell although that of the paterinides is also
strophic with pseudo interareas indented posterio-
medially by a variably covered delthyrium and
notothyrium. Moreover, the paterinide valve interiors
also bear impressions of gonads, canal systems and
posteriomedian muscle scars, which seem to be similar
to those of the orthides (Laurie 1987). The paterinides
are even like the chileates in one respect at least. No
foramen has yet been found but they could have been
attached to other living organisms (Conway Morris et
al. 1982, p. 25, pl. R), and although a ‘pedicle’ might
have emerged between the valves it is also possible that
such an organ did not develop and that the pseudo-
interareas were underlain by a posterior mantle cavity
(Williams & Rowell 1965, p. H89) or linked by a
bridging periostracal strip that would have been
secreted by fused mantle lobes and could have served
as a ligament.

The organophosphatic brachiopods, other than the
paterinides, are evidently monophyletic although re-
lationships within this lingulid clade are still in some
doubt (Holmer & Popov 1996). Synapomorphies of
the clade include: a canaliculate shell fabric; a
dispersed, specialized musculature that controlled a
three-dimensional movement of the inarticulated
valves; the confinement of the gonads to the body
cavity; and the permeation of the mantles by baculate
canal systems with interiomedial as well as marginal
fringes of vascula terminalia.

Two extinct orders, the Siphonotretida and Acro-
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tretida compose, along with the Lingulida, the Cam-
bro-Ordovician lingulid clade, which has been ac-
corded a supra-ordinal status. An interesting aspect of
the analysis is the support for discinoids as having
originally been a sister group of the remaining taxa
within the clade. Such a relationship accords with the
discovery of primitive discinoids in the early Cambrian
of China (L.E.H., L.P. & Huo, X. G., personal com-
munication). This would imply that the pedicle notch
is an apomorphy of the linguloids and that both
superfamilial branches evolved from a stem group with
an elongate cylindroid extension of chitin-secreting
epithelium and coelom serving as a pedicle. An
orbiculid (Orbiculoidea) with such a pedicle has recently
been found in the Lower Devonian Hunsriick Slate
(W. H. Siidkamp, personal communication).

Our analysis indicates that all other Cambro-
Ordovician brachiopods were derived from a group
with an impunctate carbonate shell pre-eminently
characterized by a calcitic fibrous secondary layer.
This extrapolation refutes the conclusions of Williams
and Hurst (1977) but confirms those of Rowell &
Caruso (1985, p. 1239) who recognized the antiquity of
the fabric. It is also compatible with the stratigraphic
ranges of early Cambrian carbonate-shelled species.
The chileides are the earliest known calcitic-shelled
brachiopods with a strophic hinge line (Popov &
Tikhonov 1990) and include the Lower Cambrian
Kotwella Andreeva, which has a fibrous secondary
layer, as have contemporaneous kutorginids (Williams
1968).

The distinctive fibrous fabric, however, was not
universally developed. Apart from its polyphyletic
replacement by cross-bladed lamination in Ordovician
strophomenides and chonetidines (Williams 1970;
Brunton 1972), it is unknown in carbonate-shelled
inarticulated brachiopods except possibly for the
eichwaldioids (Wright 1981). The secondary layer of
Trematobolus, which is assumed to typify the fabric of all
obolellides (including the naukatidines), has been
described as laminar (Williams & Wright 1970, p. 45).
The constituents of the layer, however, are lenticular
rather than parallel-sided in cross section and were
probably membrane-bound in life, like ensheathed
fibres rather than spirally growing tablets intercalated
within proteinaceous sheets.

In contrast with the foliated shell of the obolellides,
the secondary layers of three orders, currently classified
together (Gorjansky & Popov 1985), are either truly
laminar successions of tablets as in craniides and
craniopsides (Williams & Wright 1970) or are in-
variably recrystallized as in the trimerellides and were
possibly aragonitic in the original state (Jaanusson
1966). All three orders are widely regarded as having
first appeared in the Ordovician but Jin & Wang
(1992) have described Heliomedusa from the Lower
Cambrian (?PBotomian) of China, which is probably an
early craniopside. The secondary fabrics of carbonate-
shelled inarticulated groups might therefore have
originated more or less contemporaneously. Yet neither
the derivation of obolellide folii from fibres nor the
secretion of an aragonitic secondary layer in tri-
merelloids are as fundamental a transformation as the
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development of spirally secreted laminae of the
craniides. Even the lamination, forming the cross-
bladed fabric of strophomenide shells, consists of arrays
of lath-shaped constituents that had evolved from
fibres in the chonetidines at least (Brunton 1972).
Consequently there is a strong possibility that the
craniide—craniopside tabular lamination evolved in-
dependently of membrane-bound fibres.

The mode of attachment of Cambro-Ordovician
brachiopods is extremely variable. Cladistic evidence
favours the organ of attachment of the stem group as
an outgrowth of the outer epithelium of the ventral
mantle. This origin is characteristic of living species of
discinoids and craniides even though the latter are
cemented by a central pad of ventral ectoderm without
a trace of any outgrowth. The ventral perforations of
the chileides and the later, related eichwaldioids are
also consistent with the development of a cuticular pad
arising from the ventral mantle (Williams et al. 1997)
and usually associated with a colleplax (Wright 1981)
or homologous structure.

These prototypic ‘pedicles’ also varied in location
relative to the shell and even encroached on the
junction between the outer and inner epithelium of the
ventral valve, as is shown by the morphology of the
early lingulide shell. The pedicle of most linguloids
emerged between the valves as an outgrowth of the
inner epithelium (posterior body wall) according to
Yatsu’s (1902) study of Recent Lingula. However, this
origin might not have been characteristic of the
lingulellotretids and dysoristids with pedicle openings
entirely restricted to the ventral valves, which are
similar to those of most acrotretoids (Holmer & Popov
1996).

Various openings in the calcitic shells of Cambro-
Ordovician brachiopods have been interpreted as
pedicle apertures. The delthyria of the chileides could
not have accommodated a pedicle if the large
perforation in the ventral valve had contained an
adhesive cuticular pad. Instead the notch could have
indicated the location of the anus on the posterior body
wall as postulated by Rowell and Caruso (1985) for the
delthyrial /notothyrial gape of the kutorginide Nisusia.
In the latter group, a small supra-apical foramen
probably contained a peduncular structure, as did the
internal tube with its external supra-apical opening
rather than the open delthyria of early obolellides
(Geyer & Mergl 1995). Such an organ would have
acted as an adhesive anchor but would not have served
as an axis of rotation for the shell as in Recent species.
Indeed, no adjustor muscle scars have been recognized
within the muscle impressions of protorthides, billing-
selloids and strophomenides (L. R. M. Cocks, personal
communication). Among the clitambonitidines, evi-
dence for adjustor scars in Clinambon (see Opik 1934, pl.
xvll, 1) is compromised by the sealing of the pedicle
foramen later in the ontogeny of this genus (A.D.
Wright, personal communication) ; the scars so identi-
fied are probably lateral lobes of the diductor muscles
like those differentiated in many orthidines and
strophomenides. Schuchert & Cooper (1932, p. 111)
cited pedicle attachment scars in Hemipronites and
Deltatreta, but such impressions would have been made
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by the cuticular cover of the pedicle and would not
have indicated the presence of adjustors. Moreover,
Wright (1994) has figured the impressions of vascula
terminalia along the margins of the ventral interareas of
several clitambonitidines. They indicate the presence,
i vivo, of a posterior body wall that would have
precluded the development of a pedicle from a
rudiment. The evidence for true adjustor scars in the
triplesiidines is equally equivocal. Wright (1963, p.
746) identified two impressions within the ventral
muscle field as adjustor scars. They are, however,
situated well posterior of the internal opening of a long
pedicle tube, sporadically developed in triplesiidines,
and could not have operated as adjustors.

Unquestionable impressions of ventral adjustor
muscle bases are found in lower Middle Cambrian
orthide species assigned to the eoorthids and bohemiel-
lids. Indeed, adjustor scars and pedicle callists are
normally impressed on the ventral interiors of all
orthidines (excluding the billingselloids) and syntro-
phiidines. This kind of ventral muscle base, however,
was more or less restricted to the umbonal chamber,
whereas that of Recent brachiopods is impressed well
to the anterior. Anatomical reconstruction suggests
that, although the orthidine pedicle probably devel-
oped from a rudiment, it had a negligible base that
was largely external to the shell. In contrast, the
anteriorly placed ventral muscle bases of rhynchonel-
lides, atrypides, spiriferides and terebratulides have
always afforded space in the umbonal chamber for the
pedicle capsule, an assumed manifestation of mantle
reversal (Williams 1956, p. 256).

The evolution of valve articulation, involving teeth
and sockets in the delthyrial and notothyrial regions, is
another differentiating aspect of the Cambro-Ordo-
vician radiation of carbonate-shelled brachiopods.
According to our model, such articulatory devices were
not developed in the ancestral brachiopod and are
unknown in the phosphatic-shelled groups or the
carbonate-shelled craniides, craniopsides, trimerellides
and chileides. However, likely descendants of the
chileides, the dictyonellidines, are characterized by a
cardinal process flanked by a pair of furrows that
receive rudimentary ‘teeth’ of the ventral valve, and
by posteriomedian muscle scars feasibly interpreted as
diductor bases. The Dictyonellida include the post-
Cambrian eichwaldiids and the late Palaeozoic iso-
grammids, which share a synapomorphy of an articu-
latory system dominated by a cardinal process (eich-
waldiid articulation). In contrast, the articulation of
the trimerellids was effected by a dorsal hinge plate
fitting into a cardinal socket (Norford & Steele 1969).

The articulatory device, developed in later obolel-
lides, consists of a pair of submedian denticles on either
side of a narrow delthyrium fitting into small dorsal
sockets; the muscle scar arrangement suggests that
internal obliques functioned as diductors (Popov 1992;
Geyer & Mergl 1995). The obolellide articulation is
essentially the same as that of the naukatidines except
that the teeth of the latter are situated on a platform
(the anterise of Popov (1992)).

