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ABSTRACT There has been extensive debate about the
magnitude and implications of morphological diversity in early
Paleozoic animals, with some workers using apparently rapid
initial diversification to infer unusual evolutionary processes.
Analysis of discrete morphological characters shows that initial
morphological diversification in the echinoderm subphylum
Blastozoa was so pronounced that morphological diversity
relative to taxonomic diversity was greatest in the Cambrian,
whereas morphological diversity itself was greatest in the
Middle and Upper Ordovician. Thus, a small number of
Cambrian taxa sparsely occupied a large range in morpholog-
ical space, whereas subsequent diversification involved expan-
sion and filling of morphospace. A measure of clade-shape
asymmetry and a method for statistical testing of lade shape
are used to show that morphological diversity is significantly
concentrated early in the history of the Blastozoa. The sub-
phylum represents the highest biologic level at which temporal
patterns of morphological diversity have been analyzed. Be-
cause this study is based on explicit morphological analysis, not
taxonomic proxies for morphological diversity, the results are
not artifacts of taxonomic practice.

The early Paleozoic represents an extraordinary phase of
life's history, involving extensive radiation of basic body
plans, macroevolutionary response to vast ecological oppor-
tunities, and, arguably, substantial genomic evolution (1-14).
Patterns of morphological diversity are central to our under-
standing of such large-scale evolutionary processes in early
metazoans, but very little ofour knowledge is based on direct
analysis of morphology. Taxonomic diversity is often used to
study the radiation of form but provides only an imperfect
proxy for morphological diversity (2, 4, 15-17). In fact, it is
discrepancies between morphological and taxonomic diver-
sity that may most clearly illuminate the early metazoan
radiations (2-5, 15, 16).
Echinoderms are a major component ofthe early Paleozoic

radiation. Previous studies have emphasized the pace of
morphological evolution in echinoderms based on the tem-
poral occurrence of novelties (8, 18). Such an approach is
inadequate for assessing diversity. Each organism consists of
primitive and derived characters; therefore, exclusive focus
on novelties would mean that different characters were
studied for each species, largely defeating the purpose of
considering all species simultaneously. Moreover, taxo-
nomic turnover plays an important role in patterns of diver-
sity. For example, a clade that contains lineages with the
primitive and derived states of a character represents greater
morphological diversity than a similar clade in which lineages
with the primitive state have become extinct, leaving only
lineages with the derived state. Study of novelties alone
would overlook this important distinction. For these reasons,

analyses presented here are based on quantification of prim-
itive and derived aspects of morphology.
Because it is difficult to quantify organismic morphology in

a way that allows comparisons among species in different
orders, classes, or phyla, morphometric analyses of diversity
patterns have been at relatively small scales and have in-
volved a limited number of taxa (15, 16, 19-22). Clade-shape
statistics have been used to describe and interpret structure
in the history of taxonomic diversity (23-26), but their
application to morphological diversity patterns has been very
limited (16). In this paper, quantitative analysis of discrete-
character data is used to study the entire history of morpho-
logical diversity in the extinct echinoderm subphylum Blas-
tozoa. Morphological diversity is measured as the mean
pairwise dissimilarity among species. Clade-shape statistics,
including a skewness measure, are analyzed with a bootstrap
resampling method to test for asymmetry in the history of
morphological diversity and for differential asymmetry in
morphological versus taxonomic diversity. The approach
presented here is applicable to other higher taxa and may
provide a general procedure for analyzing temporal patterns
of diversity.

