@ Pergamon

Zoologica Scripta, Vol. 24, No. 4, pp. 321-346, 1995
Elsevier Science Ltd
The Norwegian Academy of Science and Letters
Printed in Great Britain
0300-3256(95)00011-9

Phylogeny of the Cardiidae (Mollusca, Bivalvia):
Protocardiinae, Laevicardiinae, Lahilliinae,
Tulongocardiinae subfam. n. and Pleuriocardiinae

subfam. n.

JAY A. SCHNEIDER

Accepted 7 June 1995

Schneider, J.A. 1995. Phylogeny of the Cardiidae (Mollusca, Bivalvia): Protocardiinae, Laevicar-
diinae, Lahilliinae, Tulongocardiinae subfam.n. and Pleuriocardiinae subfam.n.—Zool. Scr. 24:
321-346.

In a preliminary cladistic analysis of the bivalve family Cardiidac (Schneidcr 1992), members of the
subfamilies Protocardiinae, Lahilliinae, and Laevicardiinae, plus thc genus Nemocardium, were
found to be the least derived taxa of cardiids. A cladistic analysis is undcrtaken of the genera and
subgenera of these cardiid taxa, plus several Mesozoic taxa which have never been assigned to any
subfamily. The Late Triassic Tulongocardium, which is placed in Tulongocardiinac subfam. n., is
the sister taxon to all other cardiids. Protocardiinae is restricted to thc genus Protocardia. Most
other Mesozoic taxa which have been placed in the Protocardiinae are found to bc members of the
Lahilliinae. Nemocardium is placed in the Laevicardiinae. Incacardium, Pleuriocardia, and
Dochmocardia form a monophyletic group, Pleuriocardiinae subfam. n. Pleuriocardiinae, Laevi-
cardiinae, and the remaining members of the Cardiidae (herein informally termed “cucardiids”)
form a monophyletic group.
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Introduction

Bivalves of the family Cardiidae (cockles and giant clams)
originated in the Late Triassic and have a present-day
diversity of nearly 200 species (Rosewater 1965; Fischer-
Piette 1977). Cardiids have been the subject of consider-
able taxonomic work by both paleontologists and mala-
cologists, and numerous subfamilies, genera, and
subgenera have been erected. However, few studies of
the phylogenetic relationships amongst these taxa within
the Cardiidae have been undertaken.

The only published phylogenies for cardiids are those
of Kafanov & Popov (1977) and Schneider (1992). They
based their phylogeny on two key character complexes:
shell microstructure and morphology of the stomach.
Kafanov and Popov addressed only the group’s Cenozoic
evolution, and considered neither the origin of the Cardii-
dae nor its Mesozoic history. Schneider (1992) proposed a
preliminary phylogenetic hypothesis for the Cardiidae
based on a cladistic analysis of 54 characters of 36 taxa
(Fig. 1). In that analysis, at least one member from each
of the subfamilies recognized by Kafanov & Popov (1977)
and Keen (1951, 1969, 1980) was included. as well as
additional taxa of uncertain affinities. Palaeocardita.
usually placed in the Carditidae (Cox 1949; Chavan
19694), was found to be the least derived cardiid. The
next two taxa on the preliminary cladogram were Sepfo-
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Fig. 1. Phylogenetic relationships within the family Cardiidae. From
Schneider (1992).
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cardia and Protocardia. Almost all members of the car-
diid subfamily Protocardiinae have been placed in the
genera Protocardia, Integricardium, and Nemocardium
(Keen 1951, 1969, 1980). In the preliminary analysis,
Integricardium was found to be the sister taxon to Lahil-
lia. Marwick (1944) and Keen (1969) had placed Lahillia
in its own cardioid family Lahilliidae. Nemocardium was
found to be the sister taxon to the Laevicardiinae. There-
fore, the Protocardiinae as generally understood is a
paraphyletic group (i.e. contains some, but not all, the
descendants of a most recent common ancestor).

There are several Mesozoic taxa whose subfamilial
affinities are uncertain. There has been no previous
attempt to place the Late Triassic taxa Tulongocardium
and Vietnamicardium in any subfamily. Scott (1978)
erected Pleuriocardia (Pleuriocardia) and Pleuriocardia
(Dochmocardia) for some Cretaceous species, placing
them in Cardiinae. However, Keen (1980) thought that
Pleuriocardia and Dochmocardia belonged in Protocar-
diinae. Keen (1951, 1969, 1980) classified the Upper
Cretaceous Incacardium as a subgenus of the Cenozoic
cardiine Acanthocardia, but this taxonomy contradicts
her 1980 description of cardiid phylogeny.

The purpose of the present study is to propose a
detailed phylogenetic hypothesis for the primitive car-
diids. This paper will discuss:

(1) appropriate outgroup(s) for the Cardiidae;

(2) the status, content, and interrelationships of the
subfamilies Protocardiinae, Lahilliinae, and Laevicardii-
nae, and the genus Nemocardium; and (3) the phylogen-
etic relationships of the problematic Mesozoic taxa
Tulongocardium,  Vietnamicardium,  Pleuriocardia,
Dochmocardia, and Incacardium.

Material and methods

Selection of ingroup taxa

All genera and subgenera of Protocardiinae and Laevicardiinae
accepted by either Keen (1951, 1969, 1980) or Kafanov & Popov (1977)
are reprcsented in the analysis (see Appendix I). The cardiine, Grano-
cardium, is included to represent the clade comprising the subfamilies
Cardiinae, Clinocardiinae, Lymnocardiinae, Fraginae, and Tridacni-
nae. These five subfamilies will be informally referred to as “eucar-
diids”. Fossils of Granocardium are known from the Aptian (late Early
Cretaceous; Keen 1969, 1980) and are the oldest eucardiid fossils.
Keen (1951, 1969, 1980) classified the Upper Cretaceous Incacardium
as a subgenus of the Cenozoic cardiine Acanthocardia. However, Keen
(1980) considered Incacardium as intermediary between the Norian
(middle Late Triassic) Septocardia and the Cardiinae, whereas she
derived Acanthocardia from Granocardium. The problematic taxa
Pleuriocardia and Dochmocardia are also included (see Introduction).
Chen, Chen & Zhang in Lan and Chen (1976) erected Tulongocar-
dium (typc specics Cardium [T.] pluriradiatum Chen, Chen & Zhang in
Lan & Chen 1976) as a subgenus of Cardium, and assigned nine Late
Triassic species to this new taxon. Vu-Khuc (1977), apparently unaware
of Tulongocardium, erected the genus Vietnamicardium [type species V.
vietnamicum (Vu-Khuc in Vu-Khuc et al. 1965)]. All four of the species
that Vu-Khuc placed in Vietnamicardium had been put in Tulongocar-
dium by Chen, Chen and Zhang. Keen (1980) did not accept Tulongo-
cardium as a cardiid, and placed it in the Astartidae; she was apparently
unaware of Vietnamicardium. The only well-preserved material of
Tulongocardiuin is that of Cardium nequam Healey, 1908, and this
species was chosen to represent Tulongocardium in the present analysis.
With the exception of Cardium cloacinum Quenstedt, 1858 [which
Chen, Chen & Zhangin Lan & Chen (1976) had put in Tulongocardium,
but Cox (1948) assigned to the astartid genus Tutcheria], all other
species assigned to Tulongocardium and Vietnarnicardium are clearly
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cardiids. However, these species could not be coded for the three hinge
characters (14-16). The other characters would be coded identically to
the scheme for C. nequam. Since there are no autapomorphies (charac-
ters unique to a taxon) to distinguish Vietnamicardium, it is synono-
mized with Tulongocardiun.

Noda (1988) erected Tobarum |[type species Frigidocardium
(Tobarum) tobaruense Noda, 1988; Pliocene, Japan] as a monotypic
subgenus of Frigidocardium, which Habe (1951) erected as a genus.
Frigidocardium has also been treated as a subgenus of Nemocardium by
Keen (1969, 1980), and synonomized with Pratulum by Popov (1977) or
with Microcardium by Wilson & Stevenson (1977). F. tobaruense would
have the identical cladistic coding as Microcardium (Table 1). Since
Tobarum has no autapomorphies to distinguish it from Microcardium,1
consider F. tobaruense to be a species of Microcardium (as does J.-M.
Poutiers, pers. comm., 1991), and it is not considercd separately in this
analysis.

Tendagurium was introduced by Dietrich (1933) as a subgenus of
Cardium, and included two Mesozoic species. Generic namcs published
after 1930 must be accompanied by the fixation of a type species
[International Code of Zoological Nomenclaturc, 3rd edition (Ride et
al. 1985), article 13(b)]. However, Dietrich (1933) neglected to desig-
nate a type species. Salisbury (1934) rectified this situation [thus satisfy-
ing ICZN article 13(b)] by designating Cardium propebanneainum
Dictrich, 1933, as the type species. Salisbury’s (1934) designation
satisfies ICZN article 13(a)ii bccause it references Dietrich’s (1933)
description of Tendagurium. Therefore, the name Tendagurium is valid,
and the taxon is considered to havc been erected by Salisbury (1934).
Subsequent authors, apparently unaware of Salisbury’s (1934) type
designation, accepted Dietrich as the author of Tendagurium (Keen
1937, 1969; Amano er al. 1958; Vokes 1968, 1980). Keen (1937) and
Amano et al. (1958) unnecessarily designated a type species for Tenda-
gurium. Hayami (1958) considered the name Tendagurium unavailable.
Keen (1980) is the only reference to Salisbury’s (1934) original type
spccies designation.

Guo (1988) proposed Grypocardia as a Rhaetian (latcst Triassic)
monotypic subgenus of Protocardia. All specimens are internal molds,
and I cannot confirm their identity as cardiids. Therefore, Grypocardia
is not included in this analysis.

Cossmann (1906) erected Jurassicardium as a monotypic subgenus of
Cardium, and felt it was most closely allied to Protocardia and Nemocar-
dium. Keen (1951, 1969, 1980) classified Jurassicardium as a genus in
Protocardiinae. The only well-preserved material of Jurassicardium is
the type material of the type species, J. axonense Cossmann, 1906.
Unfortunately, the whereabouts of the type material is unknown, and
Jurassicardium is not included in this analysis. Jurassicardium is not
monotypic, as erroneously stated in Schneider (1992); two other species
have been described under this genus [see Cossmann (1916) and Yamani
and Schairer (1975)].

Zinsmeister (1984) considered Lahilleona to be a junior synonym of
Lahillia. Lahilleona is not represented in thc analysis.

Most of the taxa considered in the present analysis are illustrated by
Keen (1969, 1980). Alexander Kafanov is currently working on a
species-level monograph of Cenozoic and Recent cardiids (A.1. Kafa-
nov, pers. comm., 1994).