Primitive articulatory devices, flanking delthyrial
and notothyrial openings and associated with diductor
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muscle systems, also evolved independently in the
kutorginides as a pair of broadly curved edges to the
ventral interarea fitting above obtusely triangular
plates in the dorsal valve (Cooper 1936; Rowell &
Caruso 1985), and in the protorthides as small teeth at
the junctions of the delthyrium and the free spon-
dylium, which fitted laterally of rudimentary out-
growths at the notothyrial edges (Cooper 1976).

The most successful articulatory device ever to have
evolved was the orthide/strophomenide type of hinge
teeth and dental sockets. It first appeared among early
Cambrian species and is ancestral to the system
characteristic of Recent articulated species, but its
precise origin has yet to be determined. The Lower
Cambrian Leioria (Cooper 1976) has a protorthide
spondylium but deltidiodont teeth, representing the
dorsal projections of ridges bounding the delthyrium,
and sockets, defined by erect blade-like brachiophores
in the manner of orthidines and enteletidines. In
contrast, the teeth of the Middle Cambrian bohemi-
ellids are transverse and normally well lateral of the
delthyrium, whereas those of billingselloids and stro-
phomenoids are also essentially transverse (but im-
mediately lateral of the delthyrium) and usually fit into
shallow sockets defined by flat-lying ridges.

The orthoid deltidiodont tecth and sockets are also
characteristic of the pentamerides. However, the
intricate interlocking device of cyrtomatodont teeth
and sockets first appeared in the astrophic rhyncho-
nellides and are a synapomorphic complex shared with
atrypides, athyridides, spiriferides, terebratulides and
thecideidines.

One other complex of morphological features plays
an important part in the supra-ordinal classification of
brachiopods. Skeletal supports of the lophophore have
developed independently during the evolution of many
groups. Outgrowths from the floors of dorsal valves in
the form of plates and platforms (but not necessarily
septa partitioning the mantle cavity) almost certainly
gave some support to part or all of the lophophore and
appeared among acrotretoids, strophomenides and
orthides after these groups had become well established
(Williams & Rowell 1965). In contrast, apophyses
arising from the dorsal hinge line, where they are
normally extensions of inner socket ridges, constitute a
transformation series in the elaboration of lophophore
supports. Comparison of the disposition of the inner
socket ridges of Middle and Upper Gambrian billing-
sellids and eoorthids shows that those of the former were
flat-lying whereas those of the latter projected ventrally
as brachiophores (Williams & Hurst 1977). The
billingselloid socket ridges are precursory to those of
the strophomenides (s.l.), which functioned only as the
inner containing walls of the dental sockets. Among the
orthides, brachiophores also served as attachment
areas for the dorsal adjustors and, in Ordovician
genera such as Phragmorthis and Skenidioides, extended
sufficently anteriorly to have supported the mouth
segment of the lophophore (Williams & Rowell 1965).

The growth of apophyses (crura) supporting the
mouth segment of the lophophore in the modern style,
however, first occurred in early Ordovician rhyncho-
nellides and accompanied transformations of ancestral
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syntrophiidine cardinalia and articulation, notably the
loss of all traces of a notothyrial platform and the
differential secretion and resorption of cyrtomatodont
teeth and sockets. The further elaboration of skeletal
supports of the lophophore in the form of calcareous
spiralia first characterized the later-appearing atrypi-
des and then, as descendants from that group, late
Ordovician athyridines, meristellids and spiriferide
eospiriferids.

No other features of Cambro-Ordovician brachi-
opods clearly delineate broad phylogenetic trends in
shell morphology. Muscle differentiation, as deduced
from the distribution of scars on valve interiors, did
take place but is better reflected in the development of
articulation and the pedicle. Ancillary structures such
as spondylia or deltidia developed many times and are
not reliable diagnostic features at the supra-ordinal
level. Even mantle canal systems were subject to
repeated homoplasy in calcitic-shelled species, especi-
ally as a result of changes brought about by the
enlargement of gonadal sacs during sexual maturity.

(¢) Reconciliation of Recent and Cambro-
Ordovician genealogies

The genealogies derived by analyses of the charac-
teristics of Recent and early Palaeozoic brachiopods
are compatible and can be reconciled at supra-ordinal
levels. Nineteen synapomorphies of ordinal or supra-
ordinal significance were identified (Appendix A(c)(i)),
with seven related exclusively to the morphology and
chemico-structure of the shell. Moreover, only two of
the remaining twelve have left no trace in the fossil
record. They are the distribution of tentacles on
lophophore ridges and the presence of lobate cells in
the outer mantle lobe (even the presence of an anus has
been deduced from presumed faecal evidence in the
kutorginides (Rowell & Caruso 1985)). Fourteen
groups of brachiopods were analysed in relation to
Phoronis. Three, the lingulid, craniid and rhynchonellid
clades, involve both Recent and extinct groups and
contain two to six orders. Four of the wholly extinct
groups, the paterinid, trimerellid, kutorginid and
protorthid, are single orders, whereas the remainder
consist of no more than two orders according to present
taxonomic practices. Even these, however, are variable
in morphology and shell structure so that all fossil
groups are coded for up to three and five multistate and
unknown characters respectively, which together con-
stitute nearly one-quarter of the total characterization
of the entire ingroup (Appendix A(c) (ii)).

Even with the exclusion of tentacular distribution
and lobate cell differentiation, the variability or
uncertainty of character states generated a large
number of trees (438 in a heuristic search involving
stepwise random addition of taxa in 10 replicates).
Various supra-ordinal groupings can be derived from a
50 9%, majority-rule consensus of these trees (figure 4)
including an obolellid-rhynchonellid clade, a pateri-
nid—chileid paraphyletic group, and a lingulid sister
group to all other brachiopods. Such grouping is also
evident when Phoronis is eliminated as an outgroup and
relationships between the ingroup are represented as
an unrooted tree (figure 5). Two of these units are


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

OF

Downloaded from rstb.royalsocietypublishing.org

A supra-ordinal classification of the Brachiopoda

Phoronis

lingulid

paterinid
100

craniid

100 trimerellid
100 chileid
obolellid
kutorginid
protorthid
billingsellid
orthotetid

100

100

59

51 strophomenid
orthid

pentamerid

78

rhynchonellid

Figure 4. A majority-rule consensus of 438 trees derived in a
heuristic search involving a stepwise random addition of taxa
in ten replicates within the matrix shown in Appendix
A(c)(ii) with Phoronis as outgroup.

paterinid

lingulid

craniid chileid
obolellid

trimerellid kutorginid
protorthid
orthid

strophomenid pentamerid

orthotetid
billingsellid

rhynchonellid

Figure 5. Unrooted representation of the relationships
between taxa in figure 4.

distinctive. The lingulid group is characterized by an
organophosphatic shell with a stratiform secondary
layer and lacks any articulation of the valves. The
obolellid—rhynchonellid clade is distinguished by the
fibrous secondary layer of their organocarbonate shell
and the development of a diductor muscle system
signalling valve articulation. For classificatory pur-
poses, the paraphyletic contents of the third group
could be redistributed. The paterinids fit well with the
lingulids; the fibrous-shelled chileids could be regarded
as a sister group to the obolellid-rhynchonellid clade,
and the craniids (with trimerellids) could be dis-
tinguished as having an organocarbonate (variably
aragonitic) laminar shell and lacking evidence of a
pedicle or cuticular pad.

With regard to the obolellid—rhynchonellid clade,
the true tooth and socket arrangement is a synapo-
morphy only of the billingsellid/rhynchonellid sub-
clade (figure 4). Morphological evidence of the
development of an adjustor-controlled pedicle from a
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rudiment and the loss of the posterior body wall and
anus is first found in the orthid/pentamerid/
rhynchonellid group, whereas the development of an
astrophic shell and crura in support of the mouth
segment of the lophophore and evidence of mantle
reversal are restricted to the rhynchonellid constituent,
the youngest group to emerge during Cambro-
Ordovician times.

4. GONCLUSIONS

The contradictions inherent in current phylogenetic
analyses of brachiopods are illustrated in figures 1-4.
The use of any of these cladograms as the exclusive
basis of a phylogenetic classification would necessarily
be insecurely founded. We were therefore left with
three options: to choose one of the cladograms and
defend its translation into a phylogenetic classification;
to defer proposing a classification until more refined
data were available to provide a stable pattern of
phylogenetic relationships; or to devise an interim
workable classification that is not phylogenetic but
facilitates current taxonomic studies.

(a) Prospects for a phylogenetic classification

The constraints governing the erection of a strictly
phylogenetic classification are explicit (de Queiroz &
Gauthier 1990; Smith 1994). Phylogenetic classi-
fications recognize only monophyletic groups (clades).
Paraphyletic higher taxa represent incomplete systems
of common ancestry and are ad hoc and ambiguous in
their delineation. Polyphyletic higher taxa are based
on nonhomologous characters and are artificial.

The recognition of monophyletic taxa depends
entirely on the structure of a particular cladogram,
ideally one that is highly corroborated by several
independent sources of data. Our cladograms are
clearly unstable. The relative merits of outgroups used
for rooting the trees, illustrated in figures 1-4, are
currently unresolvable, as are contradictions in charac-
ter data taken from different sources (the anatomy,
embryology, genetics and morphology of extant and
extinct species). It would be unwise at this point to
erect a classification on any single tree topology
constructed for this paper. Rooting difficulties, dis-
cussed in §3, lead us to prefer the unrooted tree
presented in figure 5. Yet even this analysis could not
be transformed into a strict phylogenetic classification
appropriate to all the conflicting data at hand. We
therefore decided to erect a classification that could
accommodate currently recognized taxa and yet be
flexible enough to incorporate changes resulting from
refinements of outgroup and character data.

