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A DETAILED TAXONOMY OF UPPER CRETACEOUS
AND LOWER TERTIARY CRASSATELLIDAE IN THE
EASTERN UNITED STATES—AN EXAMPLE OF THE NATURE
OF EXTINCTION AT THE BOUNDARY

By G. LYNN WINGARD

ABSTRACT

Current theories on the causes of extinction at the Cretaceous-
Tertiary boundary have been based on previously published data;
however, few workers have stopped to ask the question, “How good is
the basic data set?” To test the accuracy of the published record, a
quantitative and qualitative analysis of the Crassatellidae (Mollusca,
Bivalvia) of the Gulf and Mid-Atlantic Coastal Plains of the United
States for the Upper Cretaceous and lower Tertiary was conducted.
Thirty-eight species names and four generic names are used in publi-
cations for the Crassatellidae within the geographic and stratigraphic
constraints of this analysis. Fourteen of the 38 species names are
represented by statistically valid numbers of specimens and were
tested by using canonical discriminant analysis. All 38 names, with the
exception of 1 invalid name and 4 names for which no representative
specimen could be located, were evaluated qualitatively. The results
show that the published fossil record is highly inaccurate. Only 8 valid,
recognizable species exist in the Crassatellidae within the limits of this
study, 14 names are synonymized, and 11 names are represented by
indeterminate molds or poorly preserved specimens. Three of the four
genera are well founded; the fourth is based on the juvenile of another
genus and therefore synonymized. This detailed taxonomic analysis of
the Crassatellidae illustrates that the published fossil record is not
reliable. Calculations of evolutionary and paleobiologic significance
based on poorly defined, overly split fossil groups, such as the
Crassatellidae, are biased in the following ways:

® Rates of evolution and extinction are higher,

® Faunal turnover at mass extinctions appears more catastrophic,

® Species diversity is high,

® Average species durations are shortened, and

® Geographic ranges are restricted.

The data on the taxonomically standardized Crassatellidae show evo-
lutionary rates one-quarter to one-half that of the published fossil
record; faunal change at the Cretaceous-Tertiary boundary that was
not catastrophic; a constant number of species on each side of the
Cretaceous-Tertiary boundary; a decrease in abundance in the Terti-
ary; and lower species diversity, longer average species durations, and
expanded geographic ranges. Similar detailed taxonomic studies need
to be conducted on other groups of organisms to test the patterns
illustrated for the Crassatellidae and to determine the extent and
direction of the bias in the published fossil record. Answers to our
questions about evolutionary change cannot be found in the literature
but rather with the fossils themselves. Evolution and extinetion occur

Manuscript approved for publication September 23, 1992.

within small populations of species groups, and it is only through
detailed analysis of these groups that we can achieve an understanding
of the causes and effects of evolution and extinetion.

INTRODUCTION

Evolutionary rates of organisms have received a great
deal of attention in the last decade, particularly in
discussions of the causes of mass extinction at the
Cretaceous-Tertiary boundary. Two major factions have
formed: (1) those who support a catastrophic extrater-
restrial cause for the extinctions (for example, Alvarez
and others, 1980; Emiliani, 1980; Davis and others, 1984,
Alvarez and Muller, 1984; and Hut and others, 1987) and
(2) those who look to terrestrial causes, whether cata-
strophic or gradual, to explain the extinctions (for exam-
ple, Officer and Drake, 1983; Hallam, 1984; Lutz, 1987,
and Crocket and others, 1988). Proponents of each side of
this debate have relied on caleulations of evolutionary
rates that are based on plots of compiled faunal lists of
species, genera, or families through time (for example,
Raup and Sepkoski, 1982; Kitchell and Penna, 1984), yet
very few authors have asked, “How reliable are these
data?”

Perhaps the most notable use of compiled faunal lists is
in Raup and Sepkoski (1982; 1984; 1986; for a complete
list of the sources for the compiled data see Sepkoski,
1982a). Raup and Sepkoski (1982) concluded from their
plots of families through the Phanerozoic that two types
of extinction rates were operating: (1) normal back-
ground extinction and (2) mass extinctions. They also
concluded that the total rate of background extinction
has declined since the Early Cambrian. Subsequently, on
the basis of the same set of compiled data, Raup and
Sepkoski (1984; 1986) determined that a periodicity
existed in the rate of mass extinctions.

Raup and Sepkoski are aware of the constraints of
their data set. Sepkoski (1982b, p. 285) stated,
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Several major problems are encountered when using global
taxonomic data to identify and delimit mass extinctions. It is
generally impossible to determine how abrupt an event was
because of the long and unequal durations of the strati-
graphic intervals used to tabulate the data. This problem is
further aggravated by inherent sampling errors which push
the apparent ends of stratigraphic ranges backward in time,
blurring the effects of mass extinctions . . . . Distortion is
also introduced by the use of genera and higher taxonomic
units in global data. Adequate data on global species’ ranges
have never been compiled, partly because of inconsistencies
in defining fossil species from country to country and from
generation to generation and partly because of the sheer
magnitude of such a task . . . .

Raup made several references to the problems of the
data set; he discussed the need for “complete data” that
has “as tight a time resolution as possible” (Raup, 1984,
p- 12) and described the data as “noisy and uncertain”
(Raup, 1987, p. 3). Raup and Boyajian (1988, p. 112), in
a paper on the patterns of extinction, devoted a section to
the “variable quality of taxonomy” in which they stated,

The products of taxonomic research contain many problems
and uncertainties familiar to all systematic biologists and
paleobiologists. Some groups are over- or under-split, and
concepts of the genus and family vary greatly. A genus in one
group may be equivalent to a family in another group.

The limitations of the data were enunciated most clearly
by Sepkoski (1982b, p. 288), who stated,

And even with the best available data sets, questions remain
about the temporal duration, taxonomic universality, and
geographic distribution of the various events. Clearly, these
questions must be answered, at least in part, before any
comprehensive theory of the general causes of mass extine-
tion can be formulated.

The revelation of possible periodicity of extinetion
caused a surge of reports by astronomers, astrophysi-
cists, and geologists contemplating probable theories to
explain the periodicity, including oscillations in the galac-
tic plane (Swartz and James, 1984), a companion star
(Davis and others, 1984), and comet showers (Hut and
others, 1987). These authors paid little attention to the
reservations expressed by Raup and Sepkoski. Hallam
(1984, p. 686) advocated caution when he stated, “In
assessing the value of these speculative papers it is
clearly necessary first to scrutinize the Raup and Sepko-
ski analysis on which they are based,” and in closing he
commented that “Before astronomers indulge in further
speculations about the cause of mass extinctions they
would do well to learn something about the rich strati-
graphical record of their own planet” (Hallam, 1984, p.
687). Other authors (Quinn, 1987, p. 475; Stanley, 1984,
p. 69, for example) expressed criticism of the conclusions
of Raup and Sepkoski (1984; 1986) and of the basic data
set (Signor and Lipps, 1982; Newell, 1982, p. 260), but
the debate about the causes of mass extinctions rages on
with little regard for these concerns. Few steps are being

taken, other than by Raup and Sepkoski themselves (see
comment by Raup and Boyajian, 1988, p. 110-111), to
rectify the inherent problems of the compiled faunal lists.

Rates of evolution based on compilations of data have
been applied to other paleontological problems in addi-
tion to discussions of mass extinction. They have been
used to describe the Phanerozoic marine diversity in
general (Fischer and Arthur, 1977; Sepkoski, 1981) and
bivalve diversity in particular (Miller and Sepkoski,
1988). Survivorship of Bivalvia was analyzed by Gilinsky
(1988). Phanerozoic background extinction (Boyajian,
1986) and rates of origination and extinction in higher
taxa (Gilinsky and Bambach, 1987) also were studied
using previously published faunal lists.

With all of this attention paid to counts of taxa through
time, it is surprising that so few researchers have
investigated the question raised by Raup and Sepkoski
and their critics, “How accurate are previously published
faunal lists?” Koch (1978) compared the published fossil
record to the actual fossil record for the molluscan fauna
of the Upper Cretaceous of the Western Interior; he
found that the published record underestimated species
diversity by a factor of approximately three to four. In
addition, he noted that there is “no readily available
‘correction factor’” to compensate for the “deficiencies in
the published record” (Koch, 1978, p. 371). An extensive
comparison of compiled taxonomic data from the litera-
ture and taxonomically standardized museum collections
of living benthic Foraminifera led Culver, Buzas, and
Collins (1987, p. 169) to conclude that

Evolutionary generalizations based on data generated from
the literature only are often unreliable and may be directly in
opposition to reality. Extensive attempts at taxonomic
standardization should be the norm in paleobiological inves-
tigations.

Wingard and Sohl (1990) attempted taxonomic stand-
ardization of the Upper Cretaceous genus Nucula and
concluded that the genus had been split on the basis of
assumptions of geographic and stratigraphic separation
of species; this splitting led to an overestimate of species
diversity for the Nucula and an underestimate of species
duration. Presumably, paleontologists and stratigra-
phers working within a limited time frame and a
restricted geographic region are aware of each other’s
taxonomic contributions. The degree of splitting
recorded for Nucula within these narrowly defined strat-
igraphic and geographic limits, however, suggests that
this is not the case. In fact, the degree of splitting seen
for the Nucula would suggest that when a major system
boundary, such as the Cretaceous-Tertiary, is crossed,
the problem of splitting will be intensified. In the past,
paleontologists and stratigraphers often worked exclu-
sively in the Cretaceous or in the Tertiary and were not
concerned with constructing unified taxonomies through
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both periods. Yin (1985, p. 590) addressed this issue for
the bivalves at the Permian-Triassic boundary and found
that the two groups were not as dissimilar as previously
described, nor were the differences concentrated at the
boundary; he stated,

To these evidences of gradual changes and replacements
should be added the consideration that the disparity between
Permian and Triassic bivalves may have been artificially
accentuated for supposed biostratigraphic convenience by
authors specializing below or above the erathem boundary.
Furthermore some genera may be synonymous . . . or even
certain species.... In short, the replacement of pecti-
naceans from the Paleozoic to the Mesozoic occurs step by
step over a period of at least 10 million years. The erathem
boundary can hardly be selected on pectinacean or bivalve
evidence alone.

In recent years more authors have begun to examine
fossils across the Cretaceous-Tertiary boundary in an
attempt to gain a better understanding of the nature of
extinction at the boundary (Heinberg, 1979; Hansen and
others, 1987; Jones and others, 1987; Hansen, 1988).
Still, we lack detailed taxonomic analyses of individual
groups of organisms, particularly the macrofossils.
Hansen (1982, p. 231) pointed out that

The literature is top-heavy, however, in that a great deal
more speculation has been published concerning the time
than actual detailed stratigraphic studies of the interval.
Nowhere is this lack more evident than with studies of latest
Cretaceous and earliest Tertiary macrofauna. In this regard,
macropaleontology lags far behind micropaleontology.
Numerous studies exist documenting the detailed strati-
graphic ranges of microfossil taxa up to and across the K/T
[Cretaceous-Tertiary] boundary, but it is surprisingly diffi-
cult to find a similar treatment of the macrofossils.

The purpose of this investigation is to develop a
standardized taxonomy for one family of molluscs, the
Crassatellidae, across the Cretaceous-Tertiary boundary
to examine the issues raised above. First, how reliable is
the basic data set? Second, are calculations of evolution-
ary rates based on previously published faunal lists
accurate? If not, then by how much do these calculated
rates differ from the picture obtained from the fossil
record? Examining the evolution, extinction, and migra-
tion that have occurred within one family across the
Cretaceous-Tertiary boundary should shed some light on
the nature of extinction at the boundary. The analysis of
this one family serves as an example of the type of
studies that could be done with other groups of organ-
isms to evaluate theories concerning evolution and
extinction.

The primary taxonomie unit under investigation in the
Crassatellidae is the species. As Raup and Boyajian
(1988, p. 112) state, “The ultimate objective of any study
of extinction should probably be to assess mortality at
the level of species.” Newell (1982, p. 260) pointed out,

“Evolutionary biologists are agreed that the species is
the only taxon with objective reality and it is at this level
that both evolution and extinction take place.” Both of
these papers go on to state that the species unfortunately
cannot be used because of problems in the species record.
But if species are the basic units of evolution, then
paleontologists should clarify and quantify the problems
in the species record so that it can be put to use in
evolutionary studies; that is the intent of this analysis of
the Crassatellidae.