Selection of outgroup

Some authors (Cox 1949; Keen 1969, 1980; Newton 1986; Schneider
1992) have derived the Cardiidae from a member of the Carditoidea,
postulating an evolutionary scenario of the Permo-Triassic carditid
Palaeocardita originating from some Late Palaeozoic permophorid
carditidoid (such as the Permian Gujocardita), with Septocardia [Norian
(middle Late Triassic)] being subsequently derived from Palaeocardita.
Keen (1969, 1980) placed Seprocardia in the subfamily Cardiinae,
although no other cardiines appear until the Aptian (late Early Creta-
ceous). However, Morris (1978) and Morris et al. (1991) have argued
that the Permophoridae are not carditoids, but anomalodesmatans
convergent on veneroids. Although I previously considered (Schneider
1992) Palaeocardita and Septocardia to be cardiids, I presently think that
there is significant doubt about their phylogenctic relationships. They
are considered as members of neither the ingroup nor the outgroup in
the present analysis.

In the preliminary phylogenetic analysis of the entire family Cardiidae
(Schneider 1992), a hypothetical ancestor, based on character states
from the Recent carditids Cyclocardia ventricosa (Gould, 1841) and
Cardita variegata Bruguiére, 1792, was used as the outgroup. The use of
carditids as the outgroup to cardiids was based on the postulated
evolutionary  sequence of Paleozoic carditids-Palaeocardita-
Septocardia-Cardiidae. If the Paleozoic carditids and Palaeocardita
(and, presumably, other members of the Devonian to Early Jurassic
subfamily Palaeocarditinae) are anomalodesmatans, then, according to
Chavan (1969a), the only remaining pre-Cretaceous carditids are the



Triassic-Jurassic Tutcheria and the Jurassic Pseudopis. Cox (1946)
erected both Tutcheria and Pseudopis, placing them in Astartidae on the
basis of their hinges and external sculpture. Cox emphasized that the
presence of radial ribs on Tutcheria and Pseudopis does not automati-
cally make them carditids, for some astartids have external radial ribs,
and all astartids have internal radial ribs (Chavan 1952, 1969b). Given
the excellent fossil record of molluses (Raup 1979; Allmon 1988,
Valentine 1989), it seems that the Carditidae, with no true representa-
tives before the Cretaceous and no shared derived characters to unite
them with the Cardiidae, are not an appropriate outgroup for the
Cardiidae, which originated in the Late Triassic.

Waller (1988, 1990), in discussing the phylogeny of heterodont
bivalves, considered the Lucinoidea as the sister group to all other
heterodonts, the latter being rooted in the Crassatelloidea, which
contains the Astartidae (Boyd & Newell 1968; Yonge 1969). Stanley
(1968) argucd that the siphonate eulamellibranch bivalves were derived
from an astartid. Therefore, it was decided to seek outgroup infor-
mation among members of the Astartidae.

Astartid shell evolution has been very conservative; early Devonian
astartids differ little from modern forms (Morris 1978). Species of the
genus Astarte are among the most primitive living eulamellibranchs
(Stanley 1968). Astarte is also one of the oldest living genera of bivalves,
having appeared in the Hettangian [earliest Jurassic; Sepkoski, unpub-
lished compendium of marine invertebrate stratigraphic ranges; see
Sepkoski (1986, 1989); Raup & Boyajian (1988); and Jablonski (1994)
for a detailed description of Sepkoski’s compendium], and is only
slightly younger than the entire family Cardiidae, which originated in
thc Norian (middle Late Triassic). Therefore, Astarre is used as an
outgroup for the Cardiidae, with character state data taken from three
Recent species of Astarte: Astarte castanea Say, 1822, A. sulcata (Da
Costa, 1778), and A. undata Gould, 1841. Conchological states were
encoded from my examinations of the shells, and anatomical states were
coded from Saleuddin’s (1965, 1967) descriptions of these species.

It has been recommended that cladistic analyses be run with more
than one outgroup (Maddison et al. 1984). However, this presumes a
certain amount of previous knowledge of phylogeny which I do not think
is presently available. For this particular analysis, I feel it is best to be
cautious and use only that one group—with character analysis of three
different species—which can confidently be considered as an appropri-
ate outgroup. .

Seilacher (1984) contended that bivalves have undergone too much
convergent and parallel evolution to be studied cladistically. Successful
studies of various bivalve groups have been conducted by cladistic
analysis (Waller 1978, 1993; Miyazaki & Mickevich 1982; Bieler &
Mikkelsen 1992; Huelsenbeck 1994). Numerous cladistic studies of
various taxa have shown that cladistic analysis, when undertaken in
concert with rigorous charaeter analysis, is not hampered by what a
priori has been perceived as convergent evolution, but actually has the
ability to discern theretofore unknown or under-appreciated cases of
convergence and parallelism (Crane 1985; Doyle & Donoghue 1986;
Fortey & Cooper 1986; Gauthier ez al. 1988; Brooks 1989; Patterson &
Rosen 1989; Sluys 1989; Fortey 1990; Smith & Wright 1990; Begle 1991;
Marshall & Schultze 1992; Novacek 1992; Carlson 1993; Simms &
Sevastopulo 1993; Lanyon 1994; Kambhampati 1995). Cladistic analysis
does not assume that convergence and parallelism are rare (Farris 1983).
It is through cladistic analysis that we arc able to discern convergence
and parallelism from homology. Arguments against the use of cladistics
for one reason or another have been put forth regarding many taxa, not
just bivalves (Sneath & Sokal 1973; Gingerieh 1979; Lazarus & Prothero
1984; Campbell & Barwick 1990). It should also be noted that Sei-
lacher’s (1984) paper appeared before the widespread use of user-
friendly cladistic computer programs with numerous options with which
the systematist may tailor the cladistic analysis to the data at hand [such
as Farris (1988), Swotfford (1991, 1993) and Maddison & Maddison
(1992)], and examine alternative tree topologies and character state
reconstructions.

Abbreviations of repositories

AM: Australian Museum. Sydney, Australia.

AMNH: American Muscum of Natural History, New York, New York,
USA

ANSP: Academy of Natural Sciences of Philadelphia. Philadelphia,
Pennsylvania, USA.

DSIRGS: New Zealand Department of Scientific and Industrial Re-
search, Geology and Geophysics. Lower Hutt, New Zealand.

FMNH: Field Museum of Natural History. Chicago, Illinois, USA:

FMNH: Recent molluscan collection

FMNH P: Paleontological collection

FMNH UC: University of Chicago collection, now incorporated into the
paleontological collections of the FMNH

GSC: Geological Survey of Canada. Ottawa, Ontario, Canada.

Phylogeny of the Cardiidae 323

LACMNH: Los Angeles County Museum of Natural History. Los
Angeles, California, USA.

MCZ: Muscum of Comparative Zoology, Harvard University. Cam-
bridge, Massachusetts, USA.

MM: University of Tokyo Geological Institute. Tokyo, Japan.

MNHN: Muséum National d’Histoire Naturelle. Paris, France.

NHM: The Natural History Museum. London, United Kingdom.

PRI: Paleontological Research Institution. Ithaca, New York, USA.

SBMNH: Santa Barbara Museum of Natural History. Santa Barbara,
California, USA.

UNC: University of North Carolina~—Chapel Hill, Dcpartment of
Geology. Chapel Hill, North Carolina, USA.

USNM: United States National Museum. Washington, D.C., USA.

USNM JHU: Johns Hopkins University collection, now incorporated
into the colleetions of the USNM.

UWBM: Thomas Burke Memorial Washington State Museum. Seattle,
Washington, USA.

YPM: Yale Peabody Museum. New Haven, Connecticut, USA.

Material examined

Each of the ingroup taxa is represented in the present analysis by asingle
species, usually the type. Therefore, this analysis should be taken as a
phylogeny for these species only. Character states prescnted may not be
constant throughout all species of a given genus or subgenus. Except as
where noted. all character states were encoded from cxamination of
specimens. All Recent taxa were investigated anatomically, as well as
conchologically. except for Trifaricardium, for which there is no ana-
tomical material available. Material examined is shell material, unless
otherwise indicated. Spccies examined are the type species of the genus
or subgenus, unless otherwise indicated. The number of specimens in
each lot is indicated by the number in parentheses.

Astarte [type species A. scotica (Maton and Rackett, 1807)]. Astarte
castanea (Say, 1822): AMNH 198665 (32); FMNH 9005 (1), 13775(1),
13860 (2), 50593 (3). 54723 (2), 182910 (2), 182939 (1), 184597 (2).

A. sulcata (Da Costa, 1778): AMNH 199767 (10); FMNH 2609 (2),
16355 (1), 149997 (2), 169261 (2).

A. undata (Gould, 1841): AMNH 199082 (8); FMNH 2608 (3), 30271
(2), 50594 (3), 148389 (1), 149899 (15), 184828 (3), 185692 (6); USNM
711294 (76). Anatomical data from Salcuddin (1965, 1967).

Tulongocardium (type species T. pluriradiatum Chen, Chen & Zhang in
Lan & Chen, 1976). Tulongocardium nequam (Hcaley, 1908): data
from Healey (1908).

Protocardia (Protocardia) hillana (Sowerby, 1813): ANSP 36497 (4);
MCZ 10386 (6), 101697 (1); NHM L3370 (2), L17030 (4). 24140 (1).

Protocardia (Leptocardia) subquadrata (Evans & Shumard, 1857):
USNM 278 (2, hypotypes); AMNH 9401 (2), 9402 (2); ANSP 37108
(9); FMNH P3504 (1); YPM IP.006889 (100).

Protocardia (Pachycardium) [type species P. spillmani (Conrad, 1858)].
Protocardia (Pachycardium) stantoni (Wade, 1926): USNM 32794 (1,
syntype), USNM 315519 (1, syntype), 315520 (1, syntype), USNM
482408 (1); AMNH 2496 (2).

Protocardia (Tamilicardia) pulchella Chiplonkar & Tapaswi, 1976. Data
from Chiplonkar & Tapaswi (1976).

Integricardium dupinianum (Orbigny, 1844). Data from Orbigny
(1844).

Onestia onestae (McLearn, 1931): GSC 6345 (1, holotype), 8003 (1,
hypotype), 8004 (1, hypotype).

Cryptocardia bajocensis Palmer, 1974: NHM 66193 (1, holotype), 66243
(1, paratype), 66197 (1, paratype).

Globocardium sphaeroideum (Forbes, 1845): NHM LL.8466 (1), 48626
(1), L.8247 (1); FMNH UC33133 (1).

Yokoyamaina hayamii Keen & Casey in Moore et al. 1969: MM 2866 (1,
paratype), 2867 (1, paratype).