(b) A supra-ordinal brachiopod classification

Our considered view is that a reliable database of all
brachiopod characters is unlikely to be established for
several years. There are too many imponderables and
significant inconsistencies in the anatomical, embryo-
logical and genetic evidence to expect an early
resolution of data conflicts. Meanwhile there are two
existing formal classifications (Williams & Rowell
1965; Popov et al. 1993) that inadequately serve


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

1182 A. Williams and others A4 supra-ordinal classification of the Brachiopoda
. 7 Ao et NS S 2 S B o
ST P! Pl < £ F o)
N p ! P = 3 S g1
Lz N E ! g <« 1 £ 3 %I
U CE e ) = £ 5 £
oar = PP e ~ z & & :
| l L Ly = o i} B
: | 2 | | I~ 1 = I
o) o ! | I
P i © ! = I
o ! C 1] = | - |
N : S — .I R | ,.,.l - SR a —}
o ~ R B=E = & z !
: | ] 1 Z 1 1 = :
L m 2 o< ! 4 I
; I I | g = ; I
N B B [ "
¢ | g 5 ;
| o} | ! | :’“ S O - 5 g & :
A o [ (. a 4 3 o I
| Ly 1! gl 1
1 I b g [T - < I
‘ S) : K1 : : © : : =4 7 S K} :
| § I i 1| é 1
ol g :' . B | : < I
N 5 < I 2 ! | & |
o HE g b 3 |
m g 4 1 El 4 ;
i< ==K/ H P ==
Y oz b t 8 4 I
I M - 1
P (. 1 !
Co ! by L S| |3 3 I
! k=] k-1 =
| : | : — : kR gn 1k g :
! . HES 5[ 2 £ [
| P! Lo | !
: Pay I " \l " Rh :
BN Y Y

Figure 6. The proposed supra-ordinal classification of the Brachiopoda superimposed on a geological chart with the
faint lines representing systemic boundaries proportionately spaced on a vertical radiometric time scale of 545 Ma and
showing the chronostratigraphic ranges of the principal taxa within three subphyla (defined by broken-line boxes)
composed of eight classes (solid-line boxes) labelled, from left to right, Li (Lingulata), Pa (Paterinata), Cr (Craniata),
Ch (Chileata), Ob (Obolellata), Ku (Kutorginata), St (Strophomenata) and Rh (Rhynchonellata).

current taxonomic requirements. We are agreed that
the practical necessities of devising a workable classifi-
cation now heavily outweigh any advantage in waiting
for the collation of a definitive database and for the
identification of the indisputable brachiopod sister
group. We concede that any such interim classification
will undergo revision, especially as genetic and em-
bryological variability between extant species becomes
better understood. However, we believe that the major
features of the classification proposed here are unlikely
to be drastically changed for reasons given below.

There is firm evidence to support a continuing
recognition of the subphylum, Linguliformea, as a
monophyletic group (figures 1 and 3) (Holmer &
Popov 1996; Carlson 1995; Cohen & Gawthrop 1996),
although it seems to be paraphyletic in figure 4 with
Phoronis as an outgroup.

We have chosen to erect another subphylum,
Craniiformea, specifically because the phylogenetic
position of the craniid group is so uncertain. The
craniids appear as one branch of an unresolved
polytomy in some cladograms (figure la) and as a
sister group to the Linguliformea (figure 15) or of the
Rhynchonelliformea (figures 1 ¢ and 3) in others. These
variable relationships could represent real, and as yet
unexplained, character conflicts rather than differ-
ing interpretations of existing data, and are most

conveniently accommodated in a separate subphylum.

A third subphylum is proposed for the rhynchonellid
clade, which is constant in all cladograms although
variably associated with other branches (figures 1-4).

Phil. Trans. R. Soc. Lond. B (1996)

These branches include a number of separate, extinct
plesions, mostly of early Palaeozoic age. They are the
paterinids, chileids, obolellids, kutorginids and stropho-
menids (s./.), all of which have been given class status.
The wisdom of so recognizing such plesions might be
questioned but given the uncertainty of current
information on these groups, several of which are
poorly known, we feel that recognition can be justified
within the taxonomic hierarchy discussed below (see
also Patterson & Rosen 1977; Smith 1994).

The supra-ordinal nomenclature proposed for this
taxonomic revision of the Brachiopoda has been
carefully considered. We were wary of coining terms
signifying allegedly distinctive features of new higher
taxa. Previous brachiopod classifications have foun-
dered when it became apparent that ‘protremata’ and
‘articulata’, for example, were no longer exclusively
diagnostic of the brachiopods they embraced. We have
therefore adapted generic names to designate all higher
taxa. The generic names chosen for defining subphyla
are those of members of each of the three main
categories of living brachiopods, which are indis-
putably linked to the oldest stem groups. The sub-
phylum name Linguliformea (Popov ¢t al. 1993) was
already in circulation and we considered it appropriate
to use the same suffix for the Craniiformea and
Rhynchonelliformea.

The broad frame of the proposed classification and
the assignment of plesions among the subphyla are
outlined below and in figure 6 and formally proposed
and diagnosed in Appendix B.
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The Linguliformea consists of all brachiopods with
organophosphatic shells that also covered their plankto-
trophic larvae. No linguliforms ever developed bio-
mineralized teeth and sockets for shell articulation,
although the grouping of the paterinid ventral muscle
bases suggests valve movement about a strophic hinge
line controlled by a ‘ligamental strip”’ of periostracum.
The short-lived paterinate class is also distinguished by
mantle impressions of exclusively marginal vascula
terminalia and gonadal sacs, which are more charac-
teristic of carbonate-shelled brachiopods. The synapo-
morphies of the Lingulata clade of three orders include
the canaliculate condition of the stratiform shell, a
mantle permeated by interiomedial as well as marginal
vascula terminalia, and gonads restricted to the body
cavity.

The core of the Craniiformea is a clade consisting of
two orders, the inarticulated Craniida and Craniop-
sida, which, with the articulated Trimerellida, possess
a non-fibrous carbonate shell and lack a pedicle;
together they compose the class Craniata. The Chileata
(including the Dictyonellidina), in contrast, have a
fibrous secondary shell and a perforated ventral valve
floor that is believed to have housed a cuticular pad
serving as a ‘pedicle’ holdfast. The cladistic position of
the chileates relative to the craniates is equivocal. It
appears as a paraphyletic associate of the craniid—
trimerellid branches in figure 3 but as a sister group
to the obolellid—rhynchonellid clade in figure 4. On
balance, we favour the inclusion of the chileates in the
Rhynchonelliformea.

The Rhynchonelliformea, the largest subphylum
with 19 of the 27 recognized orders, is well founded on
several important clades including the Rhyncho-
nellata, which embraces all Recent articulated species.
The subphylum shares with the Craniiformea the
characteristic protegulum of a lecithotrophic larva so
that the principal rhynchonelliform synapomorphies
are: the fibrous secondary layer of an organocarbonate
shell; the presence of a pedicle; and the development of
a recognizable diductor muscle system controlling the
opening of the valves about a hinge axis defined by
interareas.

Three of the plesions herein recognized as classes,
the Obolellata, Kutorginata and Strophomenata, share
the synapomorphy of a supra-apical pedicle repre-
senting a specialized outgrowth of the posteriomedian
sector of the ventral mantle. The first two classes are
further distinguished by simple articulatory devices
and the last by deltidiodont teeth and dental sockets
bounded by plates. This classic tooth and socket
arrangement is also characteristic of the Orthida as was
a novel type of pedicle controlled by adjustor muscles,
which occupied the delthyrial opening and almost
certainly developed from a rudiment. The stropho-
menate clade, which underwent a loss of pedicle and
articulation in some late Palaeozoic productides, was
further involved in the only major transformation
affecting the fibrous secondary layer. The typical
strophomenate cross-bladed lamination, however, was
polyphyletic and possibly indicated a chemico-struc-
tural change in the shell of the stem group that led to
an inherent tendency for blade-like fibres repeatedly to
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amalgamate laterally into laminae. Among the recon-
stituted strophomenates, only the clitambonitidines
call for comment. Recently, Wright & Rubel (1996)
concluded that the clitambonitidine delthyrial cover is
essentially a deltidium rather than a pseudodeltidium
and that the delthyrium was open in young shells. This
reinterpretation, however, does not necessarily confirm
that the clitambonitidine pedicle developed from a
rudiment. Apart from the sealing of the foramen in
many stocks, other evidence discussed above suggests
that the valves were separated by a posterior body wall
and, provisionally at least, the clitambonitidines can be
relocated within the Strophomenata.

The taxonomic location of the protorthid plesion is
equivocal. Protorthides typically had a weakly de-
veloped articulatory device that could have evolved
independently of deltidiodont teeth and sockets. In
contrast, as previously noted, Leioria has deltidiodont
teeth and brachiophores and, in common with other
protorthides, could have had a pedicle rudiment.
Pending further study of this poorly known group, we
have accorded the uncoded Leiwria evidence an
overriding significance and provisionally assigned the
Protorthida to the rhynchonellates. The trans-
formations defining the rhynchonellate Orthida were
the foundation of the modern articulated brachiopod.
In addition to the inferred development of a pedicle
rudiment, other synapomorphies are likely to have
been the loss of the posterior body wall, which persisted
in the Strophomenata, and the loss of the anus.
Projecting brachiophores were also a new development
of the orthides and pentamerides; in the latter group
an astrophic shell emerged for the first time.

The main synapomorphies of the other orders
composing the Rhynchonellata, which range from the
rhynchonellides and spire-bearers to the terebratulides
and thecideidines, are mantle reversal and those
leading to skeletal supports for the lophophore in the
form of crura, spiralia and loops. However, endo-
skeletal spiculation first appeared in some spiriferides
(Cooper 1942) and might be homologous with that
characteristic of terebratulides and thecideidines,
whereas endopunctation with a distal microvillous
brush is a synapomorphy of later spiriferides, terebra-
tulides and thecideidines.