Species and genera of the family Crassatellidae are
here examined from the lower Campanian through the
Wilcox Stages in the eastern Gulf Coastal Plain and the
Mid-Atlantic Coastal Plain of the United States (figs. 1,
2). This geographic area was selected because of the
author’s knowledge of the stratigraphy of that region and
because the detailed attention this area has received in
the literature provides tight time-stratigraphic control.
In addition, many of the Crassatellidae described in
North America for this time period occur in this geo-
graphic region. The northern part of the Mid-Atlantic
region was included particularly to observe any possible
migrations due to changing climatic regimes.

The Crassatellidae were selected because they oecur
on both sides of the Cretaceous-Tertiary boundary, are
fairly well preserved (often in their original aragonitic
state), and exhibit an interesting evolutionary history
according to the published literature. Figure 3 illustrates
the subfamilies and genera for the Crassatellidae as
recorded in the Treatise of Invertebrate Paleontology
(Chavan, 1969, p. N573-N578). A rapid radiation of the
Crassatellidae appears to have occurred in the Creta-
ceous, but of the seven genera found prior to the
Cretaceous-Tertiary boundary, only three survived into
the Cenozoic. The recorded pattern of evolution and
extinetion of the Crassatellidae make this family an
interesting test case for the evaluation of previously
published taxonomic data.
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SUMMARY OF PREVIOUS WORK ON THE CRASSATELLIDAE

Crassatella Lamarck, 1799 was first recognized in the
United States in 1824 (Say, 1824, p. 49) in the middle
Tertiary deposits of Maryland. Starting in 1830 and
continuing for the next 45 years, Conrad named and
described 12 species of crassatellids in the Upper Creta-
ceous and lower Tertiary beds of the Gulf and Mid-
Atlantic Coastal Plains (table 1; fig. 4). Only 4 of these 12
species are represented by well-preserved specimens
and are present in significant numbers in the sediments
of this region. Three of the five crassatellid names
contributed by Gabb (table 1) also were named from
poorly preserved specimens. Other workers who named
crassatellids in the 1800’s include Morton (1834), Rogers
and Rogers (1839), d’Orbigny (1850), Safford (1864),
Whitfield (1865; 1885), and Heilprin (1880).

Whitfield’s (1885) monograph on the Cretaceous and
Tertiary paleontology of New Jersey marked a turning
point in the taxonomic literature on the crassatellids in
North America. Unlike the cursory information provided
by his predecessors, Whitfield’s discussions on 11 cras-
satellid species (2 of them new) contained detailed
descriptions and comparisons to other species. Dall
(1908), in an account of the Tertiary fauna of Florida,

extensively discussed the Crassatellidae and particularly
emphasized the evolutionary significance of the hinge
and resilifer.

Continuing the trend of providing detailed species
descriptions into the 20th century, Gardner (1916)
reported on the crassatellids of the Upper Cretaceous
deposits of Maryland. Stephenson (1914) included many
occurrence charts of species at various localities in the
eastern Gulf region, including crassatellids. It was not
until 1923, however, that Stephenson began his detailed
taxonomic descriptions of the crassatellids. During the
remainder of his career, Stephenson named two subspe-
cies, five species, and one genus of Crassatellidae within
the eastern Gulf and Mid-Atlantic Coastal Plains alone
(table 1; fig. 4).

Stewart’s (1930) comprehensive analysis of the genera
of Crassatellidae clarified many taxonomic questions. He
named and described the genus Bathytormus and iden-
tified Crassatella protexta Conrad as the type species
(see pl. 21, figs. 11 and 13 for an example); C. alaeformis
Conrad was recognized as a member of this genus.
Bathytormus Stewart is distinguished from Crassatella
Lamarck by a ligamental cavity that extends to the
ventral border of the hinge plate in all ontogenetic stages
(Stewart, 1930, p. 137). Stewart (1930, p. 138) noted that
the diagnostic character of the hinge is often not devel-
oped and therefore not apparent on juveniles of the
family. He stated, “The restricted ligamental cavity [of
Crassatella] is not always shown on small specimens,
particularly on those less than 15 mm in length. In fact,
one might easily place the immature form in Bathytor-
mus while the adult would be a typical Crassatella.”

In 1965, Palmer and Brann prepared a Catalogue of the
Paleocene and Eocene Mollusca of the Southern and
Eastern United States. Four species of Bathytormus, 23
species of Crassatella, and 12 Crassatella sp. remain at
the conelusion of their synonymizations of the Crassatel-
lidae; 12 of these 39 species fall within the geographic and
stratigraphic limits of this study.

Chavan (1939; 1952; 1969) and Vokes (1946; 1973; 1988)
conducted the most extensive research on the Crassatel-
lidae in recent years. In 1952, Chavan erected two
subfamilies within the Crassatellidae, Crassatellinae and
Scambulinae. Crassatellinae contains 11 genera and 8
subgenera (Chavan, 1969, p. N573-N577), and Scambu-
linae contains 4 genera and 2 subgenera (Chavan, 1969,
p. N577-N578) (fig. 3). As did Dall (1903) and Stewart
(1930), Chavan considered the characters of the hinge to
be of primary importance in distinguishing genera.

Table 1 is a summary of all the published generic and
specific names used for the Crassatellidae within the
Upper Cretaceous and lower Tertiary of the Gulf and
Mid-Atlantic Coastal Plains from 1830 to the present.
Stratigraphie ranges are illustrated on figure 4. A glance
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(dotted line), limits of the sedimentary cover of the Coastal
Plain (bold solid line), and localities (numbered open circles) (see
app. 9 for locality descriptions). A4, enlargement of Chatta-
hoochee River region, Alabama and Georgia. Solid squares are

place names. B, enlargement of Washington, D.C., and Potomac
River region, Fairfax, Arlington, Prince William, Stafford, and

King George Counties in Virginia, and Montgomery, Prince
George’s, Charles, and St. Mary’s Counties in Maryland.
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at table 1 gives some indication of the proliferation of
names in the Crassatellidae, even within the narrow
geographic and stratigraphic limits of this study. Several
problems are evident throughout the published record of
the Crassatellidae. First is the prevalence of names
assigned to poorly preserved material; it is impossible to
statistically or morphologically evaluate these specific
names. Second, and less apparent, is the failure to
recognize different stages in the ontogenetic sequence of
a single species. Finally, the early workers often had
limited sample sizes and did not have the benefit of
comparing large suites of specimens. Consequently,

members of a single species were split into separate
taxa. Statistical evaluation ecan help resolve these latter
problems.

To answer the question “How good is the basic data
set?” all species names represented by well-preserved
material were statistically analyzed. Diagnostic charac-
ters used by the original authors or subsequent workers
were combined to form the basis for the discriminating
variables selected for the statistical analysis. These
diagnostic characters include features of the shell’s gen-
eral outline, such as the shape of the posterior extremity,
posterior-dorsal margin, anterior margin, and ventral

intraspecific variation often was not recognized, and end

margin; the convexity; and the height and orientation of
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FIGURE 3. —Ranges of the genera of the two subfamilies of Crassatellidae, Crassatellinae
and Scambulinae, as recorded in the Treatise of Invertebrate Paleontology (Chavan, 1969,
p. N573-N578). Number of subgenera indicated in brackets.

the beaks. Other authors used length, height, and thick-
ness of the shell to distinguish taxa. The superficial
characters of the ornament and the posterior ridge were
significant identifiers to still other workers. Internally,
the musculature, hinge characters, and presence or
absence of marginal crenulations were deemed diagnos-
tic. At the generic level, the characters of the hinge were
the primary diagnostic features; orientation of the beaks
also was important at this level. I used the characters
selected by the original authors to test the validity of the
specific and generic names they erected.

STATISTICAL METHODS

The statistical analysis of the Crassatellidae was
divided into four phases:
1. Compiling historical data,
2. Collecting specimens from the field and assembling
specimens from established collections for analysis,
3. Creating a morphometric data base through a digiti-
zation process, and

4. Statistically testing four subsets of the data. Each of
the four subsets were put through two canonical
discriminant analyses: the first tested only adult
whole abundant named specimens; the second tested
all the specimens. The four subsets are
® Subspecies of Crassatella vadosa,
® Species of Crassatella,
® Species of Bathytormus, and
® Genera of Crassatellidae.

In the first phase, references to the genera and species of

Crassatellidae were compiled, and their geographic and

stratigraphic positions were identified. The bulk of these

data came from the U.S. Geological Survey Mesozoic
invertebrate species card file, the U.S. Geological Sur-
vey Tertiary invertebrate species card file, Sherborn

(1902; 1922-1933), Ruhoff (1980), the Zoological Record

of the Zoological Society of London (1869-1983), Palmer

and Brann (1965), Sohl and Koch (1983; 1984), Boyle

(1893), and from numerous individual articles. Although

taxonomic analyses are usually based only on information

from other taxonomic papers, for the Crassatellidae,
biostratigraphic papers listing species occurrences offer
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FIGURE 4.—Ranges of the published Crassatellidae names of the
Upper Cretaceous and lower Tertiary of the Gulf and Mid-Atlantic
Coastal Plains. Generie abbreviations: C., Crassatella (incorporates
Crassatellites, junior synonym of Crassatella); G., Gouldia; U.,

valuable information on distribution; thus, data from
such papers are included in the compilation. The data
files were assembled using SAS (SAS Institute, 1982) on
the George Washington University (GWU) IBM—4341
mainframe computer.

In the second phase of the analysis, type specimens
and suites of crassatellids were assembled from the U.S.
Geological Survey Mesozoic (USGS) and Cenozoic collec-
tions (USGS-CENOQO), the U.S. National Museum of
Natural History (USNM) Mesozoic and Cenozoic collec-
tions, the Paleontological Research Institution (PRI),
and the Academy of Natural Sciences of Philadelphia
(ANSP). An attempt was made to obtain material from
all stratigraphic and geographic occurrences indicated by
the literature search in phase one.

In phase three of the analysis, the morphometric data
base was created by using a series of 14 points digitized
from selected specimens assembled in phase two. Since
the purpose of this study is to test the accuracy of
previous specific and generic classifications of the Cras-
satellidae, I selected the diagnostic characters as close as

Uddenia; S., Scambula. Species are arranged in alphabetical order.
Four species names were omitted due to lack of stratigraphic informa-
tion. See table 1 for complete listing of species.

possible to those identified by the authors of the original
species descriptions as discussed in the preceding chap-
ter. The digitization process was based on six homolo-
gous characters (fig. 5, points 1-6), following the recom-
mendations of Bookstein and others (1985). These
characters are closely tied to the biology of the animal
and can be readily identified; thus, the results obtained in
digitizing are reproducible. Pelecypods, however, lack
any fixed points along the anterior, posterior, and ven-
tral margins of their shells, yet general outline was the
character most often cited as diagnostic by previous
authors. In order to include marginal points and still
keep the results reproducible, I constructed eight lines
formed by the intersection of two homologous character
points. Where these lines crossed the margin of the shell,
a projected point was digitized (fig. 5, points 7-14).
Any specimens missing one or more of the six homol-
ogous points (with the exception of internal molds, as
discussed below, p. 13) were eliminated from consider-.
ation. In collections containing more than 30 individuals,
30 specimens were selected randomly for digitization. In
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FIGURE 5. —Digitized points on a typical crassatellid shell; these points were used to construet the character
variables defined in table 2. Points 1 to 6 represent homologous characters on the individual specimens:
1, the beak; 2, the base of the resilifer; 3, the ventral end of the posterior lateral ridge; 4, the ventral
end of the anterior lateral ridge; 5, the point on the base of the posterior adductor where it intersects
the pallial line; and 6, the point on the base of the anterior adductor where it intersects the pallial line.
Points 7 to 14 represent the projected points on the perimeter of the shell, formed by constructing a line
through two homologous characters (modified from Wingard, 1991).

collections of 30 or fewer individuals, all specimens were
retained for digitization if all six of their homologous
points were present. Digitization was done from
photographs or photocopies of the selected specimens.
Shells less than 1 em in length, internal molds, and
type specimens were photographed; all others were
photocopied.