Tendagurium propebanneianum (Dietrich, 1933). Data from Dietrich
(1933).

Lahillia [type species Lahillia angulata (Philippi, 1887)]. Lahillia wilck-
ensi Zinsmeister, 1984: USNM 365500 (1, holotype), 365496 (1,
paratype), 365497 (1, paratype), 365498 (1, paratype), 365499 (1,
paratype).

Granocardium [type species Granocardium carolinum (Orbigny,
1844)]. Granocardium kuemmeli (Weller, 1907): USNM 21126 (1,
holotype), AMNH 45042 (1), 45043 (1), 45044 (1), 45045 (1), 45046
(1), 45047 (1), 45048 (1); ANSP 36475 (5); YPM IP.025574 (1). The
AMNH and ANSP and material was misidentified as Granocardium
dumosum in Schneider (1992).

Pleuriocardia (Pleuriocardia) kansasense (Meek, 1871): USNM 7905 (1,
lectotype). Additional data from Scott (1970, 1978).

Pleuriocardia (Dochmocardia) [type species Pleuriocardia (Dochmo-
cardia) paupercula (Meek, 1871)]. Pleuriocardia (Dochmocardia)
eufaulense (Conrad, 1860): ANSP 19597 (1, holotype), ANSP 36491
(7); USNM 20847 (1), AMNH 45040 (1), 45041 (1); FMNH 18647 (2).
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Pleuriocardia (Incacardium) mellisa Olsson 1944: PRI 4830 (1, holo-
type), 4831 (1, paratype).

Nemocardium (Nemocardium) bechei (Reeve, 1847): ANSP 252661 (4).
Anatomical: USNM 747190 (1).

Nemocardium (Varicardium) patulum (Hutton, 1873): DSIRGS 11794
).

Nemocardium (Lyrocardium) lyratum (Sowerby, 1841): ANSP 216424
(4); USNM 344806. Anatomical: USNM 746647 (1).

Nemocardium (Lophocardium) cumingii (Broderip, 1833): ANSP
216379 (4), 394333 (2); FMNH 278007 (1), 278008 (1). Anatomical:
FMNH 278007 (2); MCZ 147452 (1).

Nemocardium (Pratulum) thetidis (Hedley, 1902): ANSP 226837 (15).
Anatomical: AM 170001 (2).

Nemocardium (Brevicardium) fragile Stephenson, 1941: USNM 76644
(1, holotype), 20701 (1, paratype), 128151 (1), 128152 (1); ANSP
36494 (5).

Nemocardium (Arctopratulum) griphus Keen, 1954: USNM 561859
(1, paratype).

Nemocardium (Divaricardium) discrepans (Basterot, 1825): MNHN
B23982 (6).

Nemocardium (Keenaea) (type species Nemocardium (Keenaea) samar-
angae [Makiyama, 1934]). Material examined. Nemocardium (Kee-
naea) centifilosum (Carpenter, 1864): USNM 162620 (1, holotype),
USNM 331633 (68), 323892 (2). Shell and anatomy: SBMNH 35526
(11); LACMNH 54-78.1 (35); FMNH 278004 (2), 278005 (2), 278006
).

Nemocardium (Microcardium) peramibilis (Dall, 1881): ANSP 176654
(6); USNM 323892 (24). Anatomical: USNM 801861 (9).

Nemocardium (Frigidocardium) [type species Nemocardium (Frigido-
cardium) eos (Kuroda, 1929)]. Nemocardium (Frigidocardium) exas-
peratum (Sowerby, 1838): USNM 297106 (4), 21168 (2). Shell and
anatomy: USNM 746892 (3), 747006 (3), 747646 (3).

Nemocardium (Trifaricardium) nomurai Habe 1951: USNM 204363 (2);
FMNH 278009 (2); ANSP 343543 (2).

Habecardium tenuisulcatum (Nyst, 1836): AMNH 20259 (3); ANSP
10267 (8); USNM JHU 76 (4); UWBM 3169 (1); YPM 35380 (1),
35381 (1), 35382 (1).

Fulvia aperta (Bruguiére, 1789): USNM 658817 (4). Shell and anatomy:
USNM 655038 (10).

Laevicardium [type species Laevicardium oblongum (Gmelin, 1791)].
Laevicardiun laevigatum (Linne, 1758): AMNH 210132 (5); ANSP
61034 (1), 83809 (5), 326257 (4); UNC 5891 (1), 8316 (3), 14228 (2),
PR1 3716E (2); USNM 503002 (2). Anatomical: ANSP A1022 (8);
USNM 734711 (1), 801059 (1), 801845 (1), 804198 (1), 804301 (1),
836963 (1).

Discors parisiense (Orbigny, 1850): ANSP 7680 (3), 7681 (3); USNM
325921 (2), 482841 (2).

Abbreviations used in figures

aa anterior adductor
ac anterior cardinal
ah apparent height
al anterior length

as anterior slope

cs cross-striae

dv divaricate sculpture
h height

hn hinge )

id inncr demibranch
ip inner labial palp

1 length

Ir lateral ridge

ml  midline (line connecting midpoints of adductors)
og oral groove

op outcr labial palp

pc posterior cardinal

pf periostracal frill

pl posterior length

ps posterior slope

rr radial ribs

s spine

u umbo

v varicate sculpturc
vr ventral ridge

Characters and character states

A cladistic analysis of 33 taxa with 16 characters compris-
ing 53 character states was performed using PAUP 3.1.1
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(Swofford 1993). The heuristic branch-swapping routine
with random addition and tree-bisection—-reconnection
options was used. The accelerated transformation option
(ACCTRAN) was used, and steps were not added to taxa
with polymorphisms. Missing data are coded by a ques-
tion mark “?” [see Swofford (1993) for explanations of
these options]. Fourteen of the 16 characters are unor-
dered. Two characters, ribbing pattern (8) and shell shape
(9), are ordered on the basis of ontogeny and outgroup
analysis. The states of these ordered characters are as-
sembled into character state trees which are fed into the
analysis with the USERTYPE command (see Swofford
1993). All extinct taxa are coded missing (?) for anatom-
ical and periostracal characters. The data matrix is pre-
sented in Table I.

Anatomical characters

1. Connection between inner labial palp and inner
demibranch (Fig. 2). In most cardiids, the anterior end of
the inner demibranch fuses to the oral groove between the
inner and outer labial palps. However, in Laevicardium
and Fulvia, the inner labial palp is connected to the
bottom of the inner demibranch States: (0) inner demi-
branch fuses to oral groove between the inner and outer
labial palps, (1) inner labial palp attaches to bottom of
inner demibranch.

2. Lateral ridges on foot (Fig. 3). States: (0) absent, (1)
present, moderate, (2) present, strong.

3. Ventral ridge on foot (Fig. 3). In the present dataset,
this character is coded exactly as character 2. It is con-
sidered an independent character because several eucar-

Table 1. Data matrix for cladistic analysis. Taxa in rows, characters in
columns. Pleuriocardia and Dochmocardia polymorphic (states 1 and 3)
for character 7, indicated by " X”. “?” signifies missing data

Outgroup 0000 0000 0000 0000
Tulongocardium 77?7 711 1000 2101
Protocardia 7779 7712 1000 7101
Leptocardia 279? 7712 1000 2101
Pachycardium 227? 712 1000 2101
Tamilicardia 2277? 7?12 1000 2077
Intcgricardium 777? 7723 2007 2101
Yokoyamaina 277? 7723 3007 7N
Tendagurium 779? 7723 300? 2101
Cryptocardia 777? 7723 401? 2101
Globocardium 7777 7723 4017 7101
Onestia 27?77 7723 200? 2101
Labhillia 2277 2723 2007 2101
Brevicardium 277? 7734 1000 702
Nemocardium 0110 1034 4000 0202
Varicardium 22?7 7734 4000 0202
Lyrocardium 0110 1014 4000 2202
Lophocardium 0110 1114 4000 2302
Pratulum 0110 1035 1000 0202
Arctopratulum 777? 7735 1000 0202
Divaricardium 72?7 2735 1000 2202
Microcardium 0110 1035 4101 0202
Frigidocardium 0110 1035 4001 0202
Trifaricardium 2297 7035 4101 0202
Keenaea 0110 1135 1000 7202
Habecardium 77?7 2716 5000 2202
Discors 272? 2727 5000 2202
Fulvia 1221 2017 5000 2202
Laevicardium 1221 2027 5000 7202
Pleuriocardia 77?7 77X1 6002 1412
Dochmocardia 2277 77X1 6002 1412
Incacardium 22?? 7?11 6002 1412
Granocardium 2227 2201 4000 0202
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Fig. 2. Right lateral view of inner demibranch-labial palp connections.
Both inner and outer labial palps shown with ridged surface exposed. —
A. Laevicardium laevigatum (ANSP A1022). Top of inner labial palp
connected to bottom of inner demibranch (state 1). Scale bar equals 1
mm.—B. Nemocardium = (Frigidocardium) exasperatum (USNM
746892). Inncr demibranch inserts into oral groove between inner and
outer labial palps (state 0). Scale bar equals 2 mm.

diids (Vepricardium, Papillicardium, Yagudinella, Ser-
ripes, Microfragum) display discordant states for the two
characters (Schneider 1993). States: (0) absent, (1) pres-
ent, moderate, (2) present, strong.

4. Position of right caecum on stomach floor. States: (0)
right side of stomach floor, (1) middle of stomach floor.

5. Eyes. Eyes occur on the distal tip of some of the
siphonal tentacles of cardiids. These eyes consist of a
multicellular lens, a retina composed of a single layer of
cells, and an enclosing sheath. A nerve runs in the tissue
of the tentacle, and sends a branch off to the eye. The
nerve is inverse, in that it passes between the lens and
retina before going to the sensory cells. Laevicardium and
Fulvia possess more complex eyes, which have a globular
apparatus, a closed cavity, pigmented subepithelial cells,
crystalline cells, a vitreous body, and a tapetum next to an
ocular globe. Eyes are lacking in the outgroup, Astarte.
Data from Kishinouye (1894), Nagel (1897), Zugmayer
(1904), Weber (1908), Pelseneer (1911), Roche (1925),
Braun (1954) and personal observation. States: (0) ab-
sent, (1) simple, (2) complex.

Periostracal character

6. Periostracal frill (Fig. 4). In Nemocardium (Lopho-
cardium) and Nemocardium (Keenaea) centifilosum, the
periostracum forms a tuft or flange at the junction be-
tween the posterior and central portion of the shell, where
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Fig. 3. Feet.—A-C. Rightlateral views of feet.—D—F. Anterior views of
feet.—A, D. Astarte sulcata (from Saleuddin, 1965). States 2:0; 3:0.
Scale bar equals 6 mm.—B, E. Nemocardium (Frigidocardium) exasper-
atum (USNM 746892). States 2:1; 3:1. Scale bar equals 2 mm.—C, F.
Laevicardium laevigatum (ANSP A1022). States 2:2; 3:2. Scale bar
equals 5 mm.

there is a change in the ribbing pattern. Wilson & Steven-
son (1977) report that a frill exists on N. (N.) bechei, but I
have never detected a frill on any specimen of this species.
This frill is absent in the type species of Keenaea, N. (K.)
samarangae. States: (0) absent, (1) present.