We thank many colleagues for ready access to documents and
expert advice on various matters concerning the classification
and characteristics of the Brachiopoda; these have been
identified in the paper as ‘personal communication’. Our
colleagues include: Dr Fernando Alvarez of the University of
Oviedo, Spain; Professor Peter Baker of the University of
Derby; Dr Bernard Cohen and Dr Angela Gawthrop of the
University of Glasgow; Dr L.R.M. Cocks of the Natural
History Museum; Dr Paul Copper of the Laurentian
University, Sudbury, Canada; Mr Rex Doescher of the
Smithsonian Institution; Dr Huo Xianguan of the Nanjing
Institute of Geology and Palaeontology, Academia Sinica;
Dr John Laurie of the Australian Geological Survey
Organization; Dr Daphne Lee of the University of Otago;
Dr Ellis Owen, formerly of the Natural History Museum,
London; Dr Miguel Mancenido of La Plata Natural Sciences
Museum, Argentina; Dr Rong Jia-Yu of the Nanjing
Institute of Geology and Palaeontology; Dr Madis Rubel of


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

1184 A. Williams and others

the Estonian Geological Institute; Professor Norman Savage
of the University of Oregon; Dr W.H. Sidkamp of
Nootdorp, The Netherlands; and Professor A. D. Wright of
The Queen’s University, Belfast. We also thank Janice Fong
of the Department of Geology in the University of California,
Davis, for drawing figure 5. We thank particularly Professor
A. J. Rowell of the University of Kansas for the constructive
review of our completed paper, which led to significant
improvements in the presentation of our conclusions. The
paper was prepared with the aid of funds from the following:
the National Science Foundation (S.]J.C.), the Swedish
Natural Science Research Council (NFR) and the Royal
Swedish Academy of Sciences (KVA) (L.E.H., L.P.), and
the Natural Environment Research Council (A.W.).

REFERENCES
Adoutte, A. & Phillipe, H. 1993 The major lines of

metazoan evolution: summary of traditional evidence and
lessons from ribosomal RNA sequence analysis. In Compara-
twe Molecular Neurobiology (ed. Y. Pichon), pp. 1-30. Basel:
Birkhauser.

Beecher, C. E. 1892 Development of the Brachiopoda, II.
Classification of the stages of growth and decline. Am. J.
Sci. 44, 134-155.

Brunton, C. H. C. 1972 The shell structure of chonetacean
brachiopods and their ancestors. Bull. Br. Mus. nat. Hist.
(Geol.) 21, 1-26.

Brunton, C. H. C., Lazarev, S. S. & Grant, R. E. 1995 A
review and new classification of the brachiopod order
Productida. Palacontology 38(4), 915-936.

Brusca, R. C. & Brusca, G. J. 1990 Invertebrates. Sunderland,
Mass.: Sinauer Associates Inc.

Caldwell, W. H. 1882 Preliminary note on the structure,
development and affinities of Phoronis. Proc. R. Soc. Lond.
222, 371-383.

Carlson, S.J. 1991 Phylogenetic relationships among
brachiopod higher taxa. In Brachiopods through time (ed. D.
I. MacKinnon, D. E. Lee & J. D. Campbell), pp. 3-10.
Rotterdam: A. A. Balkema.

Carlson, S.J. 1993 Phylogeny and evolution of ‘penta-
meride’ brachiopods. Palacontology 36, 807-837.

Carlson, S. J. 1995 Phylogenetic relationships among extant
brachiopods. Cladistics 10.

Cohen, B. L. & Gawthrop, A. 1996 The brachiopod genome.
In Proceedings of the Third Brachiopod Congress, Sudbury.
(In the press.)

Conway Morris, S. 1993 The fossil record and the early
evolution of the Metazoa. Nature, Lond. 361, 219-224.
Conway Morris, S. & Peel, J. S. 1995 Articulated halkieriids
from the Lower Cambrian of North Greenland and their
role in early protostome evolution. Phil. Trans. R. Soc. Lond.

B 347, 305-358.

Conway Morris, S., Whittington, H. B., Briggs, D. E. G,
Hughes, C. P. & Bruton, D. L. 1982 Atlas of the Burgess
Shale. (31 pages.) London: Palaeontological Association.

Cooper, G.A. 1936 New Cambrian brachiopods from
Alaska. J. Paleont. 10, 210-214.

Cooper, G.A. 1942 New genera of North American
brachiopods. Wash. Acad. Sci. J. 32(8), 228-235.

Cooper, G. A. 1944 Phylum Brachiopoda. In Index fossils of
North America (ed. H. W. Shimer & R. R. Shrock), pp.
277-365, M.I.T. Press, Cambridge, Massachusetts.

Cooper, G. A. 1976 Lower Cambrian brachiopods from the
Rift Valley (Israel and Jordan). J. Paleont. 50, 269—-289.

Cuvier, G. L. C. F. D. 1800-1805 Legons & Anatomie comparée
de G. Cuvier, recueillies et publides sous ses yeux par G. L.
Duvernoy, pts. 1-5. Paris.

de Queiroz, K. & Gauthier, J. 1990 Phylogeny as a central

Phil. Trans. R. Soc. Lond. B (1996)

A supra-ordinal classification of the Brachiopoda

principle in taxonomy: phylogenetic definitions of taxon
names. Syst. Zool. 39, 307-322.

Eernisse, D.J., Albert, J.S. & Anderson, F.E. 1992
Annelida and Arthropoda are not sister taxa: a phylo-
genetic analysis of spiralian metazoan morphology. Syst.
Biol. 41, 305-330.

Emig, C. C. 1984 On the origin of the lophophorates. Z.
Zool. syst. Evol. 22, 91-94.

Field, K., Olsen, G., Lane, D. J., Giovannoni, S. J., Ghiselin,
M. T., Raff, E.C., Pace, N.R. & Raff, R. A. 1988
Molecular phylogeny of the animal kingdom. Science,
Wash. 239, 748-753.

Fisher, D. C. 1992 Stratigraphic parsimony. In MacClade:
analysis of phylogeny and character evolution, version 3 (W. P.
Maddison & D. R. Maddison), pp. 124-129. Sunderland,
Massachusetts: Sinauer Associates Inc.

Geyer, G. & Mergl, M. 1995 Mediterranean representatives
of the obolellid Trematobolus MATTHEW (Brachiopoda)
and a review of the genus. Paldont. Z. 69, 181-211.

Ghiselin, M. T. 1988 The origin of molluscs in the light of
molecular evidence. Oxf. Surv. evol. Biol. 5, 66-95.

Gorjansky, V.Yu. & Popov, L.E. 1985 Morfologiya,
sistematicheskoe polozhenie i proiskhozhdenie bezzam-
kovykh brakhiopod s karbonatnoj rakovinoj. [The mor-
phology, systematic position, and origin of inarticulate
brachiopods with carbonate shells.] Palaeont. Zh. 3, 3—13.

Gorjansky, V. Yu. & Popov, L. E. 1986 On the origin and
systematic position of the calcareous-shelled inarticulate
brachiopods. Lethaia 19, 233-240.

Halanych, K. M., Bacheller, J. D., Aguinaldo, A. M. A.,
Liva, S. M., Hillis, D. M. & Lake, A. 1995 Evidence from
188 ribosomal DNA that the lophophorates are protostome
animals. Science, Wash. 267, 1641-1643.

Hancock, A. 1859 On the organisation of the Brachiopoda.
Phil. Trans. R. Soc. Lond. 148, 791-869.

Hatschek, B. 1888 Lehrbuch der Zoologie, vol. 1. (114 pages.)
Jena.

Hennig, W. 1966 Phylogenetic systematics. (263 pages.)
Urbana, Illinois: University of Illinois Press.

Holmer, L. E. & Popov, L.E. 1996 Early Palacozoic
radiation and classification of organo-phosphatic brachio-
pods. In Proceedings of the Third Brachiopod Congress, Sudbury.
(In the press.)

Holmer, L. E., Popov, L. E., Bassett, M. G. & Laurie, J.
1995 Phylogenetic analysis and ordinal classification of
the Brachiopoda. Palaeontology 38, 713-741.

Huelsenbeck, J. P. 1996 Comparing the stratigraphic record
to estimate phylogeny. Paleobiology 20, 470-489.

Huxley, T. H. 1853 On the morphology of the cephalous
Mollusca, as illustrated by the anatomy of certain
Heteropoda and Pteropoda collected during the voyage of
H.M.S. Rattlesnake in 1846-1850. Phil. Trans. R. Soc. Lond.
143, 29-65.

Huxley, T. H. 1869 An introduction to the classification of
animals. (147 pages.) London.

Hyman, L.H. 1940 The invertebrates: Protozoa through
Ctenophora. (726 pages.) New York and London: McGraw-
Hill.

Hyman, L. H. 1959 The lophophore Coelomates — phylum
Brachiopoda. In The invertebrates, smaller coelomate groups,
pp. 228-609. New York: McGraw-Hill.

Jaanusson, V. 1966 Fossil brachiopods with probable
aragonitic shell. Geol. For. Stockh. Forh. 88, 279-281.

Jin, Yu-Gan & Wang, Hua-Yu 1992 Revision of Lower
Cambrian brachiopod Heliomedusa Sun and Hou. Lethaia
25, 3549.

Jope, H. M. 1965 Composition of brachiopod shell. In
Treatise on invertebrate paleontology, (ed. R. C. Moore), vol.
H (Brachiopoda), pp. H159-H162. Lawrence, Kansas:


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

A supra-ordinal classification of the Brachiopoda

Geological Society of America and University of Kansas
Press.

Lake, J. A. 1990 Origin of the Metazoa. Proc. Natl. Acad.
Sci. U.S.A. 87, 763-766.