Each fossil was assigned eight labels: (1) genus, (2)
species, (3) locality number, (4) specimen number, (5) left
versus right valve, (6) preservation, (7) juvenile versus
adult, and (8) measure of width in millimeters. The
purpose of the statistical analyses was to test the accu-
racy of previously defined taxonomic categories; to make
the statistical analysis as unbiased as possible, I
refrained from critically examining the specimens and
imposing my own concepts of genera and species (labels
1 and 2). Instead, I identified the generic and specific
categories from a cursory examination of the diagnostic
characters mentioned by the previous authors and the
locality and the stratigraphic unit in which the specimen
was found. For distinguishing between the genera

Bathytormus and Crassatella, 1 followed Stewart’s
(1930, p. 137) diagnosis, and for Scambula I used Con-
rad’s (1872, p. 51) description. Categorizing Uddenia
proved to be difficult (discussed in detail in the “System-
atic Paleontology” section). To statistically test the valid-
ity of the genus, however, specimens labeled as Uddenia
were classified as such if they came from localities where,
according to the published literature, Uddenia occurred.
In the process of selecting the Uddenia, I recognized a
fifth unnamed group (genus and species unknown) that
was also included in the analysis. Scambula, Uddenia,
and the unnamed group were included only in the generic
level tests because, within the confines of this study,
these are monotypic taxa in my opinion. Specimens were
assigned a specific name only if their characters matched
the original species description and only if they came
either from the type locality and stratigraphic unit of the
species or from a locality and stratigraphic unit where
there was a published account of the species occurrence.
If a specimen did not meet both of these criteria then
it was classified as an unnamed species (C. sp., for
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analysis and classificatory diseriminant analysis to quan-
titatively evaluate the primary question being asked,
“How accurate is the published fossil record?” Are the
genera and species cited in the literature statistically
distinet and well defined, or is there a significant degree
of overlap between the categories? Discriminant analysis
is an excellent statistical procedure for testing a priori
groups because it forces maximum separation among the
groups and minimum separation within groups; any
overlap seen between categories is therefore significant
because the statistical bias is towards separation. Two
separate canonical discriminant analyses were executed
on each of the four subsets of the data. The first excluded
the unnamed species categories, the broken specimens,
the internal molds, and the juveniles. The second analy-
sis for each subset included all of the data. Classificatory
discriminant analyses were done to test the model devel-
oped by each canonical discriminant analysis and to test
the unknown species categories. All of the statistical
computer analyses in phase four were done using SAS on
the GWU IBM mainframe. The results of the multivari-
ate statistical analyses of the refined data set are dis-
cussed in the following section.

STATISTICAL ANALYSIS

Several aspects of canonical discriminant variable
analysis and classificatory discriminant analysis must be
understood before the results of the subspecies and
subsequent analyses are considered. First, the maximum
possible separation between the defined classes is found
along each canonical variable; consequently, any overlap
between groups is significant. Second, narrowly defined
groups (for example, small local populations) by their
very nature show higher -classification results than
broadly defined groups. Finally, in the classificatory
discriminant analysis, classification results are always
high when the calibration data set itself is classified
because these are the data upon which the model is
based.

SUBSPECIES OF CRASSATELLA VADOSA

Before proceeding with an evaluation of the species of
Crassatellidae, two questions need to be answered: (1)
are the proposed subspecies valid and (2), if valid, are
any subspecies worthy of being raised to specific rank.
Crassatella vadosa Morton, 1834 has been split into
three subspecies: (1) Crassatella vadosa ripleyana Con-
rad, 1858, originally described as a species from the Owl
Creek Formation in Tippah County, Miss. (loc. 52), (2)
Crassatella vadosa wadei Stephenson, 1941, described
from the Coon Creek Formation, at Coon Creek, Tenn.
(loc. 27), and (3) Crassatella vadosa vadosa represented
by replaced specimens and internal molds from the

Prairie Bluff Chalk, Prairie Bluff, Ala. (loc. 56). In
addition, numerous other localities of C. vadosa have
been reported (see apps. 1, 2), but none of these speci-
mens have been assigned to a subspecies.

To test whether Crassatella vadosa ripleyana and C.
vadosa wadei should be raised to specific rank, the initial
assumption is that the two described subspecies, C.
vadosa ripleyana and C. vadose wadei, do represent
valid species categories for the statistical analysis. The
category Crassatella vadosa includes the type Prairie
Bluff specimens (C. vadosa vadosa) as well as all other
reported C. vadosa specimens. The null hypothesis® is
that no statistically significant differences exist between
“C. ripleyana,” “C. wadei,” and C. vadosa. If the null
hypothesis eannot be rejected, this would indicate that
“C. wadet,” “C. ripleyana,” and C. vadosa are members
of the same species, as previous authors have indicated.
The alternative hypothesis is that distinctive differences
exist between “C. ripleyana,” “C. wadet,” and C.
vadosa; therefore, the subspecies should be raised to
specific rank. If the degree of overlap seen between
the categories is substantial, this would indicate that
even the validity of the subspecies categories should be
questioned.

Analysis.—First, 145 well-preserved adult speci-
mens® were divided into 3 categories and treated as
distinet taxonomic units or “species”: (1) Crassatella
vadosa (21 specimens), (2) “C. ripleyana” (33 speci-
mens), and (3) “C. wadei” (91 specimens). The specimens
are from seven localities in the Upper Cretaceous units of
the Gulf Coast and Mid-Atlantic regions (app. 1). Eigh-
teen morphologic measurements (table 2) were used to
discriminate the three “species” categories.

An examination of the univariate statistics for the
analysis (table 3, first analysis) shows that the mean
values of the distance measurements are fairly close
together for each of the three categories. The group
means on each variable for “Crassatella wadei,” how-
ever, are generally larger than the grand means for all
three classes combined, whereas the group means for C.
vadosa and “C. ripleyana” are closer together and
smaller than the grand means. An examination of the
standard deviations (table 4, first analysis) reveals that

5 This is the general hypothesis comprising different hypotheses that are tested
at different stages of each discriminant analysis. The F test of the Mahalanobis’
distances tests the null hypothesis that the group means of each class are equal.
If this null hypothesis cannot be rejected, then the means of the two groups will
be close together on the canonical discriminant variables. During the canonical
discriminant procedure, the null hypothesis being tested is that the canonical
correlation for each canonical variable and all correlations that follow equal 0. If
this null hypothesis cannot be rejected, then the canonical variables do not
correlate to the original data, and the whole procedure is invalid. For more
detailed information, refer to Davis (1973, p. 442-456) and SAS User’s Guide:
Statistics (SAS Institute, 1982, p. 369-380).

6 The criteria for classifying specimens into ontogenetic and preservational
categories are discussed in the section on “Statistical Methods,” page 13.
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TABLE 3.— Class means and grand means for subspecies of Crassatella vadosa on each variable used in both canonical
discriminant analyses
[For the purpose of the analysis, each subspecies was treated as a “species” category. See table 2 for an explanation of the morphological
variables. 1, the means from the first canonical diseriminant analysis, including adult whole specimens only; 2, the means from the second
canonical discriminant analysis of all specimens, including juveniles, broken specimens, and internal molds; *, in the second analysis,
CONVEX and RESILANG were removed because these values are not available for internal molds]

Class mean

Morphological variable C. vadosa “C. ripleyana” “C. wadei” Grand mean

1 2 1 2 1 2 1 2
CONVEX ............. 10.62 * 12.17 * 13.02 * 12.48 *
ANTHT ............... 25.15 25.88 26.18 26.19 32.05 31.87 29.71 28.40
POSTWID............. 12.78 14.60 12.09 12.09 18.78 18.68 16.39 15.83
ANTER ............... 147.70 144.27 145.89 145.73 145.39 145.35 145.84 144.97
ANTWID.............. 13.56 14.81 13.68 13.86 19.51 19.42 17.32 16.54
VENTRAL............ 25.23 28.62 25.61 25.60 34.94 34.73 31.41 30.60
ANTWID2............. 8.83 8.24 9.90 9.97 11.71 11.64 10.88 9.95
POSTDOR............. 28.22 29.68 28.75 28.84 35.51 35.29 32,92 31.84
ANTDOR.............. 19.90 21.11 20.33 20.34 25.56 25.42 23.55 22.74
POSVERHT........... 18.10 18.83 18.50 18.50 23.81 23.68 21.77 20.76
POSTLAT............. 16.50 17.97 16.91 16.93 20.88 20.78 19.34 18.94
HINGEPL............. 20.41 23.10 20.15 20.22 27.15 27.00 24.58 24.19
RESILANG........... 21.06 * 22.43 * 22.30 * 22.15 *
ANTLAT2............. 9.82 10.43 10.09 10.10 13.46 13.39 12.16 11.59
ANTADHT............ 7.97 8.89 8.15 8.18 10.52 10.46 9.61 9.41
INTANT .............. 72.19 68.39 74.43 74.22 68.32 68.33 70.27 69.40
POSADDST........... 9.73 9.67 10.03 10.06 12.93 12.85 11.81 11.05
ANTADDST........... 10.42 10.02 10.83 10.87 14.34 14.26 12.97 11.91

TABLE 4. —Standard deviations, the value for F, and the probability of F for the canonical discriminant analyses of the
subspecies of Crassatella vadosa on each variable used in the analyses

[For the purpose of the analysis, each subspecies was treated as a “species” category. See table 2 for an explanation of the morphological
variables. Total, total sample standard deviations of the data from all “species” categories combined. Within class, pooled within-class
standard deviations for the “species” categories. Between class , between-class standard deviations for the “species” categories. 1, data
from the first canonical discriminant analysis, including adult whole specimens only; 2, data from the second canonical discriminant
analysis of all specimens, including juveniles, broken specimens, and internal molds; *, in the second analysis, CONVEX and RESILANG
were removed because these values are not available for internal molds]

Standard deviation

Morphological variable Total Within class Between class F Probability I

1 2 1 2 1 2 1 2 1 2
CONVEX ............. 2.16 * 2.00 * 1.03 * 12.81 * 0.0001 *
ANTHT ............... 4.64 5.13 351 4.24 373 3.55 54.53 54.13 .0001  0.0001
POSTWID............. 3.90 371 23 271 3.81 3.11 126.31 101.64 .0001 .0001
ANTER ............... 6.36 9.28 6.35 9.31 97 .73 1.13 .48 3277 .6202
ANTWID.............. 3.93 420 272 344 348 2.98 79.26 57.68 .0001 .0001
VENTRAL............ 6.79 6.89 504 589 561 4.42 60.05 43.45 .0001 .0001
ANTWIDZ............. 221 280 191 235 1.38 1.89 25.01 49.87 .0001 .0001
POSTDOR............. 541 6.10 4.25 539 4.13 3.56 45.66 33.56 .0001 .0001
ANTDOR.............. 3.7 399 271 331 3.20 2.76 67.41 53.41 .0001 .0001
POSVERHT........... 3.59 3.76 244 287 324 299 85.16 83.31 .0001 .0001
POSTLAT............. 3.26 3.656 259 330 245 1.93 43.37 26.41 .0001 .0001
HINGEPL............. 4.37 452 2.8 374 4.09 3.13  101.07 53.88 .0001 .0001
RESILANG........... 3.14 * 3.13 * .55 * 1.51 * 2247 *
ANTLAT2............. 234 237 162 1.8 206 1.85 77.69 77.92 .0001 .0001
ANTADHT............ 1.67 179 1.19 155 1.4 1.12 70.86 40.13 .0001 .0001
INTANT .............. 4.26 591 3.37 550 3.21 2.74 43.71 19.18 .0001 .0001
POSADDST........... 216 240 1.60 1.87 179 1.86 60.57 76.04 .0001 .0001

ANTADDST. .......... 265 312 198 241 218 243 5844 T1.70  .0001  .0001
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TABLE 5.—Mahalanobis’ distances between classes for the first
canonical discriminant analysis of the adult whole specimens of the
subspecies of Crassatella vadosa

[For the purpose of the analysis, each subspecies was treated as a “species”

TaBLE 6.— Standardized canonical coefficients for the first canonical
discriminant analysis of the adult whole specimens of the subspecies
of Crassatella vadosa

[See table 2 for an explanation of the morphological variables. Canonical variables
1 and 2 are plotted on figure 7]

category)
“Species” Mahalanobis’ distance’ between classes
ecies
P C. vadosa “C. ripleyana” “C. wadel”
C.vadosa.............. — — -
“C. ripleyana”......... 2.1486 — —
“C. wadei”............. 4.7413 5.7794 -

! Mahalanobis’ distances are a measure of the separation of the multivariate
means of two classes (Davis, 1973, p. 450-451).

all but two of the variables, anterior angle and resilifer
angle (ANTER, RESILANG, see table 2 for an expla-
nation of all variables), show statistically significant
differences among the three “species,” but just over half
of the variables have higher between-class standard
deviations as compared to within-class standard devia-
tions. On the basis of the univariate statistics, the
following predictions can be made: (1) “C. ripleyana” will
fall closer to the group mean for C. vadosa along the
canonical variables than “C. wadei,” (2) the variables
with the higher between-class standard deviations may
be the primary discriminating variables, and (3) anterior
angle and resilifer angle will contribute the least to the
discrimination of the three classes.