Blastozoan Morphology

Sprinkle (27) recognized the subphylum Blastozoa as a mono-
phyletic group of Lower Cambrian to Permian echinoderms
that generally bear brachioles, rather than arms, as feeding
appendages. In addition to the taxa considered by Sprinkle as
blastozoans, diploporans and coronates (28) are now gener-
ally regarded as blastozoans, whereas the status of para-
crinoids and cryptocrinoids remains uncertain (27, 29, 30).
The subphylum rank per se is not relevant to the data
presented here, but it is noteworthy that Blastozoa includes
what are generally recognized as an enormous variety of
forms. This variety reflects differences in fundamental design
among the classes and orders, such as the arrangement and
number of thecal plates, as well as differences that may seem
less striking, such as the form of covering plates on the
food-gathering brachioles (27). Given the great variety of
blastozoan forms, establishing a continuous morphospace
seems unlikely at this point, and analysis must therefore be
based on discrete characters. Though quantitative analysis of
discrete characters has long been an essential component of
systematic biology (31, 32) and macroevolution (7, 8, 18),
previous emphasis has been on classification, genealogy, and
evolutionary rates rather than on secular patterns of mor-
phological diversity. Analysis of blastozoans has focused
mainly on descriptive and diagnostic characters at lower
taxonomic levels (27, 33-35), although the class Blastoidea
has been studied by cladistic (36) and morphometric (16)
methods, and the entire subphylum has been analyzed cla-
distically (30).

Abbreviation: ma, million year(s).
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Characters were selected to give broad coverage to the
principal aspects of blastozoan form and to emphasize as-
pects of form that vary among species. Characters were not
limited to those known or presumed to be of taxonomic
utility, as this might bias results. Nevertheless, as most
characters are taxonomically useful at some level, there is
much overlap between the set of characters used to quantify
morphological diversity and the set of characters one might
design to erect a classification or infer phylogenetic relation-
ships.

Sixty-five discrete characters were defined, reflecting ar-
rangement and number of thecal plates; shape and symmetry
of theca; presence, number, arrangement, and plating of
ambulacra; presence, arrangement, form, and plating of
brachioles; presence, form, and plating of (putative) attach-
ment structure; presence and nature of (putative) respiratory
structures; and position and plating of mouth and anus. To
decompose complex suites of characters into what are
deemed "unit characters," characters were generally defined
as binary. For example, ambulacral cover plates may be
absent, there may be a single pair per ambulacrum, or there
may be a series of plates per ambulacrum. Rather than coding
this as a three-state character, it was coded as two binary
characters: (i) the presence of ambulacral cover plates and
(ii) the nature ofcover plates ifpresent. Multistate characters
were retained when division into several unit characters
would give undue weight to single components of morphol-
ogy. Multistate characters were ordered if they could be
logically aligned as a morphological series (for example,
number of basal plates: 1, 2, 3, etc.). Ordering in this sense
is not meant to imply whether a character state is primitive
or derived. Forty-nine binary, 11 ordered multistate, and 5
unordered multistate characters were used. In practice, al-
ternative coding schemes do not substantially change the
results (see example below).
Homology of character states is not always clear; there-

fore, character-state definition was based partly on positional
equivalence. For example, a stacked series of plates forming
a distinct structure and attached to the aboral end of the theca
was considered a column, but it was not assumed that the
column evolved only once. Likewise, when paracrinoids
were included as blastozoans, their "recumbent arms" were
coded as "recumbent ambulacra" and their "pinnules" were
coded as "brachioles." Phylogenetic analysis might suggest
that a particular structure evolved convergently, but the
focus of this study is on levels of morphological diversity not
the fine details of particular evolutionary sequences. In a
very narrow sense, two independent acquisitions ofa column
would imply more morphological diversity than a single
acquisition. But at the scale of analysis ofthis study, two such
convergent forms would represent approximately the same
locus in morphological space (with regard to the single
character). Related to this argument is the contention that
branching order alone, without some assessment of morpho-
logical difference, provides inadequate means for studying
morphological diversity (19).
Coding of morphological characters was based on pub-

lished species descriptions, with supplementary study of
museum specimens (data available from author). Species
were chosen with the goal of not leaving major gaps in
stratigraphic coverage. Generally only one species per genus
was coded. Over half of all described blastozoan genera are
represented, suggesting that a reliable picture of morpholog-
ical diversity is produced. Moreover, the number of species
coded per stratigraphic interval is roughly proportional to the
number of genera known from that interval (Table 1, Fig. 1).
Because of incomplete material or description, not all char-
acters could be coded for all species. Missing data could often
be reliably inferred (e.g., the presence of a column from a
column scar). In cases where such inference was not possi-