Lamarck, J. B. P. A. de M. de 1801 Systeme des animaux sans
vertebres ... (432 pages.) Paris.

Laurie, J. 1987 The musculature and vascular systems of
two species of Cambrian Paterinide (Brachiopoda). BMR
JU Aust. Geol. Geophys. 10, 261-265.

MacKinnon, D.I. & Biernat, G. 1970 The probable
affinities of the trace fossil Diorygma atrypophilia. Lethaia
3, 163-172.

Maddison, W.P. & Maddison, D.R. 1992 MacClade:
analysis of phylogeny and character evolution, version 3.0.
Sunderland, Massachusetts: Sinauer Associates Ltd.

Meglitsch, P. A. & Schram, F. R. 1991 Invertebrate zoology,
3rd edn. New York: Oxford University Press.

Morse, E. S. 1870 The Brachiopoda, a division of Annelida.
Am. J. Sci. 50, 100-104.

Muir-Wood, H. M. 1955 A history of the classification of the
phylum  Brachiopoda. London: British Musum (Natural
History).

Nielsen, C. 1991 The development of the brachiopod Crania
(Neocrania) anomala (O.F. Miller) and its phylogenetic
significance. Acta zool., Stockh. 72(1), 1-23.

Nielsen, C. 1995a Anmimal evolution: interrelationships of the
living phyla. (465 pages.) Oxford: Oxford University Press.

Nielsen, C. 19954 Larval and adult characters in animal
phylogeny. Am. Zool. 34, 492-501.

Norford, B.S. & Steele, H. M. 1969 The Ordovician
trimerellid brachiopod Eodinobolus from the south-east
Ontario. Palaeontology 12, 161-171.

Opik, A. A. 1934 Uber Klitamboniten. Acta Comment. Univ.
Tartu (Estonia) 17, 1-47.

Patterson, C. 1989 Phylogenetic relations of major groups:
conclusions and prospects. In The hierarchy of life (ed. B.
Fernholm, K. Bremer & H. Jornvall), pp. 471-488. Berlin:
Dahlem, Elsevier.

Patterson, C. & Rosen, D. E. 1977 Review of the ichthyo-
dectiform and other Mesozoic teleost fishes and the theory
and practice of classifying fossils. Bull. Am. Mus. natn. Hist.
158, 81-172.

Percival, E. 1944 A contribution to the life history of the
brachiopod, Terebratella inconspicua Soverby. Trans. R.
Soc. N.Z. 74, 1-23.

Popov, L. E. 1992 The Cambrian radiation of brachiopods.
In Origin and early evolution of Metazoa (ed. J. H. Lipps &
P. W. Signor), pp. 399—423. New York: Plenum.

Popov, L. E. & Holmer, L. E. 1996 Radiation of the earliest
calcareous brachiopods. In Proceedings of the Third Brachio-
pod Congress, Sudbury. (In the press.)

Popov, L. E. & Tikhonov, Yu. A. 1990 Rannekembriiskie
brakhiopody iz yuzhnoi Kirgizii (Early Cambrian brachi-
opods from southern Kirgizia) Paleont. Zh. 3, 33-46.

Popov, L. E., Bassett, M. G., Holmer, L. E. & Laurie, J.
1993 Phylogenetic analysis of higher taxa of Brachiopods.
Lethaia 26, 1-5.

Rowell, A.J. 198la The Cambrian radiation: mono-
phyletic or polyphyletic origins? In Short papers for the Second
International Symposium on the Cambrian System (U.S. Geo-
logical Survey, Open File Report 81-743) (ed. M. E.
Taylor), pp. 184-187. Reston, U.S. Geological Survey.

Rowell, A.J. 198146 The origin of the brachiopods. In
Lophophorates, Notes for a Short Course, pp. 97-109. Knoxville:
University of Tenessee.

Rowell, A.J. 1982 The monophyletic origin of the
Brachiopoda. Lethaia 15, 299-307.

Rowell, A.]J. & Caruso, N.E. 1985 The evolutionary

Phil. Trans. R. Soc. Lond. B (1996)

A. Williams and others 1185
significance of Nisusia sulcata, an early articulate brachio-
pod. J. Paleont. 59, 1227-1242.

Schram, F. R. 1991 Cladistic analysis of metazoan phyla
and the placement of fossil Problematica. In The early
evolution of Metazoa and the significance of problematic taxa (ed.
A. M. Simonetta & S. Conway Morris), pp. 35-46.
Cambridge University Press.

Schuchert, C. & Cooper, G. A. 1932 Brachiopod genera of
the suborders Orthoidea and Pentameroidea. Mem. Pea-
body Mus., Yale, vol. 4. (270 pages.)

Schuchert, C. & Le Vene, C. 1929 Brachiopoda (Generum et
genotyporum index et bibliographia). Fossilzium Catalogus
I (Animalia), vol. 42, pp. 1-140. Berlin.

Smith, A. B. 1994 Systematics and the fossil record: documenting
evolutionary patterns. (223 pages.) Oxford: Blackwell.

Swofford, D. L. 1993 Phylogenetic reconstruction using parsimony,
version 3.1.1. Computer program distributed by the
Illinois Natural History Survey, Champaign, Illinois.

Swofford, D. L. & Begle, D. P. 1993 PAUP, Phylogenetic
Analysis  using  Parsimony, version 3.1. User's Manual.
Champaign, Illinois. Laboratory of Molecular Systematics,
Smithsonian Institution.

Valentine, J. W. 1975 Adaptive strategy and the origin of
grades and groundplans. Am. Zool. 15, 391-404.

Weedon, M. J. & Taylor, P.D. 1995 Calcitic nacreous
ultrastructures in bryozoans: Implications for comparative
biomineralization of lophophorates and molluscs. Biol.
Bull. 188, 281-292.

Williams, A. 1955 Shell structure of the brachiopod Lacazella
mediterraneum (Risso). Nature, Lond. 175, 1123-1124.

Williams, A. 1956 The calcareous shell of the Brachiopoda
and its importance to their classification. Biol. Rev. 31,
243-287.

Williams, A. 1968 Shell structure of the Billingsellacean
brachiopods. Palaeontology 11, 486-490.

Williams, A. 1970 Origin of laminar-shelled articulate
brachiopods. Lethaia 3, 329-342.

Williams, A. 1984 Lophophorates. In Biology of the integument
(ed. J. Bereiter-Hahn, A. G. Matolsty & K. S. Richards),
vol. 1 (Invertebrates), pp. 728-745. Berlin: Springer-
Verlag.

Williams, A. & Brunton, C.H.C. 1993 Role of shell
structure in the classification of orthotetidine brachiopods.
Palacontology 36, 931-966.

Williams, A. & Hurst, J. M. 1977 Brachiopod evolution. In
Patierns of evolution (ed. A. Hallam), pp. 79-121. Amster-
dam: Elsevier.

Williams, A. & Rowell, A. J. 1965 Morphology. In Treatise
on invertebrate paleontology (ed. R. C. Moore), Part H
(Brachiopoda), pp. H57-H155. Lawrence, Kansas: Geo-
logical Society of America and University of Kansas Press.

Williams, A. & Wright, A. D. 1970 Shell structure of the
Craniacea and other calcareous inarticulate brachiopods.
Spec. Pap. Palaeont. 7, 1-51.

Williams, A., Brunton, C. H. C. & Mackinnon, D. I. 1997
Morphology. In Treatise on invertebrate paleontology, part H
(Brachiopoda). Lawrence, Kansas: University of Kansas
Press. (In the press.)

Wright, A. D. 1963 The morphology of the brachiopod
superfamily Triplesiacea. Palaeontology 5, 740-764.

Wright, A. D. 1979 Brachiopod radiation. In T%e origin of
major invertebrate groups (ed. M. R. House), pp. 235-252.
London: Academic Press.

Wright, A. D. 1981 The external surface of Dictyonella and
of other pitted brachiopods. Palacontology 24, 443-481.
Wright, A. D. 1994 Mantle canals on brachiopod interareas
and their significance in brachiopod classification. Lethaia

27, 223-226.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

1186 A. Williams and others 4 supra-ordinal classification of the Brachiopoda

Wright, A.D. & Rubel, M. 1996 A review of the

opment of Phoronida. Ph.D. thesis, University of Washing

morphological features affecting the classification of ton.

clitambonitidine brachiopods. Palacontology 39, 53-75.
Yatsu, N. 1902 On the development of Lingula anatina. Tokyo

Imp. Univ. Coll. J. 17, 1-112.

Zittel, K.A. von. 1934 Grundziige der Paldontologi
(Paldozoologie). I. Invertebrata. 1056 pp. 2001 fig
(Russian edition by A. N. Rjabinin). Moscow.