The Mahalanobis’ distances computed between classes
(table 5) support the initial conclusions drawn from the
univariate statistics; the distance between Crassatella
vadosa and “C. ripleyana” is less than the distance
between C. vadosa and “C. wadei.” An F test on the
Mahalanobis’ distances shows all values to be greater
than the critical value for F' at the 5 percent level of
significance, so the null hypothesis of equal class means is
rejected.

The plot of canonical variables 1 and 2 (fig. 7) illus-
trates the predicted separation of “Crassatella wadei”
from C. vadosa and “C. ripleyana,” and the overlap of C.
vadosa and “C. ripleyana,” to the point that the group
mean for “C. ripleyana” falls within the zone of overlap
of the two classes. “C. wadei” is isolated primarily along
canonical variable 1, which accounts for 95.83 percent of
the variance between the classes and has a canonical
correlation value of 0.93. The standardized canonical
coefficients (table 6) reveal which variables are contrib-
uting significantly to the discrimination of the classes;
the most significant discriminator (highest absolute
value of standardized canonical coefficients) along
canonical variable 1 is the height of the posterior
margin (POSVERHT). Along canonical variable 2,
which accounts for 4.17 percent of the variance and
has a canonical correlation value of 0.48, “C. wadet”
falls between C. vadosa and “C. ripleyana.” The most

Morphological Standardized canonical coefficient
variable Canonical variable 1 ~Canonical variable 2
CONVEX .......ooiiial -0.7050 —0.9580
ANTHT .........ocooenee .3260 11.6356
POSTWID................ 6271 —0.8973
ANTER ...l 4720 1.2720
ANTWID.........oeale 1.0136 1.7628
VENTRAL............... .3015 —1.6285
ANTWID2................ —0.4572 —3.0255
POSTDOR................ —0.9133 3.1803
ANTDOR................. —1.9750 —9.8455
POSVERHT.............. 2.1341 —1.7142
POSTLAT................ .3319 —6.0909
HINGEPL................ 1.3759 6.2692
RESILANG.............. .2966 —0.0772
ANTLAT2. ...t 8279 2.6150
ANTADHT............... 1379 —1.1625
INTANT .....coovienntt. —0.6542 .4028
POSADDST .............. —1.3466 9122
ANTADDST.............. .4989 —2.4066

TAaBLE 7.—Results of the classificatory discriminant analysis of the
adult whole specimens of the subspecies of Crassatella vadosa;
calibration data set lested against itself

[For the purpose of the analysis, each subspecies was treated as a “species”
category. Of the total number of specimens (145), 93.8 percent classify into the
predicted “species” categories]

Number of specimens

o] S manag! Total ithi
Original “species n o “spheiew catogery deiermined by Analysis
category specimens
C. vadosa  “C. ripleyana” “C. wadei”
C. vadosa....... 21 15 (71.43) 6 (28.57) 0(0)
“C. ripleyana” .. 33 3(9.09 30(90.91) 0(0)
“C. wadei” ...... 91 000 00 91(100.0)
Total.......... 145 18 36 91

! “Species” category assigned prior to analysis.

significant discriminator along canonical variable 2 is the
distance from the beak to the anterior margin (ANTHT)
(table 6). The length of the anterior dorsal margin
(ANTDOR) and the width of the hinge plate (HINGEPL)
are important discriminators on both canonical variables
1 and 2.

A discriminant analysis was conducted to obtain clas-
sification results for the adult whole specimens of Cras-
satella vadosa, “C. ripleyana,” and “C. wader” (table 7).
The variables that measure shell width and resilifer
angle (WIDTH, RESILIF) were deleted from this sub-
set of the data so that internal molds, which lack meas-
urements on these two variables, could be tested against
the data set consisting of the adult whole specimens. An
intermingling of C. wadosa, which covers a wide
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FIGURE 7.—Canonical variables 1 and 2 for the first canonical variate analysis of the
subspecies of Crassatella vadosa. For the purpose of the analysis, each subspecies was
treated as a “species” category. Data for the analysis include adult whole specimens
only. Large symbols for the “species” categories represent the midpoints of those
categories. Canonical variable 1 accounts for 95.83 percent of the variance between
“species” categories and has a canonical correlation of 0.93. Canonical variable 2 accounts
for 4.17 percent of the variance between “species” categories and has a canonical
correlation of 0.48. See table 6 for standardized canonical coefficients.

geographic range, with the isolated population of “C.
ripleyana” (71.43 percent of C. vadosa classify correctly?
is seen in the classification results (table 7), but “C.
ripleyana” was fairly discrete (90.91 percent classify
correctly). C. vadosa occurs over a broad geographic
range, whereas “C. ripleyana” and “C. wadei” are from
discrete populations, so it is expected, due to the nature
of discriminant analysis, that the category for C. vadosa
would have lower classification results than either

7 Classify correctly, in the discussion of discriminant analysis results, refers to
classification in the statistical sense only and does not refer to taxonomic
classification.

either “C. ripleyana” or “C. wadei.” “C. wadei” classify
correctly 100 percent of the time. Next, only the juve-
niles, broken specimens, and internal molds were tested
against the model established by the discrimination of
the adult whole specimens (table 8). Only 34.9 percent of
all the specimens classify correctly. In this analysis of the
juveniles, broken specimens, and internal molds, 50
percent of the specimens representing C. vadosa classify
as “C. wadet,” whereas none of the adult whole speci-
mens of C. vadosa had classified as “C. wadei,” and 25
percent of “C. wadei” specimens classify into C. vadosa.

In the final step in the examination of the subspecies of
Crassatella vadosa all the adult whole specimens,
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TaBLE 8.—Results of the classificatory discriminant analysis of the
Juveniles, broken specimens, and internal molds of the subspecies of
Crassatella vadosa, tested against the calibration data set of the
adult whole specimens

[For the purpose of the analysis, each subspecies was treated as a “species”

category. Of the total number of specimens (86), 34.9 percent classify into the
predicted “species” categories]

Number of specimens

P Total t f i ithin th
O e e e
pectmens C. vadosa,  “C. ripleyana” “C. wadei”
C. vadosa....... 74 22 (29.73) 15 (20.27) 37 (50.00)
“C. ripleyana’. . 8  3(37.50) 5(62.50) 0(0)
“C. wadei”...... 4 1(25.00 00 3 (75.00)
Total ......... 86 26 20 40

! “Species” category assigned prior to analysis.

juveniles, broken specimens, and internal molds were
included in the same analysis. The data set consists of 231
specimens from 13 localities (app. 2) distributed among
the three classes as follows: (1) C. vadosa (95 specimens)
spread over the reported geographic range of the spe-
cies, including C. vadosa vadosa, (2) “C. ripleyana” (41
specimens), and (3) “C. wadei” (95 specimens). The
classes were analyzed by using 16 of the morphologic
variables (table 2); width and resilifer angle were deleted
from the data set in order to include internal molds.

The univariate analysis of the class means (table 3,
second analysis) on each variable shows very little
change for “Crassatella ripleyana” and “C. wadei” from
the first analysis of the adult whole specimens, as would
be expected since very few specimens have been added
to these classes for this analysis. The inclusion of internal
molds is significant to the class of C. vadosa, however,
because the topotype specimens of C. vadosa Morton are
internal molds from Prairie Bluff, Ala., and these speci-
mens represent C. vadosa vadosa. In addition, the size of
this class more than quadrupled with the addition of the
juveniles, broken specimens, and internal molds. The
individual class means on each variable for C. vadosa
moved closer to the grand mean on most variables (table
3) as a result of these additions to the category. A
comparison of standard deviations (table 4, second analy-
sis), shows the height of the posterior region (POST-
WID) to be the only variable having significant differ-
ences in between-class versus within-class standard
deviation. Anterior angle (ANTER) fails the F test at
the 5 percent level of significance. The univariate statis-
tics therefore indicate that there is more overlap
between C. vadosa and “C. wadei” than in the previous
analysis, and that the height of the posterior region
(POSTWID) contributes significantly to the discrimina-
tion of the classes.

The Mahalanobis’ distances again support the initial
conclusions drawn from an examination of the univariate

TABLE 9.—Mahalanobis’ distances between classes for the second
canonical discriminant analysis of all the specimens of the subspecies
of Crassatella vadosa, including juveniles, broken specimens, and
internal molds, measured for this analysis

[For the purpose of the analysis, each subspecies was treated as a “species”

category]
P Mahalanobis’ distance’ between classes
ecies
P C. vadosa “C. ripleyana” “C. wades”
C.vadosa.............. - — —
“C. ripleyana’......... 2.2226 — -
“C. wadei”............. 2.8438 3.6007 —

! Mahalanobis’ distances are a measure of the separation of the multivariate
means of two classes (Davis, 1973, p. 450-451).

data. The distances between “Crassatella wadei” and
“C. ripleyana” and “C. wade!” and C. vadosa decrease
when the full data set is examined (table 9). All Mahal-
anobis’ distances pass the F test at the 5 percent level of
significance, so the null hypothesis of equal means among
the classes is rejected.

The plot of canonical variables 1 and 2 (fig. 8) illus-
trates overlap between all three classes when all of the
specimens are included in the data set. The class means
for “Crassatella ripleyana” and “C. wadei” fall within
the region of overlap with C. vadosa. Canonical variable
1, which contributes more to the separation of “C. wades”
from C. vadosa and “C. ripleyana,” accounts for 78.70
percent of the variance seen between the classes and has
a canonical correlation value of 0.83. Characters of the
dorsal margin (POSTDOR, POSTLAT, ANTLATZ,
HINGEPL) and the anterior adductor (ANTADHT,
ANTADDST) seem to contribute the most to the dis-
crimination of the classes along canonical variable 1,
although none of the standardized canonical coefficient
values are particularly large (table 10). Canonical vari-
able 2, which accounts for 21.30 percent of the variance
seen between the classes and has a canonical correlation
value of 0.60, causes the separation of C. vadosa from the
other two classes. The standardized canonical coeffi-
cients (table 10) indicate that most of the separation
along canonical variable 2 can be attributed to characters
on the anterior portion of the shell (ANTDOR, ANTHT).