Shell characters

7. Posterior margin (Fig. 5). Posterior margins in car-
diids can be digitate, crenulate, or smooth. To determine
margin type, a line parallel to the line connecting the
midpoints of the adductor muscles is drawn from the
distal end of a posterior rib (or rib interspace) towards the
anterior end of the shell. If the line traverses empty space
before it crosses the shell margin, itis considered digitate.
If the line encounters only shell on its anterior traverse,
then the margin is considered crenulate. If neither the ribs
nor the interspaces extend beyond the shell margin, then
the posterior margin is considered smooth. Astarte has
internal radial ribs whose distal ends are manifested along
the internal margin only; this state is not considered
homologous with any other state. States: (0) inner margin
crenulate, exterior margin smooth, (1) crenulate, (2)
smooth, (3) digitate.

8. Ribbing pattern. A character state tree can be
constructed for this character based on ontogeny com-
bined with outgroup analysis. The outgroup condition is
found in Astarte, in which there are internal radial ribs,
and the external sculpture is of concentric growth lines
(state 0; Figs 6A and 7A). Some cardiids have a sculpture
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Fig. 4. Periostracal frills.—A-B. Nemocardium (Keenaea) centifilosum
(USNM 323892).—A. Ventral margin of right valve at junction of
posterior and central slopes, X22.—B. View across central slope of
same specimen to show relief of periostracal frill, X 120.—C. Nemocar-
dium (Lophocardium) cumingii (ANSP 216379), view of junction of
posterior and ccntral slopes of right valve, X4.5.

of entirely radial ribs which are of equal width and
strength throughout the entire surface of the shell (state 1;
Fig. 8F). This type of ribbing pattern does not change
during ontogeny, and hence gives rise to no further
character states. The remaining character states are all
ontogenetically related. In Protocardia, radial ribs are
present on the posterior slope of the shell. Concentric ribs
are found on the central and anterior slopes (state 2; Fig.
7B). In Lahillia, the surface sculpture is concentric ribs,
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Fig. 5. Schematic illustrations of posterior
Digitate.—B. Crenulate.—C. Smooth.

margin types.—A.

which may be so weak as to be expressed as only growth
lines (state 3; Fig. 7D). In well preserved specimens of
Globocardium, Yokoyamaina, and possibly Tendagur-
ium, faint radial threads are visible on the posterior near
the umbo (Gillet 1924; Amano et al. 1958; Hayami 1958,
1965, 1972), indicating an ontogenetic change in sculpture
from that of Protocardia to entirely concentric ribs or
growth lines only. Some subgenera of Nemocardium,
including the type subgenus, change their ribbing pattern
through ontogeny from that of Protocardia to a pattern of
strong ribs on the posterior slope, and weak but equal
radial and concentric sculpture on the central and anterior
slopes (state 4; Fig. 9A); this ontogenetic change has been
noted by Stewart (1930). Most subgenera of Nemocar-
dium change through ontogeny from the N. (Nemocar-
dium) pattern (strong radial ribs on the posterior slope
and weak radial and concentric ribs on the central and
anterior slopes), to a pattern of entirely radial ribs of
equal strength and width (state 5; Fig. 6B). Habecardium
(state 6) has sculpture-like Protocardia on the umbo, then
proceeds to change to the adult sculpture of N. (Nemocar-
dium), and then to a Fulvia-like sculpture of entirely
radial ribs [see Glibert and van de Poel (1970) and Keen
(1980)]. In Fulvia, Laevicardium, and Discors, the rib-
bing pattern on the umbo is that of N. (Nemocardium),
which changes to a pattern of entirely radial ribs through
ontogeny (state 7; Fig. 10). On Discors, the strongest and
widest of the posterior radial ribs are the more anterior
ones; the most posterior of the radial ribs are very weak to
absent. This condition is intermediate between that of
Fulvia and Laevicardium. On Laevicardium, there are
only a few barely discernible radial posterior ribs, and
these are all entirely lost relatively early in ontogeny.
Character state tree:

9. Shell shape. Cardiids, like most bivalves, change the
shape of their shell during ontogeny. This ontogenetic
change in shell shape can usually be discerned on a single
specimen by examining the growth lines. Therefore, a
character state tree can be constructed for this character.
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Fig. 6. Early ontogeny of ribbing patterns.—A. Astarte undata (USNM 711294), dorsal view of right valve, X20.—B. Nemocardium (Microcardium)

peramibilis (USNM 323892), dorsal view of right valve, X22.

Although there have been several attempts to describe
the ontogeny of bivalve shell shape (Raup 1966; Lgvtrup
& Lovtrup 1988; Checa 1991; Johnston et al. 1991; Ack-
erly 1992a, b), a rigorous method of converting morpho-
metric information on bivalve ontogeny into cladistic
character states remains to be invented. Therefore, the
various shell shapes exhibited by the cardiids covered in
this study have been placed in six different states, each of
which can be described semi-quantitatively. Many, if not
most cardiids, go through at least two of the shell shape
character states during ontogeny (hence the ability to
construct character-state trees). Those taxa whose ter-
minal states are terminal autapomorphies [Incacardium
(Fig. 8C), Lophocardium (Fig. 11A), and Pachycardium
(Fig. 11B)] are coded for the last ontogenetic state that
fits into the character state tree.

Cardiid shell shape can be determined using the charac-
ter key (see below). An illustration depicting the various
features used to determine shell shape is found in Fig. 12,
The outgroup, based on three species of Astarte, does not
fitin with the pattern of cardiid shell ontogeny. Although
Astarte does change shape during ontogeny, at no time
did any of the shells of the examined species of Astarte fall
into the parameters of the cardiid shell shapes. As in
character 8, the outgroup is given the least derived state in
the character state tree.

Shell shape character key

1. Carina absent ..........cccoveieiiiieniniiiiiiiiiiinnne, 2
Carina Present ...v.vveieieieie i 3
2. Height/Length (H/L) > 0.9 ...trigonal/trapezoidal
HIL<0.9 oo, oval/elliptical
3. Apparent height greater than true height .......... 4
Apparent height equal to true height ............... 5

4. Posterior length > anterior length .......... oblique
Anterior length > posterior length ..oblique/ovate

5. HIL<0.9 e elliptical
10>H/L>09 ....oooveviiiiin, quadrate-long
HIL>1.0 .o, quadrate-short

States: (0) trigonal/trapezoidal (Fig. 7A), (1) quadrate-
long (Fig. 7B), (2) oval/elliptical (Fig. 7D), (3) elliptical

(Fig. 7C), (4) quadrate-short (Fig. 9), (5) oblique (Fig.
8F), (6) oblique/ovate (Fig. 13A).
Character state tree:

0145
>

10. On the anterior slopes of Microcardium (Fig. 14A)
and Trifaricardium (Fig. 15A), the concentric sculpture is
strong, irregular, and wavy. The radial ribs are reduced in
strength. States: (0) wavy sculpture absent, (1) wavy
sculpture present.

11. Ridge. Cryptocardia and Globocardium have ridges
at the junction of the central and posterior slopes. The
ridges are internal, with some degree of external ex-
pression of the ridge. See Palmer (1974). States: (0)
absent, (1) present.

12. Cross-striae. Simple cross-striae (Fig. 8G) are con-
centric raised striae in the rib interspaces. Ladder-like
cross-striae (Figs 14C, D; Figs 15B-D) are irregular and
not commarginal. (0) absent, (1) ladder-like, (2) simple.

13. Spines. Some taxa of Nemocardium have simple
knob-like spines (state 0; Fig. 8A; Figs 14C, D; Figs 15B—
D). Pleuriocardia and Incacardium have triangular,
concave-down spines (state 1; Figs 8D, G), which are
macroscopic only on Incacardium. Taxa lacking spines
are scored as missing (?).

14. Shape of right anterior cardinal (Figs 16, 17).
States: 0-4.

15. Angle of right posterior cardinal socket (Figs 16,
17). The angle of the right posterior cardinal socket to the
horizontal is less than 35° in Pleuriocardia and Incacar-
dium, and greater than 35° in all other taxa. States: (0)
high, (1) low.

16. Shape of right posterior cardinal (Figs 16, 17).
States: 0-2.
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Fig. 7. Right valves.—A. Astarte castanea (FMNH 13860), x2.—B. Protocardia (Protocardia) hillana (ANSP 36497), x1.8.—C. Yokoyamaina
hayamii (MM 2866), internal mold of right valve, seale indieated in figure.—D. Lahillia wilckensi (USNM 365500), scale indicated in figure.

Cladistic analysis

Data sets with many more taxa than characters, like the
one analyzed here, have the potential to be so incon-
gruous that a personal or Macintosh-type computer can-
not complete a cladistic analysis because of insufficient
memory. The relatively small number of potential syna-
pomorphies (shared derived characters) invites the possi-
bility that hundreds, if not thousands, of most parsimo-
nious trees will be produced by the program. McKitrick’s
(1991) cladistic analysis of avian hindlimb musculature
had 103 taxa and 68 characters. She terminated the PAUP
3.0q (Swofford 1991) analysis at 6000 trees due to
memory constraints. McKitrick also analyzed the data set
with Hennig86 (Farris 1988) which self-terminated at 884
trees because the memory capacity of the program had
been reached. However, some of the incongruency in