Zimmer, R.L. 1964 Reproductive biology and devel-

Received 12 January 1996 ; accepted 18 April 1996

APPENDIX A. DATA USED IN PHYLOGENETIC ANALYSES

(a) Data for analysis of Recent brachiopods

(1) The states of the 55 characters used in the phylogenetic analyses of Recent brachiopods and other lophophorates listed in Appendix A(a) (i

External cover
1.  General form

2. Bivalves
3. Hinge-line
4. Valve growth
Shell composition and structure
5. Periostracum

6.  Infrastructures

7. Superstructure
8. Biomineral components

9. Organic components
10.  Endoskeletal spiculation

Mantle

11. Mantles

12.  Inner mantle lobe

13.  Inner epithelium secreting periostracum
14.  Lobate cells

15.  Vesicular cells

16.  Periostracal slot

17.  Setae

18.  Canals or punctae

19.  Outer epithelial protrusions

20.  Vascula terminalia of mantle canals
21.  Mantle sinuses with gonads

22.  Marginal sinuses

23.  Mantle cavity

Pedicle
24.  Pedicle
25.  Origin

26.  Pedicle core
27.  Pedicle muscles

Muscle system (dorsal attachment)
28.  Muscles of body wall
29.  Adductor attachments

30.  Diductor/oblique attachments

Coelomic/circulatory [ excretory systems

31.  Body cavity divided by mesentery
32.  Gastroparietal bands

33.  Circulatory system

34.  Blood type

35.  Mixonephridia

36.  Nephrostomes

Phil. Trans. R. Soc. Lond. B (1996)

agglutinated tubes (0), zoecia only throughout (1), larval bivalves,
adult zoecia (2), bivalved (3)

not developed (0), inarticulated (1), articulated (2)

no adult bivalves (0), not developed (1), strophic (2), astrophic (3)

none (0), holoperipheral (1), mixoperipheral (2), hemiperipheral (3

absent (0), simple (1), with infrastructure (2), with elaborate
superstructure (3), with both (4)

lacking periostracum (0), thin cacs (1), cacs with proteinaceous
fibrils (2), vesicular caes with proteinaceous fibrils (3), cacs with
chitinous and proteinaceous fibrils (4), cags with chitinous and
proteinaceous tubes (5)

lacking periostracum (0), fibrillar (1), sporadic vesicles (2), folded
laminae (3), laminated vanes (4), labyrinth (5)

absent (0), stratiform apatite (1), laminar (tabular) calcite (2),
fibrous calcite (3), foliated and laminar calcite (4)

mucus (0), mainly cags, chitin and collagen (1), glycoprotein (2)

absent (0), present (1)

absent (0), present (1)

no mantle (0), present (1), absent (2)

absent (0), yes (1), no (2)

no mantle lobe (0), absent (1), present (2)

absent (0), present (1), palisade cells (2)

no outer mantle lobes (0), absent (1), present (2)

present (0), absent from post-larval mantles (1), not developed (2)

absent (0), canals (1), punctae without brushes (2), endopunctae
with brushes (3)

present (0), absent (1)

no mantle (0), peripheral (1), peripheral and interio-medial (2)
no mantle (0), absent (1), present (2)

no mantle (0), absent (1), present (2)

none (0), restricted to anterior (1), continuous posteriorly (2)

not developed (0), lost in post-larval forms (1), present (2), craniid
thickened ‘posterior epithelium’ (3)

none (0), from posterior body wall (1), ventral of posterior body
wall (2), rudiment (3)

none (0), coelomic cavity (1), connective tissue (2)

none (0), internal (1), external (2)

circular (0), parietal sets (1), dispersed (2)

none (0), grouped, quadripartite (1), open, quadripartite (2),
medial and posteriolateral pairs (3), medial pair and single
umbonal (4)

none (0), one pair umbonal (1), three pairs of obliques (2), four
pairs of obliques (3), one pair of obliques (4)

yes (0), no (1)

absent (0), present (1)

absent (0), present (1)

haemoglobin (0), haemerythrin (1), neither (2)

absent (0), one pair (1), two pairs (2)

not applicable (0), turned laterally (1), turned dorsally or medially

(2)
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37.  Supraenteric ganglion unknown (0), present (1), absent (2)

38.  Subenteric ganglion nerve ring only (0), single (1), paired (2)

Lophophore

39.  Site of lophophore in mantle cavity (0), in zoecium (1), at surface (2)

54.  Adult lophophore trocholophe (0), spirolophe (1), plectolophe (2), ptycholophe (3)

55.  Median tentacle of lophophore absent throughout ontogeny (0), present initially, then lost (1)

40.  Tentacles single row (0), double row in post-trocholophous stages (1), double

row throughout (2)

41.  Lophophore cavities and canals intercommunicate (0), separated (1)
- 42.  Great brachial canals absent (0), open into body cavity (1), sealed from body cavity (2),
@ two separate cavities (3)

43.  Small brachial canals absent (0), open into body cavity (1), open into central canal (2)

44.  Lophophore retractor system absent (0), present (1)

45.  Retractor muscles absent (0), single muscle (1), muscle complex (2)

46.  Brachial muscles absent (0), present (1)

THE ROYAL
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Digestive system

Embryology and development

47.  Alimentary tract with anus (0), without anus (1)

48.  Intestine disposition ending dorso-anteriorly (0), ending posteriorly (1), curving ventrally
(2) ending laterally to right (3)

49.  Diverticular ducts two (0), three (1), four (2), none (3)

50. Larvae planktotrophic (0), lecithotrophic (1)
51.  Coelom formation schizocoelic (0), modified enterocoelic (1)
52. Mantle development without reversal (0), with reversal (1)
53.  Sperm morphology ect-aquasperm (0), ent-aquasperm (1)

(il) Matrix of 55 characters, listed in Appendix A(a) (i), among seven Recent brachiopod groups and three generalized outgroups representing

Phoronis and tubuliporate and ctenostomate byrozoans

PHILOSOPHICAL
TRANSACTIONS
OF

1111111111222222222233333333334444444444555555
1234567890123456789012345678901234567890123456789012345

phoronid 000000000000000020100000000000001010?020000000003012110

tubuliporid 100024 14200000202200000000020010020021100001100030?2100
ctenostome 20002410100000202010000000020010020021100001100030?2100
lingulid 3113251110111111011212221111431111112102131001032000111
discinid 3111414110111111011212222111221112122102132021001000?11
craniid 3111221220121111120121230001240012122201132021010110111
rhynchonellid 3232231320112211001121123221111112221101121000120111010
terebratulid 3232112321112212030121123221111112121101121000120111020
terebratellid 3232315321112212030121123221111112121101121000120111020
thecideid 3222111321112212230?21113001311112121101121000120111?3?

(b) Data for analysis of Cambro-Ordovician brachiopods

() The states of 69 characters used in the phylogenetic analysis of Cambro-Ordovician brachiopods and Phoronis, as listed in Appendix
A(b) i)

The different weights, given to the characters during analysis (Swofford & Begle 1993), are recorded in brackets at the end
of each character description.

B

Shell structure
1. Secondary layer fibrous (0), foliated (1), tabular laminar (2), cross-bladed laminar
(3), recrystallized, possibly aragonitic (4), stratiform (5), no shell
(6) [7]

impunctate (0), extropunctate (1), endopunctate (2), punctate (3),
caniculate (4), no shell (5) [8]

absent (0), present in some species (1), pseudopunctate (2), taleolate
pseudopunctate (3), extropunctate (4), no shell (5) [8]

absent (0), present (1), no shell (2) [16]

2. Perforation

3. Pseudopunctation

THE ROYAL
SOCIETY

4. Aditicules

Shell shape
5. Outline subcircular/oval (0), subquadrate (1), transversely semioval (2),
elongately semioval (3), protean (4), rostrate (5), conical (6),
ostreiform (7), no shell (8) [5]

biconvex (0), concavoconvex (1), convexoconcave (2), no shell (3)

[12]

6. Neanic profile

PHILOSOPHICAL
TRANSACTIONS
(@)

Phil. Trans. R. Soc. Lond. B (1996)
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7. Profile (long.)

8.  Profile (trans.)
Ornamentation

9. Radial

10.  Capillae

11.  Concentric

12.  Superficial
Delthyrium

13.  Pedicle opening
14.  Posterior cleft

15.  Delthyrium

16.  Delthyrial cover
17.  Foramen (ontogeny)
18.  Pedicle callist

19.  Notothyrium
20.  Notothyrial cover

Cardinal areas, interareas, pseudo-interareas

21.  Ventral

22.  Disposition

23.  Dorsal

24.  Disposition

Articulation

25.  Ventral articulating structures
26.  Delthyrial ridges

27.  Dental plates

28.  Dorsal articulating sockets

29.  Socket buttress

30.  Brachiophores/crura

31.  Brachiophore supporting plates
32.  TFulcral plates

33.  Hinge line/cardinal margin
Musculature

34.  Ventral adductors

Phil. Trans. R. Soc. Lond. B (1996)
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biconvex (0), dorsibiconvex (1), ventribiconvex (2), planoconvex
(8), concavoconvex (4), convexoconcave (5), resupinate (6),
geniculate (7), planoconical (8), no shell (9) [4]

rectimarginate (0), unisulcate (1), sharply unisulcate (2), uniplicate
(8), sharply uniplicate (4), strangulate (5), no shell (6) [7]

smooth (0), costate (1), coarsely costellate (2), ramicostellate (3),
fascicostellate (4), multicostellate (5), parvicostellate (6), no shell
(7) 6]

absent (0), sporadically present (1), present (2), no shell (3) [12]

growth lines (0), imbricate (1), lamellose (2), spiny bands (3),
nodular lamellose (4), filate (5), reticulate (6), no shell (7) [6]

absent (0), honeycomb (1), pustulose (2), radiating pits (3), post-
larval pustules (4), no shell (5) [8]

ventral valve (0), supra-apical (1), posterior cleft (2), absent (3),
between valves (4), no shell (5) [8]

absent (0), delthyrial (1), other (2), secondarily lost (3), no shell (4)
[10]

not developed (0), rudimentary (1), widely divergent (2),
subparallel, narrowly divergent (3), no shell (4) [10]

open delthyrium (0), apical plate (1), deltidial plates (2), deltidium
(3), convex pseudodeltidium (4), pseudodeltidium with keel
(monticule) (5), concave pseudodeltidium (6), no delthyrium (7),
homeodeltidium (8), no shell (9) [4]

absent (0) delthyrial (1), supra-apical (2), ventral (3), in young
shells only (4), secondarily lost (5), not developed (6), no shell (7)
(6]

absent (0), present, adnate (1), present as apical plate (2), pedicle
collar (3), not developed (4), no shell (5) [8]

absent (0), rudimentary (1), widely divergent (2), subparallel,
narrowly divergent (3), no shell (4) [8]

absent (0), antigydium (1), chilidial plates (2), chilidium (3),
grooved plates (4), no notothyrium (5), no shell (6) [6]

absent (0), vestigial (1), present (2), pyramidal/conical (3),
lost/ginglymus (4), protean (5), no shell (6) [7]