Discussion. —The analysis of the adult whole speci-
mens of “Crassatella ripleyana,” “C. wadei,” and C.
vadosa reveals that measurable differences do exist
between the three groups of specimens. Evidence of the
separation is seen in the results of the F tests on the
univariate class means, the results of the F test on the
Mahalanobis’ distances, the separation visible on the plot
of the canonical variables (fig. 7), and the classification
results (table 7). These differences are evident on the
figured specimens as well, particularly when C. vadosa
vadosa and C. wvadosa ripleyana are compared to C.
vadosa wadei (compare pl. 1, figs. 2-4, 16 to pl. 7, fig.
15). The null hypothesis being examined in this portion of
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FIGURE 8. —Canonical variables 1 and 2 for the second canonical variate analysis of the
subspecies of Crassatella vadosa. For the purpose of the analysis, each subspecies was
treated as a “species” category. Data for the analysis include all adults, juveniles, broken
specimens, and internal molds. Large symbols for the “species” categories represent the
midpoints of those categories. Canonical variable 1 accounts for 78.70 percent of the
variance between “species” categories and has a canonical correlation of 0.83. Canonical
variable 2 accounts for 21.30 percent of the variance between “species” categories and
has a canonical correlation of 0.60. See table 10 for standardized canonical coefficients.

the analysis therefore can be rejected; statistically sig-
nificant differences do exist between “C. ripleyana,” “C.
wadet,” and C. vadosa. The degree of overlap seen on the
plot of the entire data set (fig. 8), however, indicates that
these differences are not of specific rank. The question
remains, however, are the subspecies divisions valid?
The answer to this question does not lie in statistics
and may be impossible to ascertain given the present
state of disagreement among taxonomists on the concept
of subspecies. According to Blackwelder (1967, p. 172), a

valid subspecies occupies a distinct geographical area and
has “structural features partially setting” it apart as a
subspecies. He further states that “species can be distin-
guished because of gaps in the variation of their features.
Subspecies as usually defined cannot be so distinguished,
except in some percentage of cases, a figure often placed
at 75 percent” (Blackwelder, 1967, p. 172-173).
Blackwelder’s criteria for a valid subspecies initially
seem to be met for the adult whole specimens of Cras-
satella vadosa wadei included in this analysis. All of the
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TaBLE 10.—Standardized canonical coefficients for the second
canonical discriminant analysis of all the specimens of the subspecies
of Crassatella vadosa, including juveniles, broken specimens, and
internal molds measured for this analysis

[See table 2 for an explanation of the morphological variables. Canonical variables
1 and 2 are plotted on figure 8)

Standardized canonical coefficient
Canonical variable 1 Canonical variable 2

Morphological variable

ANTHT ............... —0.6401 2.1524
POSTWID............. .5945 —0.1776
ANTER ............... .2725 1222
ANTWID.............. —0.0030 .3559
VENTRAL............ .2622 —-1.3210
ANTWIDZ............. —0.0356 —1.4529
POSTDOR............. —1.0591 1.2989
ANTDOR.............. —0.6537 —3.5760
POSVERHT........... 7326 1.9542
POSTLAT............. —0.7357 7061
HINGEPL............. 1.5190 .6126
ANTLAT2............. 1.8134 .0839
ANTADHT............ —0.7790 .2839
INTANT .............. .1063 —1.3712
POSADDST ........... —0.4112 —1.3354
ANTADDST........... 1.1318 —0.1538

specimens of C. vadosa wadei come from a single locali-
ty (app. 1) and presumably a single population.8 The
complete separation of “C. wadei” along canonical vari-
able 1 (fig. 7) and the classification results of 100 percent
correctly classified (table 7) certainly meet the require-
ments of partially setting “C. wadei” apart from C.
vadosa; however, such high classification values are to be
expected when the calibration data set itself is classified.
The separation of “C. wadei” also can be explained
partially by its stratigraphic isolation from “C. ripley-
ana” and C. vadosa. As the groups are defined for this
analysis, “C. wadei” occurs in the Coon Creek Formation
in Tennessee (loc. 27), upper Campanian to lower Maas-
trichtian, whereas the specimens of C. vadosa and of “C.
ripleyana” oceur in the middle and upper stratigraphic
units of the Maastrichtian. Nevertheless, there are some
real morphologic differences between “C. wadei,” “C.
ripleyana,” and C. vadosa.

In contrast, the adult whole specimens of Crassatella
vadosa ripleyana do not clearly meet Blackwelder’s
criteria for subspecies. For example, “C. ripleyana” and
C. vadosa occur in the middle and upper Maastrichtian,
and the type locality for C. vadosa ripleyana is Owl
Creek, in Tippah County, Miss. (loc. 52), but C. vadosa
ripleyana also has been reported from Owl Creek beds at

8 In the case of fossils, the concept of population is not equivalent to a biologic
population representing a single point in time. Even if all the specimens come
from one locality and one stratigraphic unit, they still represent a span of time.
The population therefore consists of generations of descendants.

Providence School, in Tippah County, Miss. (loc. 51). An
examination of both collections from the Providence
School and Owl Creek localities reveals a combination of
typical C. vadosa and C. vadosa ripleyana forms, yet
surprisingly Providence School is predominantly C.
vadosa ripleyana and Owl Creek is predominantly C.
vadosa. The classification results (table 7) also illustrate
a blending of “C. ripleyana” and C. vadosa forms; the
relatively poor (71.43 percent) classification results for
C. vadosa can be explained, at least in part, by the wide
geographic spread of the group.

The true nature of the relationship between Cras-
satella, vadosa ripleyana, C. vadosa wadei, and C.
vadosa is revealed in the analysis that includes the
internal molds (all of which are C. vadosa vadosa),
broken specimens, and juveniles. Although the juveniles
are not discussed by the authors of the original descrip-
tions, they are members of the population and must be
considered. The general overlap seen on the canonical
variable plots for C. vadosa, “C. ripleyana,” and “C.
wadei,” and the occurrence of the group means of “C.
ripleyana” and “C. wadei” in the region of overlap, is
significant because canonical discriminant analysis tends
to maximize separation. Notably, the Prairie Bluff topo-
type specimens of C. vadosa vadosa occur in the entire
area of the plot for C. vadosa, except in the region of
overlap with “C. ripleyana.” This area of the plot is
occupied by the Tippah County, Miss., specimens of C.
vadosa. Also, the juveniles of all three categories occur
clustered around the group mean for C. vadosa. The
classification results from the discriminant analysis of the
juveniles, broken specimens, and internal molds (table 8)
also reveal this intermingling; only 34.9 percent of all of
the specimens classify correctly (all less than or equal to
the 75 percent limit of Blackwelder, 1967, p. 173).
Specimens of C. wvadose classify as C. vadosa, “C.
ripleyana,” or “C. wadei.” The misclassified specimens
of “C. ripleyana” are three broken specimens from the
type locality (loc. 52), so their misclassification may
simply be a result of the damage to the specimens. The
misclassified specimen of “C. wadei” is a juvenile.

The results of the analysis that includes broken and
juvenile specimens indicate from the following evidence
that Crassatella vadosa ripleyana and C. vadosa wadei
are two end members of the C. vadosa species: (1) the
close proximity of the univariate means, (2) the defi-
ciency of variables having higher between-class standard
deviations than within-class standard deviations, (3) the
overlap of groups on the plot of canonical variables 1 and
2, and (4) the classification results less than or equal to 75
percent. Whether or not C. vadosa ripleyana and C.
vadosa wadei are valid subspecies of C. vadosa depends
on how a subspecies is defined. If the term subspecies is
simply a convenient way to acknowledge morphologic
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variation within a species, then C. vadosa ripleyana and
C. vadosa wadei are valid terms because they do possess
distinctive differences in overall shape among the adult
specimens. If, however, subspecies must be completely
isolated geographically from one another to be valid then
C. vadosa ripleyana and C. vadosa wadei are not valid
subspecies. Although C. vadosa wadei and C. vadosa
ripleyana have never been reported outside the area of
their type localities, a close examination of the collections
from the Gulf Coast and Mid-Atlantic regions reveals C.
vadosa ripleyana-like specimens (pl. 9, fig. 3, and pl. 11,
fig. 3) and C. vadosa wadei-like specimens (pl. 11, figs.
8-10) do occur in other areas. In the Gulf Coast and
Maryland the forms appear intermixed with specimens of
the typical C. wvadosa wvadosa-like form. The North
Carolina and New Jersey forms tend to be similar to C.
vadosa wadei. The close proximity of the juveniles of all
three categories to the group mean for C. vadosa on the
plot (fig. 8) raises the possibility that environmental
influences acted on the individuals of the populations as
they matured and caused the variations seen; the speci-
mens of C. vadosa and C. vadosa ripleyana from the
Owl Creek Formation in Tippah County, Miss., may
indicate an area undergoing environmental fluctuation.
Another possibility is that the variations in form are the
result of sexual dimorphism, but the patterns of distri-
bution illustrated in this analysis do not support this
interpretation.

Blackwelder (1967, p. 174) summarized the difficulties
in dealing with subspecies:

The problems involved here are (1) whether there is in
nature enough diversity within some species to be usefully
studied; (2) if so, whether this diversity can be treated in the
taxonomic system; and (3) if so, whether the segregates can
or should be named in the formal system of nomenclature.
The first question is generally answered in the affirmative.
The second question has scarcely ever been faced; it is the
crux of the present problem and is here believed to be likely
to be eventually answered in the negative. The third ques-
tion has clouded the second and is answered either negatively
or affirmatively according to the experience of the speakers.
The Rules of Nomenclature have for a half-century permitted
such naming.

In the case of the subspecies of Crassatella vadosa, there
is indeed enough diversity to be examined and discussed,
but I do not believe the differences are significant enough
to warrant isolation into formal subspecies categories.
This issue is discussed further in the “Systematic Pale-
ontology” section. The most important question is
whether or not either of the subspecies under discussion
should be raised to species rank; that question has
definitely been answered in the negative.

SPECIES OF CRASSATELLA

The purpose of this analysis is to test the validity of the
many species names that have been proposed for the
genus Crassatella within the stratigraphic and geo-
graphie limits of this study (table 1). The null hypothesis®
is that no statistically significant differences exist
between the species categories of Crassatella. If the null
hypothesis cannot be rejected for any pair of species
categories, this would indicate the existence of syn-
onyms. The alternative hypothesis is that the species
names are all valid. A comparison of the species of
Crassatella across the Cretaceous-Tertiary boundary is
of particular importance to this study because the bulk of
the species names (32 of 38, table 1) examined herein
occur within this genus.

Analysis.—1In the first part of the analysis, 239 adult
whole specimens were tested from the following species
categories? (see app. 3 for geographic and stratigraphic
distribution):

Species® No. of
Specimens
Crassatella vadosa Morton, 1834.................... 145
C. gardnerae Harbison, 1945....................... 53
“C. hodgei (Stephenson), 1923” (and C. carolinensis 8
Conrad, 1875).
C. lintea Conrad, 1860.........ccvviuieiennnnennnns 13
C. tumidula Whitfield, 1865 ..............ccovvennnn. 14
“C. halei Harris, 1897a” (= C. tumidula)........... 6

Species categories having five or fewer specimens meas-
ured for the group were excluded from this first analysis;
all unnamed specimens also were excluded. The speci-
mens are distributed among 18 localities in the Upper
Cretaceous and lower Tertiary units of the Gulf and
Mid-Atlantic Coastal Plains (app. 3). The species of
Crassatella were diseriminated on the basis of 24 mor-
phologic measurements (table 2).

An examination of the univariate class means (table 11,
first analysis) on each distance measurement reveals
that, in general, “Crassatella hodgei” (and C. carolinen-
sis), “C. halei” (= C. tumidula), and C. lintea have
values lower than the grand mean of all species categor-
ies combined. C. vadosa, C. gardnerae, and C. tumidula
tend to have univariate class mean values larger than the

9 The criteria for assigning specimens to species categories are discussed in the
“Statistical Methods” section (p. 12-13). Critical evaluation of specimens was
deliberately avoided for the statistical analysis. Consequently, when the speci-
mens were later evaluated, the following incorrect assignments were detected:
(1) all specimens initially assigned to Crassatella halei are actually C. tumidula,
(2) 1 specimen assigned to C. tumidula is a C. halei, (3) 2 specimens assigned to
C. sp. C belong to a species different from the other 123 specimens of the total
measured, (4) 3 of the specimens assigned to C. sp. A belong to a species different
from the other 211 specimens of the total measured, and (5) the category C.
hodgei actually contains 2 species, C. hodgei (9 specimens total measured) and C.
carolinensis (4 specimens total measured). Items 1 and 5 above are significant in
that they lead to a misrepresentation in the statistical analysis.
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on each variable (table 12, first analysis) show that only
the variable that measures the internal posterior angle
(INTPOST, see table 2 for an explanation of all variables)
has a higher standard deviation between classes than
that within classes. The lack of clear patterns emerging
from the univariate statistics, and the lack of variables
having high standard deviations between classes, leads
to the prediction that a plot of the canonical variables will
grand mean on most variables. The standard deviations
show a great deal of overlap among species categories. In
addition, classification results are not expected to be
high.