Zoologica Scripta 24

McKitrick’s analysis may have been caused by her limit-
ing her coding scheme to 10 states per character, even
when she recognized that more states existed. PAUP 3.0
can accommodate well over 50 states per character [in-
tegers 0 through 9, letters a through z, and nearly every
other symbol that the keyboard can generate, not just 0
through 9 as McKitrick (1991, p. 51) states]. Another
incongruous data set is that of Erséus (1992), who used
PAUP 3.0 to analyze the phylogeny of phallodriline
oligochaete annelids. The data set comprised 103 taxaand
36 characters. The computer ran out of memory after
saving 4638 equally parsimonious trees. No attempt was
made to investigate a broad spectrum of tree topologies
by producing sets of initial trees using random addition
and replication. Maddison (1991) recognized that the set
of most-parsimonious trees for a cladistic data matrix may
include several distinct classes of trees. Using the method-
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Fig. 8. Spines.—A. Posterior slope of right valve of Nemocardium (Nemocardium) bechei (ANSP 252661), x2.6.—B. Central and posterior slopes
of right valve of Acanthocardia aculeata (USNM 304723), xX2.5.—C-D. Pleuriocardia (Incacardium) mellisa, (PR14830).—C. Right valve, X3.5.—
D. Close-up of individual spine, X15.4.—E. Central slope of Trachycardium isocardia (ANSP 54003), X1.6.—F-G. Pleuriocardia (Dochmocardia)
eufaulense (ANSP 36491).—F. Right valve, X2.75.—G. Detail of surface ornament, to show spines and cross-striac, X10.
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Fig. 9.—A-B. Nemocardium (Lyrocardium) lyratum (ANSP 216424).—A. Right valve external, xX1.5.—B. Right valve internal, x1.45.—C-D.
Nemocardium (Nemocardium) bechei (ANSP 252661).—C. Right valve internal, x1.2.—D. Right valve external, x1.2.—E-F. Nemocardium
(Varicardium) patulum (DSIRGS 11794).—E. Right valve external, x0.72.—F. Right valve internal, x0.8.
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Fig. 10. Early ontogeny of ribbing in laevicardiines, all right valves, X20.—A-B. Fulvia aperta (USNM 658817).—A. Dorsal view.—B. Lateral
view.—C. Discors parisiensis (USNM 325921), dorsal view.—D. Laevicardium laevigatum (USNM 503002), dorsal view.

ology of Erséus (1992), in which a cladistic analysis that is
terminated due to memory constraints is run only once,
invites the possibility that only a non-random subset (in
which not all distinct classes of trees are equitably rep-
resented) of all the most-parsimonious trees may be
found. Maddison defined the term island as “a collection
of trees, all less than a specified length, each tree connec-
ted to every other tree in the island through a series of
trees, and each one differing from the next by a single
rearrangement of branches.” Islands are easily found by
tree-searching programs, and multiple islands can be
discovered by conducting numerous searches, with each
search beginning with a different tree (Maddison 1991).
Therefore, to find a representative subset of all the most-
parsimonious trees, I had PAUP 3.1.1 perform 10 repli-
cations with a random addition of taxa, with no more than

two trees saved for each replication. These sets of initial
trees (n = 12, 14, 16, 18, or 20) were used as seeds to
search for up to 2000 most parsimonious trees. This
procedure was repeated 100 times. PAUP was unable to
find any trees shorter than 47 steps. One hundred trees—
one tree from each of the 100 sets of 2000 trees—were
chosen at random to be used as seeds to find as many most
parsimonious trees as possible. The memory limit of the
computer in use, a Macintosh Quadra 700 with 8 Mb of
RAM, was reached after finding 5300 trees of length 47
steps. These 5300 trees had a consistency index = 0.809
(see Kluge & Farris 1969), homoplasy index (also known
as homoplasy excess ratio) = 0.234 (see Archie 1989}, and
aretention index = 0.923 (see Farris 1989). The computer
was unable to find a shorter tree after swapping on each
one of the 5300 trees. A 75% majority-rule consensus tree
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of these 5300 trees (Fig. 18) is presented to summarize the
results of thc analysis. Given the number of most-
parsimonious trees, a strict consensus tree may collapse
into an unresolved bush in the presence of only one or two
taxa whose position on the tree is unstable, even if the
other taxa are consistently related in all cladograms
(Adams 1986; Smith 1994). The usual cut-off point for
majority-rule consensus trees is 50% (Smith 1994; see
Eernisse et al. 1992, for an example), but it was decided to
present a more rigorous 75% majority-rule consensus
tree. Synapomorphies for each node are presented in
Table II, and a suggested taxonomy for these cardiids is
presented in Table 111

The enormous number of most parsimonious trees
produced is the only reason that the majority-rule consen-
sus tree is chosen to summarize the results. Barrett ef al.
(1991} have pointed out the dangers of using consensus
trees, but offer no alternatives in cases such as the present
one when numerous most parsimonious trees are pro-
duced.

To study character evolution and alternative phylogen-
etic hypotheses, the phylogenetic results produced by
PAUP were analyzed with MacClade Version 3
(Maddison & Maddison 1992).

Results and discussion
Phylogenetic analysis

The Cardiidae is united by three anatomical- and two
hinge characters: presence of lateral and ventral ridges on
the foot (the cardiid geniculate foot, see Adams & Adams
1858; Dall 1901; Keen 1980) (2:1; 3:1), simple inverse
eyes (5:1), and shape of the cardinal teeth in the right
valve (14:1 and 16:1).

Tulongocardium is the sister group to the rest of the
Cardiidae, and is placed in Tulongocardiinae subfam. n.
(see Appendix II). It appears in the Norian (middle Late
Triassic; Vu-Khuc 1977), and is the least-derived cardiid.
Tulongocardium includes the oldest representatives of
the family.

Atnode (2) (Fig. 18) is a six-way polytomy, with five of
the six branches comprising Lahillia and the Mesozoic
members of the subfamily Protocardiinae. This node is
united by one synapomorphy, a ribbing pattern of radial
ribs on the posterior and concentric ribs on the anterior
and central portions of the shell (8:2). Leptocardia,
Pachycardium, and Tamilicardia have generally been
classified as subgenera of Protocardia (Keen 1969, 1980;
Chiplonkar & Tapaswi 1976). Except for the missing data
(?) for the hinge (characters 14-16) of Tamilicardia,
which are unknown, these four taxa are coded identically.
Protocardia, Leptocardia, Pachycardium, and Tamilicar-
dia are distinguished by autapomorphies. However, there
are no synapomorphies to unite any of these four taxa
with one another. The fifth clade (united at node 3) is
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united by a smooth posterior margin (7:2) and lack of
external ribbing (8:3). Lahillia had been placed in its own
subfamily, Lahilliinae (Finlay & Marwick 1937), which
was subsequently raised to a family level (Marwick 1944;
see Keen 1969). McLearn (1933) erected Onestia as a
subgenus of Integricardium and later raised it to a generic
level (McLearn 1945). Day (1978) proposed that Integri-
cardium was ancestral to Onestia, which was in turn
ancestral to Lahillia, and transferred Onrnestia to Lahillii-
dae. As with the Protocardia-group, these three taxa
(Onestia, Integricardium, and Lahillia) are coded identi-
cally but are distinguished by autapomorphies. Yokoya-
maina and Tendagurium share an elliptical shell shape
(9:3). Cryptocardia and Globocardium share a quadrate-
short shell shape (9:4) and the presence of an internal
ridge (11:1). Palmer (1974) noted that these two taxa
shared these two characters and therefore considered the
Middle Jurassic Cryptocardia ancestral to the Early Cre-
taceous Globocardium, and that this clade was closely
related to Tendagurium and Integricardium.

The results suggest that the subfamily Protocardiinae
should be dismantled. The inclusion of Nemocardium
within the Protocardiinae makes the latter a polyphyletic
group [in the following discussion, “Nemocardium” will
refer to the entire genus sensu Keen, and N. (Nemocar-
dium) will refer to the subgenus, represented by N. (N.)
bechei (Reeve, 1847) in the cladistic analysis]. It is clear,
therefore, that Nemocardium should be removed from
the Protocardiinae. The resemblance between Nemocar-
dium and Protocardia is based upon a symplesiomorphy
(a shared primitive character), namely the presence of
strong radial ribs occurring only on the posterior slope of
the shell. On the basis of its ribbing pattern, Meek (1876)
considered Nemocardium transitional between Protocar-
dia and “Cardium” (roughly equivalent to what has her-
ein been termed “eucardiids”). Even if the definition of
the Protocardiinae is limited to the wholly Mesozoic
Protocardia, sensu Keen (with Brevicardium reassigned
to Nemocardium, and Yokoyamaina, Tendagurium,
Cryptocardia, and Globocardium transferred to Labhillii-
nae), a paraphyletic group still remains on the majority-
rule consensus tree. However, as stated previously, a
majority-rule consensus tree must be understood only as a
summarization of numerous most parsimonious trees.
Analysis of the results on MacClade demonstrates that
construction of a monophyletic group of Protocardia,
Leptocardia, Pachycardium, and Tamilicardia yields a
tree of length 47 steps (Fig. 19A), the same length as the
trees found in the PAUP analysis. Since a monophyletic
group comprising Protocardia, Leptocardia, Pachycar-
dium, and Tamilicardia is as parsimonious as the relation-
ship in which these taxa are each separate branches as part
of a six-way polytomy, it is unwarranted to overturn
prevailing taxonomy. These four taxa are retained as
subgenera in the genus Protocardia, the sole genus in
Protocardiinae. Furthermore, it was found with Mac-
Clade that trees in which the Protocardiinae and Lahillii-

Fig. 11.—A. Nemocardium (Lophocardium) cumingii (ANSP 216379) right valve, X2.—B-D. Protocardia (Pachycardium) stantoni.—B. External
view of right valve (USNM 315520) to show varicate sculpture, X0.85.—C. Internal view of same specimen, to show manifestation of radial ribs on
internal posterior margin, scale indicated in figure.—D. Exfoliated left valve (USNM 482408) showing internal radial ribs on posterior slope,
x1.35.—E. Globocardium sphaeroideum (NHM LL8466) left valve, X0.85.—F. Cryptocardia bajocensis (NHM 666193) right valve, x1.3.
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Fig. 12. Diagram of the internal view of a right valve of Laevicardium
laevigarum (ANSP 83809), showing various measurements necessary to
determine shell shape. Anterior length (AL) + posterior length (PL) =
length (L). Height (H) is line from top of umbo to ventral shell margin,
perpendicular to length. Apparent height (AH) is distance from umbo
(U) to ventralmost shell point, parallel to height (may be the same line).
Scale indicated on figure.

nae are sister taxa (Fig. 19B) are the same length (47
steps) as the most parsimonious trees found by PAUP.
Therefore, Lahilliinae may be the sister taxon to Proto-
cardiinae.