ble, it was considered preferable to code missing data as
questionable rather than to assume that the character states
are those typical of the higher taxon to which the species
belongs. Six characters showed no variation among species;
these were omitted from analysis.
For binary and unordered multistate characters the char-

acter difference between two species is zero for matches and
unity for mismatches. To give equal weight to all characters,
ordered multistate characters were scaled so that the maxi-
mum character difference is unity. Morphological dissimilar-
ity between two species is the total character difference
divided by the number of characters compared. This metric,
rather than its square root (see ref. 31), is an appropriate
measure of morphological distance, because total character
difference increases linearly with the number of characters.
Any character that was logically inapplicable for either oftwo
species being compared (e.g., nature of column if none is
present) was omitted from that pairwise comparison (31).
There are numerous definitions and measures of morpho-

logical diversity (37). An intuitively appealing notion is the
volume of morphospace occupied by a clade. Because it
depends on sampled extremes, however, amount of mor-
phospace occupied is biased, increasing with sample size
(37). Empirically, amount of morphospace occupied tends to
show similar temporal patterns as average dissimilarity (15,
37). Moreover, average dissimilarity itself bears important
information on diversity structure and is not strongly biased
by sample size (37). For these reasons, morphological diver-
sity was measured as the mean pairwise dissimilarity among
all species in each stratigraphic interval.
Time scale (38) and sample sizes are presented in Table 1.

Stratigraphic intervals were defined to be of roughly equal
length, to allow comparable amounts of time-averaging.
Mean duration of intervals is 32.5 million years (ma), with a
standard deviation of 7.2 ma.

Temporal Patterns of Diversity

For comparison with morphological diversity, generic rich-
ness was estimated from published stratigraphic ranges
(sources available from author). Morphological diversity and
taxonomic diversity are maximal in the Mid-Upper Ordovi-
cian (Fig. 1), but morphological diversification in the Cam-
brian is more pronounced than taxonomic diversification.
The ratio of morphological to taxonomic diversity is maximal
in the Cambrian, suggesting a sparsely occupied morpho-
space. The overall difference between morphological and
taxonomic diversity is so striking that it is unlikely to reflect
taxonomic artifact or incomplete sampling. Moderate levels
of morphological diversity are maintained into the Silurian,
despite a substantial decline in taxonomic diversity. This
agrees with the pattern seen within the blastozoan class
Blastoidea (16) and suggests a decline in taxonomic diversity
that does not selectively eliminate morphologically extreme

Table 1. Time scale and number of species coded (N)
Stratigraphic interval Age at base,* ma N

Lower Cambrian (Cl) 570 4
Middle and Upper Cambrian (C2) 536 8
Lower Ordovician (01) 510 10
Middle and Upper Ordovician (02) 476 50
Silurian (S) 439 22
Lower Devonian (D1) 408.5 9
Middle and Upper Devonian (D2) 386 8
Lower Carboniferous (LC) 362.5 21
Upper Carboniferous (UC) 323 3
Permian (P) 290t 12
*From Harland et al. (38).
tEnd of Permian at 245 ma.
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FIG. 1. Morphological (A) and taxonomic (B)
for Blastozoa. Abbreviations on time axis refe
intervals in Table 1. Error bars show one standard

of mean bootstrap estimate, based on 1000 bootst
the high ratio (C) of morphological to taxonomi
Cambrian and the maintenance of morphologica
Silurian despite decline in taxonomic diversity. Bc
strap samples contain intervals with zero diversit5
times undefined. Therefore, standard error for
rigorously estimated, and the curve in C is given by
bootstrap estimates for the two aspects of divers

forms (16, 37). The post-Devonian drop ix
diversity reflects extinction of all forms el

with respect to the broad range ofbody plans
Blastozoa, blastoids are rather stereotyped.
boniferous discordance between morpholo
nomic diversity in blastoids reflects taxonc
tion that emphasized numerous minor vari
morphological themes (16).