The Mahalanobis’ distances computed between classes
(table 13) reveal patterns that are more distinctive than
those of the univariate statistics, particularly if their
ranked order is examined. The seven largest distances
are between Cretaceous and Tertiary species of Cras-
satella. The smallest distances are between C. vadosa,
C. gardnerae, and C. lintea. From these patterns, it is
expected that Cretaceous and Tertiary species will be
separated on the plot of the canonical variables and that
at least three of the four Cretaceous species will occur in
proximity to each other. All of the values for the Mahal-
anobis’ distances are greater than the critical value for F
at the b percent level of significance, so the null hypoth-
esis of equal means is rejected.

The plot of canonical variables 1 and 2 (fig. 9) illus-
trates the separation of Crassatella tumidula (both
divisions), the Tertiary species, from C. vadosa, C.
gardnerae, and C. lintea, three of the Cretaceous spe-
cies, along canonical variable 1. “C. hodgei” (and C.
carolinensis), a Cretaceous form, falls closer to the plot
of the Tertiary species than to other Cretaceous species
categories. Canonical variable 1 accounts for 61.61 per-
cent of the variance between the groups and has a
canonical correlation of 0.90. The standardized canonical
coefficients (table 14) reveal that the variables pertaining
to the dorsal region of the shell and the hinge characters
(POSTDOR, ANTDOR, ANTLAT, ANTLAT2) contrib-
ute the most to the discrimination of the classes along
canonical variable 1. Along canonical variable 2, which
accounts for 14.70 percent of the variance between the
groups and has a canonical correlation of 0.71, only “C.
hodgei” (and C. carolinensis) is clearly separated. The
discriminating variables (POSTDOR, ANTDOR, ANT-
LAT, ANTLAT2) remain the same for canonical variable
2 as for canonical variable 1. The plot of canonical
variables 2 and 3 (fig. 10) shows overlap of all species
areas; “C. hodgei” (and C. carolinensis) is the most
isolated, and C. vadosa, the least isolated, falls in the
central region of the plot. Canonical variable 3 accounts
for 12.20 percent of the variance between the categories
and has a canonical correlation of 0.68; the primary

discriminating variables are characters of the dorsal
region (POSTDOR, POSTLAT)

A discriminant analysis was executed to obtain classi-
fication results (table 15) on the adult whole named
specimens of Crassatella having more than five speci-
mens measured per species category. The variables that
measure shell width and resilifer angle (CONVEX,
RESILIF) were eliminated from this subset of the data
so that internal molds could be tested against the cali-
bration set of adult whole specimens. C. vadosa, C.
gardnerae, and C. lintea show a tendency to intermix in
the classification process, as would be expected from the
results of the canonical discriminant analysis; signifi-
cantly, none of these specimens classify as Tertiary
forms. One Cretaceous Crassatella specimen, a “C.
hodgei” (and C. carolinensis), does classify as a Tertiary
form, and likewise the two Tertiary species categories,
C. tumidula and “C. halei” (= C. tumidula), show a
tendency to combine with “C. hodgei” (and C. carolin-
ensis) in the classification process.

A second canonical discriminant analysis was con-
ducted, including the adult whole specimens tested in the
first analysis, unnamed specimens (Crassatella sp.),
juveniles, broken specimens, internal molds, and species
having five or fewer specimens measured. The unnamed
specimens are those Crassatella from localities that do
not have a published citation of an occurrence of a
particular species of Crassatella. The additional species
of Crassatella tested in this portion of the analysis are
the Cretaceous species (1) C. prora, (2) C. monmouthen-
sis, (3) C. transversa, (4) C. subplana, and (5) C.
carolinana and the Tertiary species (6) C. gabbi and (7)
C. sepulcollis. These specimens were excluded from the
initial analysis because they do not include statistically
significant numbers and because some occur only as
internal molds. They are included here, however, to
reveal any relationship to the well-represented categor-
ies. For this portion of the analysis, 710 specimens were
included from 16 species categories (including 3 separate
categories of Crassatella sp. groups). The specimens
come from 51 localities of Upper Cretaceous and lower
Tertiary units of the Gulf Coast and Mid-Atlantic regions
(app. 4).

In comparison to the analysis of the abundant whole
adult specimens, the univariate statistics for the analysis
of all of the specimens of the Crassatella species show
more variables having greater values for between-class
standard deviation than for within-class standard devia-
tion (table 12, second analysis). The individual class
means (table 11, second analysis) for each category on
each variable show change primarily in the means of
Crassatella tumidula, compared to the earlier results.
C. carolinana has the largest average size of all
of the species categories being tested, followed by
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TasLE 11.—Class means and grand means for species of Crassatella on each variable used in both canonical discriminant analyses

[See table 2 for an explanation of the morphological variables. 1, the means from the first canonical discriminant analysis, including adult whole named specimens only
(excluding species categories with =5 specimens); 2, the means from the second canonical discriminant analysis of all specimens, including juveniles, broken
specimens, internal molds, unnamed specimens, and species categories with <5 specimens; —, species excluded from the first analysis; *, in the second analysis,
CONVEX and RESILANG were removed because these values are not available for internal molds)

Class mean

Morphological variable C. vadosa C. gardnerae (and g : CZ(;,O frt ensis) C. prora C. monmouthensis

1 2 1 2 1 2 1 2 1 2
CONVEX ....... 12.48 * 13.15 * 7.19 * - * — *
LENGTH........ 42.67 41.00 44.45 44.08 31.96 31.98 — 24.14 — 26.73
POSTHT ........ 37.42 35.94 38.25 37.88 27.57 26.83 — 19.42 — 22.12
ANTHT ......... 29.71 28.40 29.19 29.03 22.20 21.69 — 14.37 - 16.57
ANTER......... 145.84 144.97 147.25 147.00 142.13 140.64 — 139.29 — 149.65
VENTRAL...... 31.41 30.60 34.96 34.61 24.86 25.19 — 21.79 — 24.18
POSTWIDI...... 6.56 6.57 4.98 4.95 4.35 4.45 — 4.25 —_ 4.85
POSTWID2...... 6.46 5.92 6.28 6.22 5.49 4.91 — 2.52 — 3.49
ANTWIDL....... 2.34 2.85 3.17 3.13 5.25 4.7 — 3.48 — 3.21
ANTWIDZ....... 10.88 9.95 9.35 9.33 5.78 5.62 — 1.86 — 2.73
POSTDOR....... 32.92 31.84 34.03 33.71 23.64 23.50 — 18.32 - 19.68
ANTDOR........ 23.55 22.74 24.12 23.95 19.12 18.67 — 13.19 — 15.15
ANTVERHT.... 22.58 21.31 21.79 21.68 16.47 15.66 — 6.86 - 10.29
POSTLAT....... 19.34 18.94 19.63 19.41 14.41 14.32 — 9.66 — 12.04
ANTLAT........ 11.43 11.24 11.81 11.69 9.46 9.31 — 9.21 —_ 7.93
HINGEPL....... 24.58 24.19 25.49 25.21 19.95 19.88 - 16.25 — 17.12
RESILANG..... 22.15 * 22.63 * 14.69 * — * - *
POSTLATZ...... 13.82 13.20 14.53 14.43 9.38 9.36 — 8.95 — 7.97
ANTLATZ....... 12.17 11.59 12.40 12.34 10.01 9.64 — 4.45 — 7.44
POSTADHT..... 9.98 9.73 10.20 10.13 6.98 7.03 — 7.13 — 6.39
INTPOST ....... 41.00 40.95 40.10 40.27 45.46 43.76 — 40.15 — 41.57
INTANT ........ 70.27 69.40 66.83 66.73 60.54 60.12 — 53.78 — 56.17
POSADDST ..... 11.81 11.05 11.37 11.31 8.66 7.81 — 4.16 — 6.67
ANTADDST..... 12.97 11.91 11.73 11.68 7.78 7.40 — 2.38 — 3.66

Class mean
Morphological variable C. transversa C.sp. A C. tumidula (= CCI.; ha%ei 1 C. gabbi
=C. tumidula)

1 2 1 2 1 2 1 2 1 2
CONVEX ....... — * — * 12.81 * 10.78 * — *
LENGTH........ - 47.74 — 37.33 44.29 35.60 35.06 35.06 — 42.90
POSTHT ........ — 38.45 — 32.61 36.01 29.15 30.98 30.98 — 36.57
ANTHT ......... — 28.13 — 25.35 34.51 27.88 27.25 27.25 — 26.72
ANTER......... — 147.25 — 145.78 140.80 136.90 137.92 137.92 — 139.67
VENTRAL...... - 43.52 — 28.29 30.75 24.53 22.59 22.59 — 33.45
POSTWIDL...... — .59 — 5.61 5.60 4.40 6.33 6.33 — 7.79
POSTWIDZ...... — 5.04 — 5.65 7.23 5.91 6.34 6.34 — 6.75
ANTWIDL....... — 7.65 — 3.11 5.90 5.31 7.07 7.07 — 6.23
ANTWID2....... — 5.31 — 8.29 9.10 7.32 7.74 7.74 — 5.77
POSTDOR....... — 35.34 — 28.69 32.90 26.47 27.50 27.50 — 31.95
ANTDOR........ — 25.23 — 20.67 29.91 24.15 23.54 23.54 — 22.98
ANTVERHT.... — 19.35 — 19.24 24.76 19.98 20.53 20.53 — 18.59
POSTLAT....... — 18.39 — 17.03 20.08 16.21 16.56 16.56 — 21.04
ANTLAT........ — 12.54 — 10.26 13.26 11.05 10.86 10.86 — 10.73
HINGEPL....... — 26.44 — 22.19 25.94 21.28 22.16 22.16 - 27.47
RESILANG..... — * — * 24.42 * 21.02 * — *
POSTLATZ...... — 16.96 — 11.83 13.03 10.44 11.29 11.29 — 11.27
ANTLAT2....... — 13.30 - 10.51 16.92 13.39 13.22 13.22 — 12.45
POSTADHT..... — 11.85 — 8.56 10.03 8.18 9.08 9.08 — 7.45
INTPOST ....... — 37.36 — 41.44 52.72 51.92 51.19 51.19 — 40.24
INTANT ........ — 55.80 — 67.64 61.89 62.62 65.73 65.73 — 58.63
POSADDST..... — 9.41 — 10.24 9.51 7.63 8.26 8.26 — 12.52

ANTADDST. ... - 8.01 - 10.54 10.64 8.70 8.83 883  — 8.60
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TABLE 11.—Class means and grand means for species of Crassatella on each variable used in both canonical
discriminant analyses—Continued

Class mean

Morphological variable C. sepulcollis C.sp. C C. subplana C. carolinana

1 2 2 1 2 2
CONVEX ....... - * * — * - *
LENGTH........ — 25.39 17.61 — 43.42 — 63.60
POSTHT ........ — 21.39 15.11 — 34.33 — 49.91
ANTHT......... — 17.40 12.01 — 34.57 — 46.50
ANTER......... — 139.51 143.50 — 137.46 — 140.37
VENTRAL...... - 17.70 11.72 — 31.62 — 47.97
POSTWIDLI...... — 4.95 2.73 - 5.74 — 8.56
POSTWIDZ2...... — 3.78 2.79 — 5.37 — 8.14
ANTWIDL....... — 3.25 2.54 — 3.37 — 6.94
ANTWID2....... — 4.73 3.16 — 11.51 — 15.01
POSTDOR....... — 19.11 13.41 — 30.85 — 44.58
ANTDOR........ - 15.18 10.32 — 27.33 - 39.74
ANTVERHT.... — 12.39 8.59 - 25.98 — 34.52
POSTLAT....... — 12.31 9.38 — 21.31 — 23.95
ANTLAT........ — 7.02 5.67 — 13.92 — 18.35
HINGEPL....... — 16.39 12.46 — 28.89 — 34.97
RESILANG..... — * * - * - *
POSTLAT2...... — 7.14 4.28 — 10.25 — 21.08
ANTLATZ2....... — 8.39 4.80 — 13.47 — 21.67
POSTADHT..... — 5.98 3.61 — 9.38 - 16.72
INTPOST ....... — 45.52 45.00 — 45.56 — 46.58
INTANT ........ — 64.23 63.45 — 62.55 — 62.76
POSADDST..... — 6.84 5.31 — 10.14 — 13.46
ANTADDST..... — 5.20 4.26 — 15.30 — 17.52