absent (0), anacline (1), orthocline (2), apsacline (3), catacline (4),
procline (5), hypercline (6), no shell (7) [6]

absent (0), vestigial (1), present (2), no shell (3) [10]

absent (0), anacline (1), orthocline (2), apsacline (3), catacline (4),
procline (5), hypercline (6), no shell (7) [6]

absent/rudimentary (0), simple, pointed (1), transverse plate (2),
delthyrial ridges (3), flexed cardinal margin (kutorginid) (4),
cardinal sockets (5), no shell (6) [6]

no ridges (0), deltidiodont (1), deltidiodont with crural fossettes (2),
transverse (3), transverse denticulate (4), cyrtomatodont (5),
no shell (6) [6]

absent/rudimentary (0), present (1), replaced by free spondylium
(2), no shell (3) [10]

absent (0), present (1), denticular pits (2), for delthyrial ridges (3),
oblique furrows (4), propareas (5), hinge plate (6), no shell (7) [5]

no sockets (0), hollows (1), nubs (2), plates/rods, parallel with
hinge-line (3), brachiophores (4), brachiophores and plates (5),
brachiophores and fulcral plates (6), inner socket ridges (7)
no shell (8) [4]

absent (0), brachiophore rods/blades (1) crura (2), anderidia (3),
no shell (4) [10]

absent (0), parallel (1), convergent (2), as septalium (3), divergent
(4), no brachiophores (5), no shell (6) [7]

absent (0), present (1), no brachiophores (2), no shell (3) [12]

not developed (0), astrophic (1), strophic (2), no shell (3) [12]

5

dispersed posteriorly/anteriorly (0), grouped posterio-medianly (1),
posterior pair attached to apical part in the umbonal area, anterior
pair vestigial or reduced (2), no shell (3) [12]
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39.

40.

41.

42.
43.
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Dorsal adductors

Ventral diductors

Dorsal diductor impressions

Ventral scar impressions

Raised structures

Notothyrial platform

Cardinal process

Dorsal median partition
Subperipheral rim

Mantle canals

44.  Ventral

45.  Dorsal

Addenda

46.  Valve growth

47.  Colleplax

48.  Ventral pseudointerarea

49,  Attachment scar

50.  Hollow spines

51.  Brachial markings

52.  Crural extensions

53.  Orientation of spiralia

54, Jugum

55. Hinge plate

56.  Crural bases

57.  Shell mineral

58.  Larval shell

59.  Larval shell ornamentation
60.  Larval shell spines

61. Transverse muscle scars

62.  Ventral cardinal muscle scars
63.  Dorsal cardinal muscle scars
64.  Outside lateral muscle scars
65.  Dorsal scars of gastroparietal bands
66.  Listrium

67.  Vascula terminalia

68.  Adjustor muscles

69.  Gonads

Phil. Trans. R. Soc. Lond. B (1996)

medial and posterio-lateral pairs (0), grouped quadripartite (1),
linear (2), elongate, radiating (petaloid) (3), dispersed quadipartite
(4), dispersed (5), vestigial or lost (6), no shell (7) [6]

not developed (0), interspersed with adductors (1),
flanking/enclosing adductors (2), asymmetrical (3), attached to
homeodeltidium or delthyrial margins (4), no shell (5) [8]

not developed (0), posterio-median plate or cavity (1), notothyrial
platform and/or cardinal process (2), notothyrium and/or cardinal
process (3), no shell (4) [10]

on valve floor (0), on callist/pseudospondylium (1), on raised
structures (2), no shell (3) [12]

none (0), spondylium simplex/triplex (1), free spondylium (2),
colleplax (3), raised platform (4), adductor chamber (5),
myocoelidium (6), sessile spondylium (7), camarophorium (8), no
shell (9) [4]

absent/rudimentary (0), transverse ‘plate’ (1), platform (2),
platform and notothyrial ridges (3), not developed (4), no shell (5)
(8]

absent/rudimentary (0), median ridge (1), differentiated median
ridge (2), variations of two lobes (3), median and submedian ridges
(4), forked (5), undercut trifid (6), bilobate (7), no notothyrial
structures (8), no shell (9) [4]

absent/low ridge (0), septum (1), no shell (2) [16]

absent (0), present (1), sporadic (2), geniculation (3), no shell (4)
[10]

saccate/convergent vascula media (0), saccate/divergent vascula media
(1), digitate (2), lemniscate (3), pinnate (4), baculate (5), absent
(6), bifurcate (7), no bivalved mantle (8) [5]

saccate (0), digitate (1), lemniscate (2), pinnate (3), apocopate (4),
baculate (5), absent (6), bifurcate (7), no bivalved mantle (8) [5]

holoperipheral (0), mixoperipheral (1), hemiperipheral (2), ventral
valve mixoperipheral, dorsal valve hemiperipheral (3), ventral
valve variable, dorsal valve mixoperipheral (4), no shell (5) [8]

absent (0), present (1), no shell (2) [16]

absent (0), present (1), not differentiated (2), other structures (3),
no shell (4) [10]

absent (0), cicatrix (1), encrusting (2), no shell (3) [12]

absent (0), along hinge line (1), concentric rows (2), no shell (3)
[12]

absent (0), sporadically developed (1), no shell (2) [16]

absent (0), spiralia (1), no shell (2) [16]

no spiralia (0), medial (1), dorsal (2), lateral (3), no shell (4) [10]

absent (0), incomplete (1), complete (2), resorbed (3), no spiralia
(4), no shell (5) [8]

absent (0), present (1), divided by cardinal pit (2), with raised boss
(3), no shell (4) [10]

absent (0), present (1), no crura (2), no shell (3) [12]

carbonate (0), phosphate (1), no shell (2) [16]

absent (0), present (1) [24]

smooth (0), pitted (1), pustulose (2), no larval shell (3) [12]

absent (0), present (1), no larval shell (2) [16]

absent (0), present (1), attached ventrally to inner side of
(acrotretoid) pseudointerarea (2), no shell (3) [12]

absent (0), present (1), different muscle system (2), no shell (3) [12]
absent (0), present (1), different muscle system (2), no shell (3) [12]
present (0), absent (1), combined with middle lateral muscle scars
(2), no shell (3) [12]

absent (0), present (1), no shell (2) [16]

absent (0), present (1), no shell (2) [16]

peripheral only (0), peripheral and medial (1), no bivalved mantle
(2) [16]

absent (0), present (1), no pedicle (2) [12]

in body cavity (0), extending into mantle (1), no mantle (2) [16]
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(e¢) Data for analysis of Recent and Cambro-Ordovician brachiopods
(1) The states of 19 synapomorphies, identified in the phylogenetic analysis of Recent and Cambro-Ordovician brachiopods and used to analyse
the suprafamilial groups and Recent Phoronis listed in Appendix A(c) (i)

Shell
1. Composition
2. Structure
Morphology
3. Shell growth
4. Cardinal areas
5. Pedicle opening
6.  Articulatory devices
7. Lophophore supports
Anatomy
8.  Pedicle
9. Posterior body wall
10.  Muscles operating articulation
11.  Muscles operating pedicle
12.  Interiomedial vascula terminalia
13.  Gonadal distribution
14.  Anus
15.  Tentacles
16.  Shell perforations
17.  Mantle reversal
18.  Planktotrophic larval shell
19.  Lobate cells in mantle lobe
(i)
11
12 3 4
Phoronis 25
paterinid 00
lingulid 00
craniid 12
chileid 11
trimerellid 14
obolellid 11
kutorginid 11
protorthid 11
billingsellid 13
orthotetid 13
strophomenid 1(13)
orthid 11
pentamerid 11
rhynchonellid 11
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R
2
=

WBI\DMI\DI\DI\DMI\DI\DM
o

chitinophosphatic (0), carbonate (1), no shell (2)
stratiform (0), fibrous (and foliated) (1), tabular laminar (2), cross-
bladed laminar (3), recrystallized (4), no shell (5)

holoperipheral (0), mixoperipheral (1), hemiperipheral (2), no
bivalved shell (3)

absent (0), pseudointerareas (1), strophic interareas (2), astrophic
interareas (3), no bivalved shell (4)

absent (0), ventral valve floor (1), supra-apical (2), posterior cleft
(3), delthyrial (4), between valves (5), no bivalved shell (6)

absent (0), other kinds (1), deltidiodont teeth and sockets (2),
cyrtomatodont teet and sockets (3), no bivalved shell (4)

absent (0), inner socket ridges (1), brachiophores (2), crura (3),
crura and spiralia (4), no bivalved shell (5)

absent (0), from body wall (1), from rudiment (2)

present (0), absent (with fused mantle lobes) (1), not applicable (2)

none (0), regrouped internal obliques (1), diductors (2), no bivalved
shell (3)

no pedicle (0), absent (1), present (2)

absent (0), present (1), no bivalved mantle (2)

restricted to body cavity (0), also in mantle sinuses (1)

present (0), absent (1)

doubled (0), doubled in post-trocholophous segments (1), single row
(2)

absent (0), canals (1), punctae (2), pseudopunctae (3),
endopunctae (4), no bivalved shell (5)

no (0), yes (1), no bivalved mantle (2)

present (0), post-larval shell only (1), no shell (2)

absent (0), present (1), no bivalved mantle (2)

Variations of 19 synapomorphies, listed in Appendix A(c) (i), among 14 brachiopod groups and Recent Phoronis
11111

7 8901 23456 789

6 4 5 0230 20005 9222
0 0 0 0?10 01?7?20  ?0?
(15) 0 0 1001 10001 000
0 o1 0 0000  0101(02) 010
1 01) 0 1011 0°2?0  PP?
0 1 0 0010 01?0  ?I?
2 1 0 1?11 00?0 ?%?
9 1 0 1021 01070 7?7
4 (12)  (02)  212(12) 01120  ?1?
2 2 1 1221 01?20  ?1?
2 2 1 1221 01?2(03) ?1?
2 2 1 1221 01?723  ?1?
4 2 2 2122 011?(02) ?1?
4 2 (23) 2122 01120  ?1?
4 3 3 2122 0111(04) 111
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APPENDIX B. DIAGNOSES OF SUBPHYLA
AND CLASSES
Subphylum LINGULIFORMEA nov.