Analysis of Clade Shape

The center-of-gravity (CG) statistic (23, 24)
(M) (16) measure the locus in time at wh
concentrated. Asymmetry (A) of the dive
defined here as the analogue of skewness

distribution (ref. 39, p. 114). If diversity is very high early in
a clade's history and steadily declines, this clade's shape is
"bottom-heavy" (23, 24)-i.e., asymmetric toward earlier
times. If di and t1 are the diversity and temporal midpoint of
the ith stratigraphic interval, let

Co = Ydi

cl = Iditi

C2 = IditI

and

C3= Idit.

Then CG and A are given by

CG=cl=co
and

A = (COC3- 3C1C2 + 2c /Co)/{C2[(C2-C2CO)-CO]--5}.

IC

mmic
-sity

\W.,0,Is
I r,I The equation for A is a standard formula for skewness. M is

defined as the point in time at which the cumulative diversity
is equal to co/2.
To test for structure in diversity trajectories, observed

clade-shape statistics were compared to those that a clade
with uniform diversity would have. The latter are referred to
as the shape statistics inherent in the time scale, for they vary
with the details of the time scale. For example, if all strati-
graphic intervals were of equal length, then CG and M for a
clade with uniform diversity would both fall at the midpoint

/ of that clade's duration, whereas A would equal zero. In
contrast, if interval lengths increased systematically through
time, a uniform clade would have CG and M below its
temporal midpoint and a negative value of A.

Ic I To compare observed clade-shape statistics to those in-
310 245 herent in the time scale, the sampling distribution ofobserved

statistics was estimated nonparametrically by a bootstrap
resampling procedure (40) with 1000 iterations. Given N, the

dyhistories number of species on which the morphological diversity
dr to stratigraphic curve was based, bootstrap samples ofN species were drawn
error on either side with replacement from the total sample. These were assigned
rap samples. Note to their proper stratigraphic intervals, and the morphological
ic diversity in the diversity trajectory and all clade-shape statistics were recal-
il diversity in the culated. A similar procedure was applied to generic diversity.
ecause some boot- Given G, the number of occurrences of genera, bootstrap
y, ratios are some- samples of G occurrences were drawn with replacement and
r ratio cannot be assigned to stratigraphic intervals, and generic richness was
y the ratio of mean calculated.
ity. To test for asymmetry in observed clade-shape statistics,

i morphological the number of bootstrap samples yielding statistics higher
xcept blastoids; than and lower than the inherent value were each tabulated.
exhibited by the The smaller of these two numbers was doubled, then divided
Texitedob arh by the number of bootstrap values to yield the two-tailedThe Lower Car- probability that the clade-shape statistic inherent in the time
gical and taxo- scale could have been drawn from the sampling distribution
omic diversifica- of clade-shape statistics corresponding to the observed di-
iations on a few versity data (Table 2). To compare morphological and taxo-

nomic statistics, tabulations were made of the number of
bootstrap samples with the morphological statistic greater
than and less than the taxonomic statistic. The smaller of
these two tabulated sums was doubled and divided by the

and the median number ofbootstrap values to yield the two-tailed probability
jich diversity is that the two clade-shape statistics could have been drawn
-rsity history is from the same sampling distribution. Nonparametric statis-
;in a frequency tical testing yields results consistent with tests (not pre-
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Table 2. Statistical testing of clade shape
Difference

Data CGm-CGi CGt-CGi CGm-CGt Mm-Mi Mt-Mj Mm-Mt Am-Ai At-Ai Am-At

Initial -0.094§ -0.010 -0.084§ -0.124§ -0.085§ -0.039* -0.619§ -0.515§ -0.104
Variation 1 -0.102§ -0.092§ -0.134§ -0.092t -0.679§ -0.164
Variation 2 -0.090§ -0.002 -0.088§ -0.120§ -0.066: -0.054§ -0.630§ -0.418§ -0.212t
Variation 3 -0.094§ -0.084§ -0.124§ -0.039* -0.624§ -0.109
Variation 4 -0.011 -0.083§ -0.086§ -0.038* -0.625§ 0.006
Variation 5 -0.018* -0.076t -0.071§ -0.053t -0.447§ -0.172
Variation 6 -0.076§ 0.016 -0.092t -0.074§ -0.014 -0.060t -0.575§ -0.348§ -0.227
Variation 7 -0.101§ -0.014 -0.087§ -0.110§ -0.060§ -0.050* -0.598§ -0.456§ -0.142