The predominantly Cenozoic eucardiids, represented
by Granocardium, are the sister group to a clade com-
prised of Pleuriocardia, Pleuriocardia (Dochmocardia),
and Incacardium. Scott (1978) erected Pleuriocardia
(Pleuriocardia) and P. (Dochmocardia), and placed them
in Cardiinae on the basis of their ribbing pattern of
entirely radial ribs. Keen (1980) placed them in Protocar-
diinae on the basis of shell shape and their “heavy and
arched hinges.” With Incacardium, these taxa share five
derived characters, and are placed in Pleuriocardiinae
subfam. n. (see Appendix II). Olsson (1944) erected the
Late Cretaceous Incacardium as a monotypic subgenus of
Cardium (there is one other species, yet to be described),
and suggested that it was related to Trachycardium on the
basis of its triangular spines. Keen (1969, 1980) classified
Incacardium as the only Mesozoic subgenus of the car-
diine Acanthocardia. However, according to Keen (1980;
see Fig. 20), besides the Protocardiinae, there are two
main lineages of cardiids in the Mesozoic. Incacardium is
the most primitive member of a group containing Ortho-
cardium, Cardium, and Bucardium. Acanthocardia—the
genus under which Keen (1969, 1980) classifies
Incacardium—is said to be descended from Granocar-
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dium. This is an internal contradiction. Incacardium’s
spines are symmetrical, and emanate from the tops of the
ribs (Figs 8C, D), as do the microscopic spines of Pleurio-
cardia (Fig. 8G). Trachycardium’s spines are asymmetri-
cal and emanate from the posterior of the ribs (Fig. 8E).
No form of Acanthocardia has symmetrical, triangular,
concave-down spines (Fig. 8B). [Microstructural study of
the spines of Incacardium—which would involve destruc-
tive analysis—has not been undertaken because the only
specimens of this genus are the two cotypes of the type
species, Cardium (Incacardium) mellisum Olsson, 1944,
and the single specimen of the undescribed species.]
Incacardium also shares with Pleuriocardia the shape of
the right anterior cardinals (14:4) and the low angle of the
right posterior cardinal socket (15:1; Figs 17A, B). Tra-
chycardium’s cardinal teeth (Fig. 17D) are like those of
Granocardium (Fig. 17C), and Acanthocardia’s cardinal
tecth are quite different from those of any Mesozoic
cardiid (Fig. 17E). Incacardium is considered a subgenus
of Pleuriocardia.

Eucardiids and pleuriocardiines form the sister group
to a clade which comprises the subfamily Laevicardiinae
and Nemocardium. Habecardium has been recognized as
transitional from Nemocardium to the Laevicardiinae
(Glibert & van de Poel 1970; Keen 1980; Schneider 1992)
because of its ontogenetic change in ribbing pattern from
that of Nemocardium as a juvenile to that of Fulvia as an
adult. Other members of Laevicardiinae sensu Keen
(1951, 1969, 1980) have been placed in the subfamilies
Clinocardiinae, Lymnocardiinae, and Cardiinae (Kafa-
nov & Popov 1977; Kafanov 1980; Voskuil & Onverwagt
1989; Schneider 1992).

Habecardium + Fulvia + Discors + Laevicardium is
the best-supported clade. Five of the seven synapomor-
phies are anatomical characters. Keen (1951, 1969, 1980)
classified Discors as a subgenus of Nemocardium; Popov
(1977) and Kafanov & Popov (1977) raised Discors to a
genus of protocardiine allied to Nemocardium. However,
Discors has the laevicardiine ribbing pattern (8:7) and
shell shape (9:5), as well as a smooth posterior margin
(7:2), to unite it with Laevicardium. The idea that Discors
is allied to Laevicardium rather than Nemocardium is
hardly new, as Cossmann (1919, 1921), Cossmann &
Pissarro (1906) and Dey (1961) considered Discors a
subgenus of Laevicardium, as does J.-M. Poutiers (pers.
comm. 1991). The association of Discors with Nemocar-
dium occurred because some workers considered the
divaricate sculpture on Discors to be homologous to the
divaricate sculpture on either or both of the Nemocar-
dium subgenera Divaricardium and Lyrocardium. Divar-
icate and varicate sculpture on cardiids will be discussed
below.

Nemocardium is not a monophyletic group. Discors is
the sister taxon to Laevicardium; Lophocardium and
Lyrocardium form a four-way polytomy with (1) the
Laevicardiinae and (2) the remaining subgenera of Nemo-
cardium (node 14), a clade united by one character, a
digitate posterior margin (7:3). Neither N. (Nemocar-
dium) nor Varicardium has any shared characters to unite
them with any other taxon within this clade; except for
missing data for Varicardium, these two taxa are coded
identically and uniting them as sister groups adds no steps
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Fig. 13. Divaricate sculpture of Discors parisiensis.—A. External view of left valve (ANSP 7680), x10.—B. Anterior vicw of samc specimen,
%x17.75.

Fig. 14. Surface ornament of right valve of Nemocardium (Microcardium) peramibilis (ANSP 176654).—A. Dorsal view of antcrior slope, X17.2.
Note absence of radial ribs, and presence of concentric sculpture confluent with concentric sculpture on eentral slope.—B. Detail of central slope,
X41.2.—C. Posterior slope, x10.7. Note presence of spines and ladder-likc cross-striac.—D. Dctail of posterior slopc, showing spines, X50.5.
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Fig. 15. Surface ornament of right vaive of Nemocardium (Trifaricardium) nomurai (FMNH 278009).—A. Dorsai view of anterior slope, X17. Note
weakness and irregularity of radial ribs (compare with C and D) and strength of irregular concentric sculpture.—B. Detail of eentral slope, to show

ladder-iike eross-striac and spines, X52.5.—C. Postcrior slope, X7.9.—D. Detail of posterior slope, to show ladder-like eross-striac and spines,
X22.
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Fig. 16. Right cardinal teeth.—A. Astarte castanea (FMNH 13860), stercophotograph, X3. Anterior cardinal shape 0, posterior cardinal shape 0.—
B. Nemocardium (Lophocardium) cumingii (ANSP 216379), stereophotograph, X5.4. Anterior cardinal shape 3, posterior cardinal shape 2.—C.
Protocardia (Protocardia) hillana (MCZ 101697), X2.2. Anterior cardinal shape 1, posterior cardinal shape 1.

to the most parsimonious trees (Fig. 19C). Microcardium,
Trifaricardium, and Frigidocardium are united by ribbing
pattern (8:5) and the presence of ladder-like cross-striae
(12:1). Brevicardium, Pratulum, Arctopratulum, Kee-
naea, and Divaricardium are united by quadrate-long
shell-shape (9:1) and the same type of ribbing pattern
(8:5) that unites Microcardium, Trifaricardium, and Fri-
gidocardium. All the taxa in the Laevicardiinae + Nemo-
cardium clade are Cenozoic [N. (Nemocardium) and
Pratulum originate in the Mesozoic but are extant], ex-
cept for the Campanian to Maastrichtian Brevicardium,
which Keen (1951, 1969, 1980) classified as a subgenus of
Protocardia.

Keen’s (1951, 1969, 1980) acceptance of numerous
subgenera within the genus Nemocardium has been ques-
tioned by Wilson & Stevenson (1977), Popov (1977) and
Kafanov & Popov (1977), who recognized that many of

the subgenera were erected on the basis of details of the
external shell ornamentation, and therefore synonomized
many of them. However, these same authors raised sev-
eral of the taxa they considered valid to generic status.
Other authors (Habe 1951; Poutiers 1992) also consider
many of the taxa, that Keen (1951, 1969, 1980) considered
subgenera of Nemocardium, as having generic status,
including Frigidocardium and Trifaricardium, which
Popov (1977) synonomized with Pratulum. In this analy-
sis, Nemocardium is classified as in Keen (1951, 1969,
1980}, as one genus with numerous subgenera.

For the most part, the results of the cladistic analysis
are consistent with stratigraphic data (Table III and Fig.
21). The best estimate of the phylogeny of a taxon comes
from combining the results of a character-based cladistic
analysis with biostratigraphic data [Smith 1994; see Jack-
son & Cheetham (1994) for an excellent example]. Sev-
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Fig. 17. Right cardinal teeth.—A. Pleuriocardia (Incacardium) mellisa (PRI 4830), x3.75. Anterior cardinal shape 4, posterior eardinal shape 2.—
B. Granocardium kuemmeli (AMNH 45047), stereophotograph, X4.4. Anterior eardinal shape 2, posterior eardinal shape 2.—C. Pleuriocardia
(Dochmocardia) eufaulense (ANSP 36491), stercophotograph, x7.4. Anterior cardinal shape 4, posterior cardinal shape 2.—D. Trachycardium
isocardia (ANSP 54003), stereophotograph, xX2.1. Compare shape of eardinal teeth to that of G. kuemmeli.—E. Acanthocardia aculeata (UNC

15376), stereophotograph, x1.7.
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Table I1. Synapomorphies for interior nodes of 75% majority-

rule cladogram (Fig. 18)

Node Synapomorphies (character:state)
1 2:1,3:1,5:1, 14:1, 16:1
2 8:2
3 7:2, 83
4 9:2
5 9:3
6 9:4,11:1
7 9:4,14:2,16:2
8 8:1
9 9:6,12:2,13:1, 14:4, 15:1
10 8:4
11 1:1,2:2,3:2,4:1,5:2,8:6,9:5
12 8:7
13 7:2
14 7.3
15 8:5,9:1
16 8:5,12:1
17 10:1

Table HI. Suggested taxonomy of the subfamilies Tulongocardiinae
subfam. n., Protocardiinae, Pleuriocardiinae subfam. n., and Laevicar-
diinae, based on results of present phylogenetic analysis. Stratigraphic
ranges from Sepkoski (unpubl.), except where indicated. Abbreviations
of stratigraphic units from Harland et al. (1990)

Subfamily Tulongocardiinae subfam. n.

Tulongocardium

(= Vietnamicardium)

Subfamily Protocardiinae

Protocardia
(Protocardia)
(Leptocardia)
(Pachycardium)
(Tamilicardia)

Subfamily Lahilliinae
Lahillia (= Lahilleona)
Cryptocardia
Globocardium
Integricardium

Onestia

Tendagurium

Yokoyamaina

Nor-Rht (Vu-Khuc 1977)

Rht-Maa
Neo-Maa
Neo-Maa

Sen (Chiplonkar &
Tapaswi 1976)

Sen-Mio (Keen 1969)
BajClv

Apt-Alb

Het-Tha [Marincovich
(1993); Schneider &
Marincovich, unpubl.]
Alb-Tha (Schneider &
Marincovich, unpubl.)
Dog—Cen (Cox 1935;
Riccardi 1977)

Het

Subfamily Pleuriocardiinae subfam. n.