Class mean
Grand mean

Morphological variable C. lintea C.sp. B

1 2 2 1 2
CONVEX ....... 6.20 * * 12.09 *
LENGTH........ 28.35 25.23 39.99 41.83 35.09
POSTHT ........ 24.36 21.51 32.59 36.32 30.43
ANTHT ......... 19.69 17.69 27.49 29.02 24,12
ANTER ......... 140.30 141.46 139.68 145.23 144.53
VENTRAL...... 17.06 15.77 27.43 30.94 26.08
POSTWIDLI...... 6.14 5.38 7.03 6.05 5.29
POSTWIDZ...... 4.96 4.27 6.21 6.34 5.23
ANTWIDL....... 2.85 2.79 5.38 2.98 3.11
ANTWIDZ....... 7.22 6.15 9.52 9.99 7.82
POSTDOR....... 21.33 18.89 29.01 32.08 26.94
ANTDOR........ 15.87 14.45 23.10 23.48 19.77
ANTVERHT.... 15.94 13.95 20.93 21.91 18.03
POSTLAT....... 12.61 11.39 15.89 18.85 16.23
ANTLAT........ 7.96 7.33 10.97 11.35 9.84
HINGEPL....... 17.13 15.63 22.44 24.24 21.13
RESILANG..... 17.94 * * 21.88 *
POSTLAT2...... 9.07 7.86 13.31 13.46 10.95
ANTLAT2....... 7.98 7.21 12.27 12.22 10.05
POSTADHT..... 6.76 6.05 9.53 9.73 8.10
INTPOST ....... 43.26 44.03 45.07 42,01 42.45
INTANT ........ 69.46 67.30 64.00 68.53 66.84
POSADDST ..... 8.91 8.04 8.88 11.22 9.46
ANTADDST..... 9.48 8.10 11.10 12.09 9.71

! Data set for analyses 1 and 2 is identical.

25
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TaBLE 12. —Standard deviations, the value for F, and the probability of F for the canonical discriminant analyses of the species of Crassatella
on each variable used in the analyses

[See table 2 for an explanation of the morphological variables. Total, total sample standard deviations of the data from all species categories combined. Within class,
pooled within-class standard deviations for the species categories. Between class, between-class standard deviations for the species categories. 1, data from the
first canonical discriminant analysis, including adult whole named specimens only (excluding species categories with =5 specimens); 2, data from the second
canonical diseriminant analysis of all specimens, including juveniles, broken specimens, internal molds, unnamed specimens, and species categories with <5
specimens; *, in the second analysis, CONVEX and RESILANG were removed because these values are not available for internal molds]

Standard deviation

F

Probability F

Morphological variable Total Within class Between class

1 2 1 2 1 2 1 2 1 2
CONVEX ... 2.94 * 2.37 * 1.93 * 26.35 * 0.0001 *
LENGTH.................... 9.12 12.22 8.24 8.35 4.46 9.30 11.69 55.04 .0001 0.0
POSTHT ........ccvnen.... 7.67 10.67 6.86 7.25 3.89 8.15 12.82 56.06 .0001 .0
ANTHT .......covvivennn.. 6.41 8.58 5.77 5.93 3.18 6.45 12.09 52.51 .0001 0
ANTER ...........oiiiiit, 7.21 8.50 6.91 8.29 2.52 2.29 5.28 3.38 .0001 .0001
VENTRAL.................. 8.35 10.36 7.32 7.20 4.54 7.77 15.33 51.70 .0001 .0
POSTWID1.................. 2.61 2.52 2.54 2.13 .79 1.43 3.87 19.84 .0022 .0001
POSTWID2.................. 1.44 1.96 1.39 1.56 A7 1.25 4.51 28.65 .0006 .0001
ANTWIDL................... 1.97 1.91 1.61 1.76 1.27 .80 24.99 9.15 .0001 .0001
ANTWIDZ2................... 2.62 3.43 2.28 2.38 1.45 2.58 16.10 52.37 .0001 .0
POSTDOR........ccvvnvnnnn. 6.95 9.49 6.21 6.48 3.55 7.22 13.01 55.02 .0001 .0
ANTDOR..............cene 5.37 6.91 4.80 4.91 2.76 5.06 13.09 47.16 .0001 .0
ANTVERHT..........c...... 4.76 6.59 4.40 4.52 2.11 5.00 9.19 54.35 .0001 .0
POSTLAT........coovnen... 4.13 5.28 3.76 3.91 1.98 3.72 11.16 40.13 .0001 .0
ANTLAT........ccvvein.... 2.47 3.21 2.28 2.40 1.10 2.23 9.32 38.57 .0001 .0
HINGEPL............ooott 5.03 6.54 4.66 4.81 2.21 4.63 8.96 41.14 .0001 .0
RESILANG................. 3.84 * 3.44 * 1.94 * 12.66 * .0001 *
POSTLAT2.........cccevuun. 3.09 4.44 2.76 2.87 1.58 3.53 12.97 67.08 .0001 .0
ANTLATZ2.....covvenennn, 3.28 3.93 2.91 2.84 1.72 2.84 13.93 44.53 .0001 .0
POSTADHT................. 2.11 3.07 1.92 2.04 1.00 2.39 10.82 61.04 .0001 .0
INTPOST .ovvvviiveeene 4.49 4.14 3.10 3.23 3.59 2.72 53.64 31.59 .0001 .0001
INTANT ..o 4.73 5.30 3.90 4.58 2.99 2.84 23.40 17.05 .0001 .0001
POSADDST ...ccovvevennns 2.47 3.16 2.25 2.31 1.16 2.25 10.51 41.96 .0001 .0
ANTADDST................. 2.89 3.92 2.57 2.70 1.50 2.97 13.60 53.52 .0001 .0

TABLE 13.—Mahalanobis’ distances between classes for the first canonical discriminant analysis of the adult whole named specimens of the
species of Crassatella, excluding species categories with five or fewer specimens

Mahalanobis’ distance® between classes

Species C. vadosa C. gardnerae ‘g : c}éﬁ, o ie;;’f:ir;()i C. tumidula (=£'Ct1fxbl§ll;l ) C. lintea
C.ovadost......coovveniininniiinenen.. — — - — - —
C.gardnerae ..............c..coonnn. 2.2441 — — - - -
“C. hodgei” (and C. carolinensis)..... 6.2539 5.9276 — — — -
C.tumidula ........cocovviiiiiiii.. 7.6723 7.2716 6.9087 — — —
“C. hale?” (=C. tumidula)............ 7.5436 7.3763 53734 5.6798 — —
Colimtea......ccoooviviiiiiiiiiiiia.. 3.4546 4.0800 5.5032 7.4944 7.8419 —

! Mahalanobis’ distances are a measure of the separation of the multivariate means of two classes (Davis, 1973, p. 450-451).

C. transversa and then by the group composed of C.
vadosa, C. gardnerae, and C. subplana. C. sp. C has the
smallest mean size for the majority of the linear distance
measurements.

The Mahalanobis’ distances (table 16) between classes
show very low values for the group of Cretaceous
Crassatella, C. vadosa, C. gardnerae, and C. lintea and
C. sp. A as well (similar results were obtained in the
analysis of the adult whole specimens, table 13). Note

that the category for C. sepulcollis, consisting of a single
specimen being tested, fails the F test of the Mahalano-
bis’ distances at the 5 percent level of significance when
paired with “C. hodgei” (and C. carolinensis), C. mon-
mouthensis, C. lintea, and C. sp. C. The null hypothesis
of equal means between these pairs cannot be rejected,
but, because the category C. sepulcollis is represented
by only two specimens, failure of the F test is not
surprising.
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Canonical variable 1

EXPLANATION

Cretaceous species

B Crassatella gardnerae

©"Crassatella hodgei” (and C. carolinensis)

o Crassatella lintea

B Crassatella vadosa

Tertiary species
+ "Crassatella halei” (= C. tumidula)
® Crassatella tumidula

FIGURE 9. —Canonical variables 1 and 2 for the first canonical variate analysis of the species
of Crassatella. Data for the analysis include adult whole specimens from named species
categories only (excluding species categories with five or fewer specimens). Large symbols
for the species categories represent the midpoints of those categories. Canonical variable 1
accounts for 61.61 percent of the variance between species categories and has a canonical
correlation of 0.90. Canonical variable 2 accounts for 14.70 percent of the variance between
species categories and has a canonical correlation of 0.71. See table 14 for standardized

canonical coefficients,

The plot of canonical variables 1 and 2 (fig. 11) illus-
trates the nearly complete overlap of the Cretaceous
species Crassatella vadosa, C. gardnerae, C. lintea, and
C. sp. A; even the group means of the four categories fall
within the region of overlap. The Tertiary forms, C.
tumidula and “C. halei” (= C. tumidula), are partially
separated from the Cretaceous cluster of the C. vadosa

group; “C. halei” (= C. tumidula) falls almost completely
within the area of C. tumidula on the plot, and the group
means fall close together. “C. hodgei” (and C. carolinen-
sis) and C. sp. C fall between and partially overlap the
Cretaceous and the Tertiary groups on the plot. The
remaining points are the individuals from the categories
represented by five or fewer specimens. Both canonical
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TaBLE 14. —Standardized canonical coefficients for the first canonical discriminant analysis of the
adult whole named specimens of the species of Crassatella, excluding species categories with five

or fewer specimens

[See table 2 for an explanation of the morphological variables. Canonical variables 1, 2, and 3 are plotted on figures
9 and 10]

Standardized canonical coefficient

Morphological variable Canonical variable 1 Canonical variable 2 Canonical variable 3
CONVEX ..., —0.4800 1.7845 —0.4576
LENGTH............coiiii... —0.3832 4.3320 6.2305
POSTHT .............cooiiiia... —8.4422 —9.0325 —4.5286
ANTHT ... —5.2809 1.3375 71294
ANTER ...coiiiiiiiiiiieen —0.3508 -0.0216 —0.2975
VENTRAL .......coviivinn.. .1531 .9370 1.5889
POSTWIDIL......coviiiiiiiiinnn, .3921 -0.0093 .7650
POSTWID2..........covvivinen.. 1.5642 1.3739 .8153
ANTWIDL......ooviiiiiiiiin e, —0.2364 .1103 —0.1385
ANTWID2......coviiiiiiiiienen 1.6373 —0.6230 .0488
POSTDOR......ccoviiiiiiiiiiin, 20.2462 —12.2669 —14.6049
ANTDOR ....civviiiiiii e —33.1656 23.8356 —5.1876
ANTVERHT ...l 1.1318 1.0139 —1.7285
POSTLAT.......oiiiiiiiil —3.4113 8.3909 10.9802
ANTLAT ... 17.8982 —11.0322 2.65641
HINGEPL...............ccoo.... .. —4.0296 .6731 —4.0325
RESILANG .....coovvveieinn. .. -0.0123 .b736 —0.2303
POSTLAT2.......covvviiienne —5.8452 7.2593 5.3419
ANTLAT2. ... 22.3020 —16.4472 2.8537
POSTADHT..............covvnnt. .1264 -1.0203 —0.5526
INTPOST ...oviiiiee et .1582 1763 1.0047
INTANT ...l —1.2863 .6965 1.2254
POSADDST .....ccoivviieiiinn —0.8206 —0.4561 -0.3214
ANTADDST. ... —0.5879 -0.6163 1.4400

TaBLE 15.—Results of the classificatory discriminant analysis of the abundant adult whole named specimens of the species of Crassatella;
calibration data set tested against itself
[Of the total number of specimens (239), 84.9 percent classify into the predicted species categories]

Total no.