Subscripts: m, morphological diversity; t, taxonomic diversity; i, value inherent in time scale. Each entry is the difference between two
statistics. Negative entries mean that the first statistic is more bottom-heavy. Blank entries indicate initial data. Superscripts indicate two-tailed
probabilities that two statistics are drawn from the same sampling distribution (*, P < 0.1; t, P < 0.05; *, P < 0.01; §, P < 0.001).Data variations
are described in the text. Following the original procedure (23, 24), the time scale is adjusted so that CG and M vary from zero to unity.

sented) based on the assumption that the bootstrapped dis-
tributions of clade-shape statistics are normal.
By any measure of clade shape, morphological diversity is

significantly bottom-heavy (Table 2). Taxonomic diversity is
not top-heavy, but whether it is bottom-heavy depends on the
statistic used (Table 2). The comparison ofmorphological and
taxonomic diversity is ambiguous; morphological diversity is
more bottom-heavy but the apparent significance of this
depends on the statistic used. At this point it is most
conservative to conclude that the two aspects of diversity,
though they clearly show different temporal patterns, differ
in ways that are not fully accounted for by these generalized
clade-shape descriptors.

Several variations in the data were explored to determine
to what extent the observed patterns could reflect subjective
choices regarding taxa included in the analysis, coding of
characters, time scale employed, and other factors.

Variation 1. To assess the effect of uncertainty in the
character data, 15 characters that are unknown in half or
more of all species were omitted.

Variation 2. There is debate whether paracrinoids and
cryptocrinoids are blastozoans. Initial analysis included
these forms, but data were reanalyzed without them.

Variation 3. Several forms, notably sphaeronitid diplopo-
rans and some rhombiferans, have facets for the attachment
of appendages, but these appendages themselves are un-
known. These were initially coded as brachioles of uncertain
morphology, but it has been suggested (33, 34) that they may
have been erect ambulacra, possibly bearing brachioles. Of
147 species studied, 22 were recoded as having erect ambu-
lacra of unknown morphology.

Variation 4. Tojudge the robustness oftemporal pattern in
generic diversity, a new taxonomic data set was made by
omitting from the initial data all genera not recognized in ref.
41.

Variation 5. To compensate for differences in time-
averaging, a separate analysis measured taxonomic diversity
as genera per ma rather than raw number of genera.

Variation 6. Clade-shape statistics were calculated based
on a 12-interval Harland scale (like the 10-interval scale used
above, but with the Middle and Upper Cambrian and Middle
and Upper Ordovician no longer combined).

Variation 7. Analyses were also performed using a 10-
interval Odin time scale (42), which differs from the Harland
scale mainly in the young age for the base of the Cambrian
and the consequently shorter durations of early Paleozoic
intervals.
Although variations in the data yield subtle differences in

clade-shape statistics, the patterns are largely consistent with
those obtained with the initial data (Table 2). Differences in
results may be productively interpreted-for example, how
do paracrinoids contribute to our perception of blastozoan
diversity?-but the emphasis here is on the sensitivity of

results to conventions adopted for data analysis. The broad
concordance of results suggests that documented diversity
patterns and associated clade-shape statistics provide robust
reflections of the underlying diversity histories.

Discussion and Conclusions

Morphological diversity in blastozoan echinoderms increases
greatly in the Cambrian and is maximal in the Mid-Upper
Ordovician, whereas the ratio of morphological to taxonomic
diversity is greatest in the Cambrian. Previous authors have
advocated similar results for echinoderms as a whole (12) and
arthropods (1, 5), although without reference to quantitative
morphologic analysis. The high ratio of morphological to
taxonomic diversity in Cambrian blastozoans is consistent
with a broad but sparse occupation of morphospace. Ordi-
nation analysis of species based on the matrix of pairwise
dissimilarities (not presented here) supports this inference.
Because morphological diversity is based on explicit analysis
of forms, not a proxy such as number of higher taxa,
documented patterns of morphological diversity are not
artifacts of taxonomic practice such as the recognition of
many small taxa of high rank.