Pleuriocardia
(Pleuriocardia)
(Dochmocardia)
(Incacardium)

Subfamily Laevicardiinae

Laevicardium

Discors

Fulvia

Habecardium

Nemocardium
(Nemocardium)
(Arctopratulum)
(Brevicardium)
(Divaricardium)
(Frigidocardium)
(Keenaea)
(Lophocardium)
(Lyrocardium)
(Microcardium) (= Tobarum)
(Pratulum)
(Trifaricardium)
(Varicardium)

Cardiidae incertae cedis:

Jurassicardium

Alb-Maa
Apt-Maa
Sen

Eoc-Hol (Cooke 1926,
Keen 1969, 1980)
Ypr-Srv

Rup-Hol

Eoc-Oli (Keen 1980)

Apt-Hol (Keen 1950)
Oli-Srv

Cmp-Maa

Oli-Pli

Mio—Hol (Poutiers 1992)
Rup-Hol

Srv-Hol

Mio-Hol (Keen 1980)
Mio-Hol

Brm-Hol (Keen 1950, 1980)
Mio-Hol (Poutiers 1992)
Lut-Srv (Maxwell 1992)

Lia-Tth [Cossmann (1906,
1916); Yamani &
Schairer (1975)]
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Outgroup
Tulongocardium
Protocardia
Leptocardia
Pachycardium
Tamilicardia
Integricardium
Onestia
Lahillia
Cryptocardia
Gilobocardium
s, Yokoyamaina
Tendagurium
Granocardium
8 Pleuriocardia
Dochmocardia
/ g incacardium
» Habecardium
1 Fulvia
Discors
13\ Laevicardium
Lophocardium
7 Lyrocardium
Nemocardium
Varicardium
Brevicardium
Pratulum
4 Arctopratulum
Divaricardium
Keenaea
17, Microcardium
Trifaricardium
Frigidocardium

Fig. 18. 75% majority-rule consensus tree of 5300 most parsimonious
trees for the present phylogenetic analysis. Node 8 supported by 84% of
trees; node 14 supported by 94% of trees; node 16 supported by 87% of
trees; node 17 supported by 85% of trees. All other nodes supported by
100% of trees. Synapomorphies supporting each node indicated in
Table 11.

eral issues must be kept in mind regarding the way the
taxa are represented in the analysis and application of
stratigraphic ranges to those taxa: (1) each genus and
subgenus is represented by a single species, which has
been present for only a portion of each taxon’s true
stratigraphic range; (2) most, if not all of these (sub)ge-
nera are paraphyletic, and the stratigraphic ranges that
have been assigned to them (Keen 1969, 1980; Popov
1977, Sepkoski, unpublished compendium; Schneider,
herein) are therefore not the stratigraphic ranges of
monophyletic taxa [I use the term “monophyletic” in the
sense of Hennig (1966): a monophyletic taxon includes
all, not just some, of the descendents of a most recent
common ancestor. This usage of the term “monophyletic”
is therefore equivalent to the term “holophyletic” of
Ashlock (1971), which has never gained wide acceptance
and which I consider to be an archaism. Paraphyletic taxa
are not monophyletic because paraphyletic taxa include
only some, but not all, of the descendants of a most recent
common ancestor]; (3) the species or specimens that have
been used by the above authors for the stratigraphic
ranges may not actually belong to the taxa that each
author has assigned them, because of either paraphyly or
misidentification.

With the foregoing caveats understood, there are some
minor problems reconciling the fossil record of the
Laevicardiinae/Nemocardium-group with the results of
the purely character-based phylogeny. Lophocardium
and Lyrocardium have long been considered allied to
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Outgroup
Tulongocardium
Protocardia
Leptocardia
Pachycardium
Tamilicardia
Integricardium
Onestia

A Lahillia
Cryptocardia
Globocardium
Yokoyamaina
Tendagurium

Qutgroup
Tulongocardium
Protocardia
Leptocardia
Pachycardium

Tamilicardia
Integricardium
Onestia
Lahillia
Cryptocardia
Globocardium
Yokoyamaina
Tendagurium

Habecardium

Fulvia

Discors

Laevicardium

Lophocardium

C Lyrocardium D

Nemocardium

Varicardium

Brevicardium

Pratulum

Arctopratulum
Divaricardium
Keenaea
Microcardium
Trifaricardium
Frigidocardium

Habecardium
Fulvia

Discors
Laevicardium
Lophocardium
Lyrocardium
Nemocardium
Varicardium
Brevicardium
Pratulum
Arctopratulum
Divaricardium
Keenaea
Microcardium
Trifaricardium
Frigidocardium

Fig. 19. Alternate phylogenetic reconstructions.—A. Protocardia, Lep-
tocardia, Pachycardium, and Tamilicardia as a monophyletic group.—
B. Protocardiinae and Labhilliinae as sister taxa.—C. Nemocardium
(Nemocardium) and N. (Varicardium) as sister taxa.—D. N. (Nemocar-
dium), N. (Varicardium), N. (Lophocardium), and N. (Lyrocardium)
as a monophyletic group.

Carditoidea
Palaaocardita
Septocardia
Protocardiinae
Laevicardiinae
Incacardium
Cardium
Bucardium
Orthocardium
Trachycardiinae
Fraglnae
Acanthocardia

Granocardium

Fig. 20. Phylogenetic relationships within the Cardiidae according to
Keen (1980). Diagram from Schneider (1992). Note positions of Inca-
cardium, Acanthocardia, and Granocardium and compare with Keen'’s
(1980) taxonomy in Appendix I.
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Lahillia
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Yokoyamaina
Tendagurium
Granocardium
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Dochmocardia
Incacardium
Habecardium
Fulvia
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Laevicardium
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Fig. 21. Phylogenetic relationships of Tulongocardiinac subfam. n.,
Protocardiinae, Lahilliinae, Laevicardiinae, and Pleuriocardiinae sub-
fam. n. plotted against geologic time, in millions of years (Ma). Narrow
lines indicate phylogenetic relationships. Heavy lines indicate known
fossil record (range-through method used).

Nemocardium (Keen 1951, 1969, 1980; Popov 1977). On
the consensus tree, Lophocardium and Lyrocardium are
two separate taxa in a four-way polytomy with Nemocar-
dium and Laevicardiinae. Pratulum and N. (Nemocar-
dium) are known from the Barremian and Aptian (Early
Cretaceous), respectively (Keen 1950), whereas Lopho-
cardium and Lyrocardium first occur in the Miocene
[Keen 1980; there are questionable specimens of Lopho-
cardium from the late Eocene (Clark & Durham 1946)].
The oldest laevicardiine fossils are from the Eocene
(Cooke 1926; Keen 1969, 1980). Thus, there is a situation
in which one taxon in the polytomy originates in the Early
Cretaceous (Nemocardium), one in the Eocene (Laevi-
cardiinae), and two in the Miocene (Lophocardium and
Lyrocardium). The character uniting Nemocardium
(node 14) is a digitate posterior margin (7:3). Lophocar-
dium and Lyrocardium have crenulated posterior mar-
gins (7:1). Except for the posterior margin and its absence
of spines (13:7), Lyrocardium is coded identically to
Nemocardium. Lyrocardium’s crenulated posterior mar-
gin is related to two autapomorphies: reduction of rib
strength and development of divaricate shell sculpture. In
both internal and external shell form, Lyrocardium and
N. (Nemocardium) look remarkably alike (Figs 9A, B, D,
E).

Lophocardium (Fig. 11A) has a highly modified shell
related to its deep-burrowing habit. Like many deep-
burrowing suspension feeders, many of its shell charac-
ters are reduced or lost (Stanley 1970). The shell is thin,
unornamented, and elongate, and the hinge teeth are



small (Figs 11A, 16B). Lophocardium is the only non-
lymnocardiine cardiid that is entirely lacking in lateral
teeth (Fischer 1887; Dall 1889; Smith 1945; Keen 1969,
1980). The radial ribs are markedly weak. Deep-
burrowers have evolved from shallow-burrowers repeat-
edly in many different bivalve clades (Kauffman 1969;
Stanley 1970). Lophocardium is more likely to have been
derived from N. (Nemocardium) or some closely related
form, than to be one of the least derived taxa of
Nemocardium—and hence originating in the Early
Cretaceous—but absent from the fossil record until the
Eocene, or more probably the Miocene. It is equally
unlikely that Lyrocardium originated in the Early Creta-
ceous, but is unknown in the fossil record until the
Miocene. Postulating a clade comprising N. (Nemocar-
dium), Varicardium, Lyrocardium, and Lophocardium
adds only one step to the most parsimonious trees (Fig.
19D).

The evolution of crenulated posterior margins of Lyro-
cardium and Lophocardium is a case of convergence that
was not detected as such by examining the set of shortest
(most parsimonious) trees found by PAUP 3.1.1. This
would appear to give credence to Seilacher’s (1984) con-
tention regarding the inability of cladistics to reconstruct
bivalve phylogeny because of convergence. However,
with programs such as PAUP and MacClade, systematists
are free to examine alternative tree topologies and
character state reconstructions in light of data from the
fossil record and functional morphology.

Laevicardiinae is the sister taxon to Nemocardium, but
the oldest fossil laevicardiines are Eocene in age (Cooke
1926; Keen 1969, 1980). It is possible that, instead of a
sister-group relationship, Laevicardiinae was derived
from some form of Nemocardium, and therefore its true
phylogenetic relationship lies within Nemocardium, not
as its sister taxon. A more detailed, species-level phylo-
genetic analysis of the Laevicardiinae/Nemocardium
clade is necessary to resolve this issue. For this reason, I
decline to name a new subfamily for Nemocardium, even
though it is in a sister-group relation to Laevicardiinae.
Instead, Nemocardium is incorporated into Laevicardii-
nae.

Savazzi (1985, p. 294) explicitly adopted Keen’s (1980)
cardiid taxonomy, placing Nemocardium as a genus of
Protocardiinae. However, Savazzi (pp. 316-317) used the
term “Nemocardiinae” for Nemocardium sensu Keen
(1969, 1980). Therefore, there is clear evidence that
Savazzi’s use of the word “Nemocardiinae” is a lapsus
calami. “Nemocardiinae” is not considered to have been
proposed, either validly or invalidly.

The preferred cladogram, based on the results of the
cladistic analysis (Figs 18 and 19), and stratigraphic data
(Table IIT), is presented in Figure 22.