Brachiopods with organophosphatic inarticulated
shells developed without mantle reversal; larvae
planktrophic with variously ornamented shell; pedicle
emerging between valves or supra-apically with ex-
tensions of coelomic cavity as core; alimentary tract
with anus; lophophore initially with median tentacle,
lost during growth, tentacles in double row throughout
ontogeny. Early Cambrian ('Tommotian)—Recent.

Class LINGULATA Gorjansky & Popov, 1985
[Gorjansky & Popov, 1985, p. 13]
Linguliform brachiopods with smooth or pitted larval
shell; dorsal and ventral mantle lobes completely
separated in adults; marginal setae forming continuous
rows along mantle margin; posterior body wall usually
well developed; musculature composed of single or
paired posterior adductor, three or four pairs of oblique
muscles (partly reduced in acrotretides) and paired
anterior adductor; mechanism of shell opening hy-
draulic, by means of muscles in body wall; digestive
tract of living taxa open, recurved with anteriorly
placed anus; nervous system with only one subenteric
ganglion and peripheral mantle nerves; gonads con-
fined to body cavity; statocysts in larvae and adults;
mantle canals usually baculate, with vascula terminalia
directed peripherally and medially. Early Cambrian (late
Atdabanian)—Recent.
Incl.:  Order LINGULIDA Waagen, 1885

Order SIPHONOTRETIDA Kuhn, 1949

Order ACROTRETIDA Kuhn, 1949

Class PATERINATA nov.

Linguliform brachiopods with pustulose larval shell;
strophic cardinal margins lacking setae, possibly
associated with fused mantle lobes; incipient, divergent
notothyrium and delthyrium covered by homeo-
deltidium; paired dorsal adductor muscles grouped
medially and posteriolaterally, diductor muscles poss-
ibly attached ventrally to homeodeltidium or delthyrial
margin and dorsally inserted in posteriomedian cavity;
saccate, rarely pinnate mantle canal system, possibly
accommodating gonads. Early Cambrian (Tommotian)—
Late Ordovician.

Incl. Order PATERINIDA Rowell, 1965

Subphylum CRANIIFORMEA Popov, Bassett,
Holmer & Laurie, 1993

[nom. transl., nom. correct., herein (pro, Subclass Craniformea
POPOV, BASSETT, HOLMER & LAURIE, 1993, p. 2).
Brachiopods with calcitic, laminar (tabular) inarticu-
lated shells; valves developed discretely without
mantle reversal; larvae lecithotrophic without shell;
posterior body wall complete, pedicle not developed,
ventral valve attached by larval epithelium; muscle
system with a single pair of internal obliques and with
paired outside lateral muscles attached anteriorly to
the body wall; alimentary tract more or less axial with

Phil. Trans. R. Soc. Lond. B (1996)
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anus; lophophore initially with median tentacle lost
during growth, tentacles in double row in post-
trocholophous growth stages only; paired ganglia
developed ; mantle canal systems without interiomedial
vascula terminalia, normally pinnate, containing gonads.
Early Cambrian (?Botomian)—Recent.

Class CRANIATA nov.

As for Subplylum. Early Cambrian (?Botomian)—Recent.
Incl.:  Order CRANIOPSIDA Gorjansky & Popov,
1985
Order CRANIIDA Waagen, 1885
Order TRIMERELLIDA Gorjansky & Po-
pov, 1985

Subphylum RHYNCHONELLIFORMEA nov.

Brachiopods with calcitic, basically fibrous articulated
shells; mantle in later groups undergoing embryonic
reversal, larvae lecithotrophic without shell; hingeline
formed by posterior cardinal margins of shell secreted
by fused mantle lobes; articulatory structures, es-
sentially a pair of ventral teeth and dorsal sockets on
either side of median indentations (delthyrium and
notothyrium respectively) of cardinal margins; pedicle
normally developed from rudiment and occupying
delthyrial area, filled with connective tissue and
controlled by adjustor muscles; adductor muscles
grouped, normally located posteriomedianly, diductor
muscles flanking adductors ventrally, inserted in
notothyrial region dorsally; alimentary tract without
anus; lophophore without median tentacle, tentacles
double in post-trocholophous stages of growth; lopho-
phore supported in later groups by calcitic extensions
from dorsal hingeline in the form of crura, spiralia or
loops; mantle canal systems variable in branching,
containing gonads, without marginal sinuses. Farly
Cambrian (Atdabanian)—Recent.

Class CHILEATA nov.

Rhynchonelliform brachiopods with strophic, nor-
mally inarticulated shell, variably punctate, fibrous;
ventral and dorsal valves with mixoperipheral and
hemiperipheral growth respectively; mantle lobes
possibly fused posteriorly; ventral valve with cardinal
interarea; ventral umbo with perforation enlarged
anteriorly by resorption and usually covered posteri-
orly by colleplax; mantle canals pinnate. Early Cam-
brian (Botomian)—Permian.

Incl.:  Order CHILEIDA Popov & Tikhonov 1990

Order DICTYONELLIDA Cooper, 1956

Class OBOLELLATA nov.

Rhynchonelliform brachiopods with foliated, im-
punctate, biconvex shell; both valves with hemi-
peripheral growth and well defined interareas; ventral
interarea with delthyrium, usually covered by concave
pseudodeltidium, rarely open articulatory structures
variably developed as submedian denticles on either
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side of a narrow delthyrium or on a ventral platform;
musculature probably with internal oblique attached
to dorsal valve posteriomedianly. Early Cambrian (Atda-
banian)—Middle Cambrian (Amgaian).
Incl.: Order OBOLELLIDA Rowell, 1965
Order NAUKATIDA Popov & Tikhonov,
1990

Class KUTORGINATA nov.

Rhynchonelliform brachiopods with fibrous, impunc-
tate, ventribiconvex, strophic shell; posterior margin
with large median opening, partly covered by convex,
widely triangular pseudodeltidium, and bounded lat-
erally by furrows; beak, with small, rounded apical
foramen; dorsal interarea divided by wide noto-
thyrium; dorsal adductor scars radially arranged;
diductors probably attached dorsally to floor of
notothyrial cavity; articulation by edges of the inter-
areas, without teeth and dental sockets; mantle canals
pinnate; digestive tract probably open with anus
placed posteriomedianly. Early Cambrian (Atolabnanian)—
Middle Cambrian (Mayaian).

Incl.: Order KUTORGINIDA Kuhn, 1949

Class STROPHOMENATA nov.

Rhynchonelliform  brachiopods with cross-bladed
laminar secondary shell, exceptionally fibrous im-
punctate in early stocks, commonly pseudopunctate
with or without taleolae or extropunctate (some
orthotetidines); shell outline and profile variable,
especially in productides, but commonly planar to
weakly concavoconvex in strophomenides; strophic
hinge, commonly with high ventral interarea and
reduced dorsal interarea; delthyrium and notothyrium
variably covered by pseudodeltidium and chilidium;
supra-apical foramen universal, but becoming lost in
adults or stratigraphically younger taxa, some of which
are umbonally cemented; tubular spines uniquely
developed in late Palaeozoic productides; deltidiodont
teeth simple, transverse or peg-like but lost in stropho-
dontids and post-Famennian productidines, dental
sockets commonly defined by flat-lying ridges; dorsal
bases of diductor muscles inserted on notothyrial
platform or normally on prominent cardinal process of
varied morphology, ventral bases attached laterally of
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medianly placed adductor scars; lophophore supports
rare, as brachiophores or raised dorsal ridges; mantle
canal systems saccate to pinnate, poorly known in later
groups. Middle Cambrian (Amgaian)—Late Permian ( Tata-
rian).
Incl.: Order STROPHOMENIDA Opik, 1934
Suborder ORTHOTETIDINA Waagen,
1884
Superfamily BILLINGSELLOIDEA
Schuchert, 1893
Suborder TRIPLESIIDINA Moore, 1952
Suborder CLITAMBONITIDINA Opik,
1934
Order PRODUCTIDA Sarytcheva & Soko-
Iskaya, 1959

Class RHYNCHONELLATA nov.

Rhynchonelliform brachiopods with fibrous, endo-
punctate or impunctate, biconvex, strophic or astro-
phic shells, articulated by deltidiodont or cyrtoma-
todont teeth and sockets buttressed by brachiophores
or supported by parallel socket or hinge plates that
may converge to form septalium or cruralium; pedicle
opening as delthyrium or rounded foramen; cardinal
areas and notothyrium commonly vestigial or absent,
wide in some later groups; dental plates less commonly
converge to form spondylium posteriomedial ventral
adductor scars flanked or enclosed by ventral diductor
and laterally placed adjustor scars; dorsal adductor
scars petaloid or grouped and quadripartite; crura
present in later groups and commonly extended as
spiralia or loops; mantle canal systems variable as
saccate, digitate, pinnate, or lemniscate impressions.
Early Cambrian (?Botomian)—Recent.
Order ORTHIDA Woodward, 1852
Suborder PROTORTHIDINA Schuchert
& Cooper, 1931
Order PENTAMERIDA Schuchert & Cooper,
1931
Order RHYNCHONELLIDA Kuhn, 1949
Order ATRYPIDA Rzhonsnitskaya, 1960
Order SPIRIFERIDA Waagen, 1883
Order SPIRIFERINIDA Ivanova, 1972
Order ATHYRIDIDA Boucot, Johnson, &
Staton, 1964
Order TEREBRATULIDA Waagen, 1883
Order THECIDEIDA Elliott, 1958

Incl:
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