In a simple, time-homogeneous branching model, morpho-
logical diversity in a randomly evolving clade should be more
top-heavy than taxonomic diversity (16). Blastozoans clearly
violate this generalization, thus suggesting a nonrandom
component to their history, one possible example of which
would be a secular decrease in the average morphological
step associated with evolutionary transitions. This study
does not address the cause(s) of early morphological diver-
sification. Pronounced early diversity is consistent with rapid
colonization of "empty" ecological space (12, 23), low levels
of selection and competition that would permit a broad range
of forms (12, 23), and genomic structure that might facilitate
evolution of new forms (2, 3).

Unlike previous studies (7, 8, 18), character analysis in this
study is aimed at morphological diversity, not evolutionary
rates or phylogenetic inference, both of which would often
place little emphasis on primitive characters. It bears repeat-
ing that the rate of acquisition of novelties is only part of the
diversity picture; the maintenance of primitive and derived
states and the distribution of character states must also be
considered.
Although it is often argued that taxonomic rank is largely

a human construct, the fact remains that as taxonomic rank
increases it becomes progressively more difficult to quantify
the form of all included species with the same set of mor-
phological variables (19). The approach developed here is
potentially useful for analyzing morphological diversity in
other taxa and at higher taxonomic levels. Macroevolution-
ary questions that have been difficult to study may be
tractable if approached in the manner outlined here.

7328 Evolution: Foote



Proc. Natl. Acad. Sci. USA 89 (1992) 7329

For discussion and comments I thank B. E. Bodenbender, C. E.
Brett, W. L. Fink, D. C. Fisher, P. D. Gingerich, S. J. Gould, D. K.
Jacobs, C. R. Marshall, D. W. McShea, A. B. Smith, G. R. Smith,
and J. Sprinkle. Acknowledgment is made to the Donors of the
Petroleum Research Fund, administered by the American Chemical
Society, for support of this research.

1. Gould, S. J. (1989) Wonderful Life (Norton, New York), p. 347.
2. Jacobs, D. K. (1990) Proc. Natl. Acad. Sci. USA 87, 4406-

4410.
3. Erwin, D. H. & Valentine, J. W. (1984) Proc. Nati. Acad. Sci.

USA 81, 5482-5483.
4. Valentine, J. W. (1969) Palaeontology 12, 684-709.
5. Whittington, H. B. (1980) Proc. Geol. Assoc. 91, 127-148.
6. Briggs, D. E. G. & Fortey, R. A. (1989) Science 246, 241-243.
7. Smith, A. B. (1988) Palaeontology 31, 799-828.
8. Smith, A. B. (1990) in Major Evolutionary Radiations, eds.

Taylor, P. D. & Larwood, G. P. (Clarendon, Oxford), pp.
265-286.

9. Yochelson, E. L. (1979) in The Origin of Major Invertebrate
Groups, ed. House, M. R. (Academic, London), pp. 323-358.

10. Runnegar, B. (1987) in Rates of Evolution, eds. Campbell,
K. S. W. & Day, M. F. (Allen & Unwin, London), pp. 39-60.

11. Paul, C. R. C. (1979) in The Origin of Major Invertebrate
Groups, ed. House, M. R. (Academic, London), pp. 415-434.

12. Sprinkle, J. (1980) in Echinoderms: Notes for a Short Course,
eds. Broadhead, T. W. & Waters, J. A. (Univ. of Tennessee,
Knoxville, TN), pp. 86-91.