Surface sculpture. Varicate and divaricate sculpture are
each found in three different cardiid taxa. Varicate sculp-
ture occurs as concentric ridges in a superficial shell layer
that serves to thicken the shell. The superficial nature of
this shell layer can best be seen in Pachycardium (Figs
11B-D). The partially exfoliated shell (Fig. 11D) reveals
that the posterior radial ribs do persist internally. How-
ever, the varicate sculpture is only barely developed in
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Cutgroup
Tulongocardium | TULONGOCARDIINAE
Protocardia
Leptocardia
Pachycardium
Tamilicardia
Integricardium
Onestia
Lahiltia
Cryptocardia
Globocardium
Yokoyamaina
Tendagurium
Granocardium
Pleuriocardia
Dochmocardia
Incacardium
Habecardium
Fulvia

Discors
Laevicardium
Lophocardium
Lyrocardium
Nemocardium
Varicardium
Brevicardium
Pratulum
Arctopratulum
Divaricardium
Keenaea
Microcardium
Trifaricardium
Frigidocardium

PROTOCARDIINAE

LAHILLIINAE

| "Eucardiids”

PLEURIOCARDIINAE

LAEVICARDIINAE

Fig. 22. Preferred hypothesis of phylogenetic relationships of Tulongo-
cardiinae subfam. n., Protocardiinae, Lahilliinae, “eucardiids”,
Pleuriocardiinae subfam. n. and Laevicardiinac, based on parsimony
analysis, stratigraphic data, and functional morphology.

this taxon. The shell of Globocardium is very thick and
has secondary concentric sculpture on its anterior and
central portions (Fig. 11E). Given that its sister taxon is
the smooth-shelled Middle Jurassic Cryptocardia (Fig.
11F), the late Early Cretaceous Globocardium presum-
ably lost its primary concentric ribs (the ones that would
be homologous to the concentric ribs on Protocardia),
and only later developed new concentric sculpture on its
additional shell layer. The third form with varicate sculp-
ture is Varicardium. Varicardium’s morphology is very
close to that of Nemocardium (Nemocardium) (Figs 9A,
C, D, F), except that it also has a thickened., globose shell,
and the radial ribs on the anterior and central slopes are
weaker. The hinge of Varicardium is more robust than
that of N. (Nemocardium). Irregular concentric sculpture
occurs on the anterior and central slopes. Pachycardium,
Globocardium, and Varicardium have always been con-
sidered separate taxa, and their varicate sculpture has
never caused any taxonomic confusion. The same cannot
be said for divaricate sculpture.

Divaricate sculpture is secondary sculpture that is at a
high angle to concentric ribbing or growth lines. Seilacher
(1972) and Savazzi (1985) call this type of sculpture
growth-unconformable. Savazzi (1985) found that the
divaricate sculpture of Lyrocardium results from the
secondary deposition of calcareous material on top of a
previously secreted shell region. The secondarily de-
posited material is separated from the underlying shell by
a thin organic, red-colored layer, similar in appearance to
the periostracum. In Lyrocardium and Discors, the divar-
icate sculpture is limited to the anterior portion of the
shell. On Lyrocardium, the sculpture is evenly spaced
(Fig. 9B), whereas on Discors, the sculpture is irregular
and sinuous (Fig. 13). Divaricardium (Fig. 23) has divari-
cate sculpture on both anterior and posterior slopes. On
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the anterior slope of Divaricardium, the divaricate sculp-
ture is at a much lower angle to the growth lines than on
Lyrocardium. Divaricardium’s anterior sculpture is simi-
lar to that of Discors, but stronger. As with taxa with
varicate sculpture, divaricate sculpture occurs on taxa
with weak primary ribbing (although not as weak as those
with varicate sculpture). Discors, like other laevicar-
diines, has weak radial ribs. Lyrocardium has fewer and
weaker radial ribs than Nemocardium (Nemocardium)
(Wilson & Stevenson 1977); Lyrocardium is also missing
spines (13:?).

Many authors have assumed that the divaricate sculp-
tures on Discors, Lyrocardium, and Divaricardium are
homologous and have synonomized two or all three of
these taxa (for example: Cossmann 1886; Cossmann &
Peyrot 1911; Glibert & van de Poel 1970; Fischer-Piette
1977; Kafanov & Popov 1977; Popov 1977). However,
since all three forms of divaricate sculpture are distinc-
tive, I decline to consider any two of the states as homol-
ogues. All three states of divaricate sculpture are thus
considered autapomorphies. Therefore, divaricate sculp-
ture was not considered a character in the cladistic analy-
sis. The results (Figs 18 and 22) indicate that divaricate
sculpture originated three separate times. Neither vari-

cate nor divaricate sculpture is known among the eucar-
diids.

Limitations of phylogenetic analysis. The lack of charac-
ters in the present data set, and hence the lack of potential
synapomortphies, is responsible for the production of
thousands of most parsimonious trees, and therefore the
low degree of resolution in the majority-rule consensus
tree. In fact, the paucity of characters used in the tradi-
tional classifications of the Protocardiinae (sensu Keen)
has been noted by many authors, thus giving rise to
several drastically different taxonomies of this group of
cardiids. Furthermore, this problem has been com-
pounded by (1) the use of superficial, analogous charac-
ters for purposes of taxonomy and phylogeny reconstruc-
tion, and (2) the presence of only five useful anatomical
characters for this group. These five characters are useful
only for defining the Cardiidae (node 1) and uniting
Habecardium, Fulvia, Laevicardium and Discors (node
11). There are no anatomical synapomorphies within
Nemocardium sensu Keen.

Additional work is necessary to resolve the phylogen-
etic relationships (1) of Protocardia, Leptocardia, Pachy-
cardium, and Tamilicardia, and (2) within the Laevicar-
diinae. To gain greater phylogenetic resolution, these
analyses need to be undertaken at the species level. Use
of additional taxa would hopefully increase the number of
characters for phylogenetic analysis. Incorporation of
species-level stratigraphic data could prove useful in
determining the timing of splitting of lineages. However,
use of all the substantiated species of these taxa would
probably result in an unwieldy number of taxa for a single
analysis. A time-stratified analysis (Wagner 1990) of the

Fig. 23. Nemocardium (Divaricardium) discrepans (MNHN B23982)
right valve. Note divarieate sculpture on all slopes.—A. Lateral view,
X2.2.—B. Posterior slope, X2.2.—C. Anterior slope, X1.9.



aforementioned taxa would both incorporate strati-
graphic data and reduce the number of taxa in a single
analysis. Further data from the Recent species of Laevi-
cardiinae, such as histological and molecular data, should
prove to add additional characters to the data set.

Conclusions

Cardiids originated during the Norian (Late Triassic),
and the most primitive representatives of this group are
placed in the genus Tulongocardium (= Vietnamicar-
dium) in the Tulongocardiinae subfam. n. The subfamily
Protocardiinae is restricted to the genus Protocardia,
which contains the nominal subgenus plus the subgenera
Pachycardium, Leptocardia, and Tamilicardia. Other
forms once classified as Protocardiinae are found to be
members of the subfamily Lahilliinae. Nemocardium is
transferred to Laevicardiinac. A monophyletic group
exists that includes Pleuriocardiinae subfam. n., the Lae-
vicardiinae, and all other cardiids (eucardiids). The
eucardiids are the sister group to pleuriocardiines, which
contains the genus Pleuriocardia with its three subgenera:
Pleuriocardia (Pleuriocardia), P. (Dochmocardia), and
P. (Incacardium). Eucardiids and the pleuriocardiines
together form the sister group to laevicardiines, which
includes twe monophyletic groups: (1) the remnants of
Keen’s subfamily Laevicardiinae—Laevicardium, Fulvia,
Habecardium and Discors—the last of which had long
been considered to.be more closely related to Nemocar-
dium, and (2) Nemocardium sensu Keen, with 12 subge-
nera.

The sister-group relationships of Protocardiinae and
Lahilliinae, both to each other and to the rest of the
Cardiidae, remain unresolved. The lack of resolution
results from a paucity of characters to unite taxa into
monophyletic groups.

For the most part, the character-based phylogenetic
analysis 1s consistent with stratigraphic data. A species-
level phylogenetic analysis of these cardiids is necessary
to elucidate further the details of the evolutionary history
of primitive cardiid bivalves.
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Appendix I

Previous classifications of subfamilies Protocardiinae and Laevicardi-
inae. Kafanov and Popov (1977), Kafanov (1980) and Schneider (1992,
1993) found Dinocardium to belong to subfamily Cardiinae. Kafanov
(1973, 1976, 1980), Kafanov and Popov (1977) and Schneider (1992,
1993) placed Cerastoderma in the subfamily Lymnocardiinae and Clino-
cardium, Profulvia, and Serripes in the subfamily Clinocardiinae.
Popov (1977) and Kafanov &

Popov (1977) Keen (1980)
Subfamily Protocardiinae Subfamily Protocardiinae
Protocardia Protocardia
(Protocardia) (Protocardia)
(Brevicardium) (Brevicardium)
(Cryptocardia) (Cryptocardia)
(Globocardium) (Globocardium)
(Leptocardia) (Leptocardia)
(Pachycardium) (Pachycardium)
(Tendagurium) (Tendagurium)
(Yokoyamaina)
Integricardium Integricardium
(Integricardium) (Integricardium)
(Onestia) (Onestia)
Jurassicardium Jurassicardium
Nemocardium Nemocardium
(Nemocardium) (Nemocardium)
(= Divaricardium) (Arctopratulum)
(Varicardium) (Discors)
(Habecardium) (Divaricardium)
(Frigidocardium)
Pratulum (Habecardium)
(= Arcropratulum, (Keenaea)
Frigidocardium, (Lophocardium)
Keenaea, (Lyrocardium)
Microcardium, and (Microcardium)
Trifaricardium) (Pratulum)
Lophocardium (Trifaricardium)
Discors (Varicardium)

(= Lyrocardium)

Subfamily Laevicardiinae

Laevicardium
(Laevicardium)
Fulvia
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Subfamily Laevicardiinae

Laevicardium

(Dinocardium)

(Fulvia)

(Profulvia)
Cerastoderma
Clinocardium
Serripes

Appendix II

Description of new taxa. Subfamily Tulongocardiinae subfam. n.

Type genus: Tulongocardium Chen, Chen & Zhang in Lan & Chen,
1976 (= Vietnamicardium Vu-Khuc, 1977, subjective).

Description: Cardiidae with shell sculpture of radial ribs on entirety of
shell, shell quadrate, longer than high, posterior margin crenulate.
Spines absent. Hinge as in Protocardia, but right anterior cardinal
smaller (absent in some specimens).

Content: Tulongocardium Chen, Chen & Zhang in Lan & Chen, 1976.
Range: Norian of Indonesia; Norian and Rhaetian of Peoples’ Republic
of China (Yunnan Province), northern Vietnam and Burma.
Subfamily Pleuriocardiinae subfam. n.

Type genus: Pleuriocardia Scott, 1978.

Description: Cardiidae with sculpture of radial ribs on entirety of shell,
cross-striae in rib interspaces. Unlike most cardiids, the right cardinal
teeth are of almost equal size: anterior right cardinal tooth large, wide,
blunt, arching over anterior cardinal socket. Posterior right cardinal
tooth shaped as in Nemocardium and Granocardium, but rotated
counterclockwise so that the tooth and the right posterior cardinal
socket are at less than a 35° angle from the horizontal. Spines of concave-
down triangles emanating from top of ribs (may be microscopic).
Content: Pleuriocardia Scott, 1978, includes: P. (Pleuriocardia), P.
(Dochmocardia) Scott, 1978, and P. (Incacardium) Olsson, 1944.
Range: Albian to Maastrichtian, United States, Mexico, Jamaica, Peru,
France, England, Algeria, Libya, Egypt.