Number of specimens (percentage of specimens)
within the species category determined by analysis

Original species category’

of specimens C. vadosa C. gardnerae “g ’ CZ%%;%%‘; C. tumidula (= g‘c.tﬂil’zblifii;la) C. lintea
C.vadosa............ooooiveinn... 145 134 (92.41) 9 (6.21) 1 (0.69) 0 (0) 0 (0) 1 (0.69)
C.gardnerae ...................... 53 13 (24.53) 38 (71.70) 1(1.89) 0 (0) 0 (0) 1(1.89)
“C. hodgei” (and C. carolinensis) .. 8 0 (0 1 (12.50) 6 (75.00) 0O 1 (12.50) 0 (0)
C.tumidula ............cooooeiin 14 0 0 (0) 1(7.14) 12 (85.71) 1(7.14) 0 (0)
“C. halet” (=C. tumidula)......... 6 0 0 (0) 2 (33.33) 0O 4 (66.67) 0 (0)
C.linted.........eeeeveiann., 13 2(1538) 201538  0(0) 00 0 (0) 9(69.23)

Total .....oooiviiiii 239 149 50 11 12 6 11

! Species category assigned prior to analysis.

variables 1 and 2 seem to contribute to the partial
separation of the Cretaceous and Tertiary -clusters.
Canonical variable 1 accounts for 48.05 percent of the
variance and has a canonical correlation of 0.84; canonical
variable 2 accounts for 22.59 percent of the variance and
has a canonical correlation value of 0.72. The primary
diseriminating variables on canonical variable 1 are char-
acters of the hinge and dorsal regions (POSTDOR,
ANTDOR, POSTHT) (table 17). The plot of canonical

variables 2 and 3 (fig. 12) shows only two distinctive
differences from the plot of canonical variables 1 and 2;
C. transversa is isolated on the plot, and C. carolinana
falls within the region of the plot defined by C. tumidula.
Canonical variable 3 accounts for 9.91 percent of
the variance between the groups and has a canonical
correlation of 0.57; the variables that measure attri-
butes of the dorsal margin (POSTDOR, ANTDOR,
POSTLAT, ANTLAT2) (table 17) again contribute to
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Canonical variable 2

EXPLANATION

Cretaceous species

8 Crassatella gardnerae

©"Crassatella hodgei” (and C. carolinensis)

o Crassatella lintea

B Crassatella vadosa

Tertiary species
+ "Crassatella halei” (= C. tumidula)

® Crassatella tumidula

FIGURE 10. —Canonical variables 2 and 3 for the first canonical variate analysis of the
species of Crassatella. Data for the analysis include adult whole specimens from named
species categories only (excluding species categories with five or fewer specimens).
Large symbols for the species categories represent the midpoints of those categories.
Canonical variable 2 accounts for 14.70 percent of the variance between species
categories and has a canonical correlation of 0.71. Canonical variable 3 accounts for
12.20 percent of the variance between species categories and has a canonical correlation
of 0.68. See table 14 for standardized canonical coefficients.

the discrimination of the groups, as they do on canonical
variables 1 and 2.

The last step of the analysis was to classify the
juveniles, broken specimens, internal molds, and
unnamed specimens. The juveniles, broken specimens,
and internal molds of all the species categories were
tested against the calibration data set of the adult whole
specimens (excluding the variables for shell width and

resilifer angle; table 2). An intermingling of Cretaceous
and Tertiary specimens can be seen on table 18, but all of
the Cretaceous forms that classify as Tertiary are either
internal molds or damaged specimens. In contrast, many
of the Tertiary forms classify as Cretaceous, and the
majority of these are juveniles. A strong bias is intro-
duced in this classification process by forcing Crassatella
prora, C. monwmouthensis, C. transversa, C. subplana,
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TABLE 16.—Mahalanobis’ distances between classes for the second canonical discriminant analysis of all the specimens of the species of
Crassatella, including juveniles, broken specimens, internal molds, unnamed specimens, and species categories with five or fewer

specimens, measured for this analysis

Mahalanobis’ distance’ between classes

Species C. vadosa C. gardnerae ‘g' CZ';%%%:;:%? C. prora C. monmouthensis C. transversa C.sp. A C. tumidula
C.vadosa .......ooovvvinnnn.. — —_ — - — — — -
C.gardnerae ................. 1.9305 - — - — — — —
“C. hodgei” (and C. 3.4722 3.2328 — - — — - -
carolinensis).

Coprora......ccccooevvvinnn. 7.9647 7.8076 6.4822 — - - - -
C. monmouthensis ........... 4.4165 4.1834 2.8867 5.4848 - — - -
C. transversa................. 8.0443 6.8900 7.0203 8.0550 7.1475 — - -
Cosp. Ao, 1.4569 1.4620 2.8307 7.8722 3.9693 7.6407 - -
C.tumidwla.................. 5.9406 5.9602 4.6777 8.6545 6.3767 9.5181  5.7276 -
“C. hale?” (=C. tumidula). ... 5.8055 6.2065 4.7792 8.2005 6.5100 9.6258 5.7786  4.0999
C.ogabbi.........c.oovvvvnnn. 6.8753 6.5786 6.1239 10.0480 6.6685 8.6420 6.4906 8.7731
C. sepulcollis................. 3.6551 3.8835 3.0798 7.2060 3.7238 8.0120 3.4231 4.9323
Cosp.Coviiviiiiiiiiinns 3.8867 4.0081 2.9857 7.2103 3.5324 8.2454 3.3918 5.2485
C.subplang .................. 7.3230 7.9185 7.7201 11.0466 8.7533 11.3130 7.6424  7.9509
C. carolinana ................ 7.4486 7.4730 8.0443 10.7847 9.0966 9.4030 7.7568  8.4179
C.lintea..........ccoovvunne. 2.5513 3.1172 3.5768 7.9953 4.4351 8.4654  2.3080  5.5580
C.osp. B 4.6523 4.4632 3.9604 8.1558 5.7214 8.5268 4.4404  5.0930
Species (= E‘Cu};ﬁzi‘iizz;l ) C. gabbi C. sepulcollis  C.sp. C C. subplana C. carolinana C. lintee  C.sp. B
C.ogabbi......c..cccoovun.... 9.1522 — — - - — - —
C. sepulcollis................. 4.9632 6.9743 - - - - - —
Cosp.Covvniniiiiiiiieen, 5.6142 7.1824 2.3241 — - - - —
C.subplana .................. 9.1523 10.0712 8.1448 7.8491 - — - -
C. carolinana ................ 8.7397 10.8616 8.4403 9.4071 8.4184 - — -
C lintea...................... 5.7025 7.2253 3.0444 2.7290 7.5618 7.9922 —_ —
C.osp.B.oooooiiiiiiii, 5.3963 7.4589 5.2331 5.4708 8.6646 6.7387 4.6710 -

! Mahalanobis’ distances are a measure of the separation of the multivariate means of two classes (Davis, 1973, p. 450-451).

and C. carolinana (the poorly preserved or rare species
categories), and C. sp. A (the unnamed species category)
to classify as one of the species categories from the
original calibration data set (the abundant adult whole
named specimens).

The final discriminant analysis tested all specimens
(except internal molds) against a calibration data set
based on all specimens except unnamed forms and inter-
nal molds (table 19); the purpose was to establish how the
unnamed specimens would classify into the existing
categories. Categories containing only one specimen
were not considered valid for the calibration data set by
the requirements of the discriminant analysis program.
The results show that the two unnamed categories of
Cretaceous Crassatella, C. sp. A, and C. sp. B fall
almost exclusively into the group composed of C. vadosa,
C. gardnerae, and C. lintea; 1.46 percent are categorized
as “C. hodgei” (and C. carolinensis). C. sp. C, in
contrast, has at least some members that classify as
almost every other species category; 56 percent, the
largest percent, classify as C. lintea.

Discussion.—The results of the analysis of Cras-
satella species in the Upper Cretaceous and lower Ter-
tiary reveal several interesting points. First, taxonomic
splitting occurs within the Cretaceous and Tertiary
individually but not across the boundary. Second, there
is some separation between the Cretaceous and the
Tertiary species groups that have good representation.
These two points imply that a faunal change actually
occurred at the boundary. Third, this data set may
provide some clues to the nature of evolution and extine-
tion among the Crassatella.

Statistically, there is no doubt that Crassatella
vadosa, C. gardnerae, C. lintea, C. sp. A, and C. sp. B
are all members of the same species. Prior to the
statistical analysis, a cursory examination of the speci-
mens indicated that this was indeed the case (compare pl.
1, figs. 3, 4, 10, 12; pl. 8, figs. 4, 6; pl. 9, figs. 1, 9). C.
lintea is in fact the juvenile of C. vadosa (discussed in
detail in the “Systematic Paleontology” section). Many
lines of statistical evidence support this synonymy: (1)
the proximity of the univariate means, even if the
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@ Crassatella carolinana O Crassatellasp. A
8 Crassatella gardnerae 2 Crassatellasp. B

© "Crassatella hodgei” (and C. carolinensis) Tertiary species

O Crassatella lintea Crassatella gabbi

@ Crassatella monmouthensis "Crassatella halei" (= C. tumidula)

1 Crassatella prora Crassatella sepulcollis

6 Crassatella subplana Crassatella tumidula
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8 Crassatella transversa Crassatella sp. C

FIGURE 11.—Canonical variables 1 and 2 for the second canonical variate analysis of the
species of Crassatella. Data for the analysis include all adults, juveniles, broken specimens,
internal molds, unnamed specimens, and species categories with five or fewer specimens.
Large symbols for the species categories represent the midpoints of those categories.
Species categories represented on the plots by a single digit number contain only one or two
specimens. Canonical variable 1 accounts for 48.05 percent of the variance between species
categories and has a canonical correlation of 0.84. Canonical variable 2 accounts for 22.59
percent of the variance between species categories and has a canonieal correlation of 0.72.
See table 17 for standardized canonical coefficients.

31
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TaBLE 17.— Standardized canonical coefficients for the second canonical discriminant analysis of
all the specimens of the species of Crassatella, including juveniles, broken specimens, internal
molds, unnamed specimens, and species categories with five or fewer specimens, measured for this
analysis

[See table 2 for an explanation of the morphological variables. Canonical variables 1, 2, and 3 are plotted on figures

11 and 12]

Standardized canonical coefficient
Canonical variable 1 Canonical variable 2 Canonical variable 3

Morphological variable

LENGTH............ocooiiinn 1.7503 —2.6327 —4.4273
POSTHT ...t 10.2151 —12.5081 —5.3438
ANTHT ... 3.0475 -3.0141 —7.6214
ANTER ...t 173 —0.1927 -0.2621
VENTRAL..........ccoiiiin, .3287 2.6223 2.0062
POSTWIDL............oooiiiiit .1658 .4616 .4428
POSTWIDZ2..........coooiiiiinn —1.7893 2.2949 .6471
ANTWIDL ... .2125 .0257 —0.1808
ANTWID2........cooiiiiiiiiiinL, —0.8272 1.6498 2.8317
POSTDOR.......ccovvviviiiana, —20.8921 7.4673 —14.5584
ANTDOR........cooviiiiiiiiean, 11.0329 —11.4191 —12.0118
ANTVERHT ..............oo .0388 —0.2743 —2.2727
POSTLAT.......ccovveviiene, 3.5808 2.0018 16.4662
ANTLAT.........ooiiiiiiineea. —5.9259 7.7648 9.2925
HINGEPL............coovveenen 1.2267 —1.3658 —5.9064
POSTLAT2...........coivvvenennn. 6.5912 1.9237 6.9561
ANTLAT2...........oiiiiiinnnnn. —7.6462 9.3645 10.4175
POSTADHT....................... —0.8584 —1.5754 1.9501
INTPOST .....oovviiiiiiiinee —0.1648 .1802 .2937
INTANT .....cooiiiiiiiin 8767 .1320 —0.2924
POSADDST .....cciviiiiiinne.n, 7728 —1.2541 .8685
ANTADDST.....ccovvviiiiinen.. -0.2562 .7090 2.6425

TaBLE 18.—Results of the classificatory discriminant analysis of the juveniles, broken specimens, and internal molds of the species of
Crassatella, tested against the calibration data set of the adult whole named specimens
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