13. Sprinkle, J. (1976) Syst. Zool. 25, 83-91.
14. Breimer, A. & Ubaghs, G. (1974) K. Ned. Akad. Wet. Proc.

B77, 398-417.
15. Foote, M. (1991) Palaeontology 34, 461-485.
16. Foote, M. (1991) Contrib. Mus. Paleontol. Univ. Mich. 28,

101-140.
17. Campbell, K. S. W. & Marshall, C. M. (1987) in Rates of

Evolution, eds. Campbell, K. S. W. & Day, M. F. (Allen &
Unwin, London), pp. 61-100.

18. Derstler, K. (1982) Proc. Third N. Amer. Paleontol. Conv. 1,
131-136.

19. Gould, S. J. (1991) Paleobiology 17, 411-423.
20. Raup, D. M. (1967) J. Paleontol. 41, 43-65.
21. Saunders, W. B. & Swan, A. R. H. (1984) Paleobiology 10,

195-228.

22. Cherry, L. M., Case, S. M., Kunkel, J. G., Wyles, J. S. &
Wilson, A. C. (1982) Evolution 36, 914-933.

23. Gould, S. J., Raup, D. M., Sepkoski, J. J., Jr., Schopf,
T. J. M. & Simberloff, D. S. (1977) Paleobiology 3, 23-40.

24. Gould, S. J., Gilinsky, N. L. & German, R. Z. (1987) Science
236, 1437-1441.

25. Sloss, L. L. (1950) J. Paleontol. 24, 131-139.
26. Muller, A. H. (1955) Der Grossablaufder Stammesgeschicht-

lichen Entwicklung (Fischer, Jena, F.R.G.), p. 50.
27. Sprinkle, J. (1973) Morphology and Evolution of Blastozoan

Echinoderms (Museum of Comparative Zoology, Cambridge,
MA), p. 283.

28. Brett, C. E., Frest, T. J., Sprinkle, J. & Clement, C. R. (1983)
J. Paleontol. 57, 627-651.

29. Parsley, R. L. & Mintz, L. W. (1975) Bull. Am. Paleontol. 68
(228), 1-116.

30. Paul, C. R. C. (1988) in Echinoderm Phylogeny and Evolution-
ary Biology, eds. Paul, C. R. C. & Smith, A. B. (Clarendon,
Oxford), pp. 199-213.

31. Sneath, P. H. A. & Sokal, R. R. (1973) Numerical Taxonomy
(Freeman, San Francisco), p. 573.

32. Wiley, E. 0. (1981) Phylogenetics: The Theory and Practice of
Phylogenetic Systematics (Wiley, New York), p. 439.

33. Paul, C. R. C. (1973) Palaeontogr. Soc. Monogr. 127 (536),
1-64.

34. Paul, C. R. C. (1984) Palaeontogr. Soc. Monogr. 136 (563),
65-152.

35. Macurda, D. B., Jr. (1966) J. Paleontol. 40, 92-124.
36. Breimer, A. & Macurda, D. B., Jr. (1972) Verh. K. Ned. Akad.

Wet. Afd. Natuurk. Reeks 1 26, 1-390.
37. Foote, M. (1992) Paleobiology 18, 1-16.
38. Harland, W. B., Armstrong, R. L., Cox, A. V., Craig, L. E.,

Smith, A. G. & Smith, D. G. (1990) A Geologic Time Scale
1989 (Cambridge Univ. Press, New York), p. 263.

39. Sokal, R. R. & Rohlf, F. J. (1981) Biometry (Freeman, New
York), 2nd Ed., p. 859.

40. Efron, B. (1982) The Jackknife, the Bootstrap, and Other
Resampling Plans (Soc. Ind. Appl. Math., Philadelphia), p. 93.

41. Beaver, H. H., Caster, K. E., Durham, J. W., Fay, R. O.,
Fell, H. B., Kesling, R. V., Macurda, D. B., Jr., Moore, R. C.,
Ubaghs, G. & Wanner, J. (1968) Treatise on Invertebrate
Paleontology, Part S. Echinodermata 1. (Geol. Soc. Amer.,
Boulder, CO & Univ. of Kansas, Lawrence), p. 650.

42. Odin, G. S. (1982) Episodes 5, 3-9.

Evolution: Foote


