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PREFACE

This book contains the proceedings of a symposium held on June 21, 1982
during the sixty-third annual meeting of the Pacific Division, American Assc-
ciation for the Advancement of Science, at the University of California, Santa
Barbara. The symposium was part of the program of Section E {Geology and
Geography), coordinated by Dr. Peter U Rodda, Department of Geology,
California Academy of Sciences. The meetings as a whole were coordinated
by Dr. Alan E. Leviton, Executive Director, Pacific Division, AAAS, of the
Department of Herpetology, California Academy of Sciences; withcut his
enthusiastic support this volume could not have been developed,

The continued improvement of the data on Phanerozoic diversity and the
rising intensity of effort aimed at explaining the major questions raised by the
diversity patterns provided a strong basis for a meeting to exchange views and
to produce a collection of work representative of present research in this
field. Considering the piethora of symposia in paleontology, it is remarkable
that this is the first treatment of Phanerozoic diversity as such, one must turn
to such symposia as that of Harland et al. (The Fossil Record, Geol. Soc,
London, 1967} or the early effort organized by Newell (). Paleontology 26,
1952) to find fauly close though collateral relations. The differences between
the present volume and those earlier works are illuminating. The earlier works
are chiefly concerned with establishing whether there gre patterns and what
they are like, with comments on patterns associated with some major events
such as the Permian-Triassic extinction; most of the present papers are
routinely involved or explicitly concerned with theory or at least with expla-
nation, and should be of interest to biologists as well as paleobiologists.
Indeed it is a primary aim of this volume that it serve as a source for biolo-
gists, bringing tegether papers that would ctherwise be scattered, as an
intreduction to what the fossil record may contribute to understanding scme
macroevolutionary precesses.

Special thanks are due Dr. Edward Tenner, Princeton University Press, for
his interest and patience. Dr. Alfred G. Fischer, Department of Geology,
Princeten University and an anonymous reviewer offered encouragement and
constructive suggestions. Much of the editorizl work was accomplished while
I was in residence at the Department of Geology, Field Museum of Natural
History, Chicago, under the Visiling Scientist Program

lames W Valendime |
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INTRODUCTION

DIVERSITY AS DATA

JAMES W VALENTINE

Department of Geological Sciences, University of Catifornia, Santa Barbara

Charles Darwin had a lot of trouble with the fossil record. He was able to use
it as strong evidence that evolution had occurred, observing that there had
been a long history of ancient life, with biotas succeeding each other through
time. However, when it came to using fossil data to support the idea that nat-
ural selection was responsible for evolution, the fossil record was singularly
unhelpful. Darwin was forced to argue that the record was good enough to
establish evolution as a fact but poor enough that evidence of change via
natural selection could net be found (Rudwick, 1976).

Within a year of the publication of the Origin of Species, a number of
leading paleontologists had pointed out that the record was not really neutral
with regard to Darwin’s expectations, but was best interpreted as being at
odds with them (for example Owen, Philipps, and Pictet; see Rudwick, 1976).
Despite such opinions, or perhaps because of them, it has been a common no-
tion since Darwin’s time that data from the fossil record are inappropriate for
the study of evolutionary processes, although it is usually conceded that the
data may be used in tracmg the broad course of evolutionary history (see
Valentine, 1981). Simular sentiments can be heard when the fossil record is
studied from an ecological standpoint. For example, some helieve that ths
record may provide evidence of the associations of fossilizable species in

®1985 by Princeten University Press
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4 VALENTINE

empirically established “fossil communities” and of community distributions
in space and time, but that it cannot be used to study the ecological processes
associated with those communities.

There is wide agrecment that the contribution to geclogical science of both
evolutionary and ecological aspects of the fossil record has been quite signifi-
cant, but these successes have been almost entirely empirical. The patterns in
space and time of fossil taxa or of fossil associations were Invaluable in devel-
oping the very principles of stratigraphy and more recently in establishing
sophisticated interpretations of ancient envirenmental frameworks of depo-
sition. Yet until quite recently there has been relatively little theoretical
feedback from palecntology inte biclogy. A major exception heas been the
work ol George Gaylord Simpson (see Gould, 1980), which however assumed
the corrcetness of a certain body of evolutionary opinion (which became the
“synthetic theory™} and then rationzlized the fossil patterns, albeit brilliant-
ly, in an attempt to show that evolutionary processes as then understood
were essentially sufficient to account for the fossil patterns.

As continuing work on the fossil record has improved our understanding of
its quality and limitations, it has become clear that the pessimistic assess-
ments of its potential contributicns to biclogical theory have been largely in-
correct, Hypotheses concerning evolutionary or ecological processes comumnon-
ly entail predictions as to what Tossil patterns must be like, should a given
hypothesis be correct. Tt has turned out that many patterns have been differ-
ent from the predictions, sometimes strikingly so, and that these patterns can-
not be argucd away as artifacts of an incomplete fossil record. The gradual-
istic puttern of evolution predicted by Darwin is simply not found—simply
did not occur—m many cases. The circumstancges acting to produce the pat-
terns that we do find—the punctuational pattern of species lineages (El-
dredge, 1971; Eldredge and Gould, 1972) and the sudden introductions of
major new body plans-—are still not understood

When paleontologists discover patterns that differ from predicted ones, or
when they [ind patterns that are simply not anticipated by prevailing theo-
ries, they have the obligation to create new hypotheses to explzin the obser-
vations. Such hypotheses can then be tested, perhaps among the living biota,
in the usual manner The source of an hypothesis—whether from the [ossil
recerd or the genetic laboratory—is not in itself relevant to its success.

Among the more interesting sorts of patterns that are displayed in the fos-
sil record are patterns of diversity trends, Diversity varies spatially in today’s
world, in patterns which are still under intense study, and by causes which are
still under hot debate. The spatial patterns have varied through geological
time, and diversity levels have varied as well, locally and globally, It is plausi-
ble that strong evidence can be found in the varied fossil patlerns to lalsily or

DIVERSITY ASDATA b

diversity regulation and change; fossil evidence may also lead to additional
hypotheses as required

DIVERSITY IN THE FOSSIL RECORD

To paleontologists, the term diversity usually means simply the numbers of
fossil taxa associated with a certain place and time. The taxa may be at any
given taxonomic level, the place may vary from a microscopic rock sample to
the enlire planet, and the time may range from a theoretical instant to the en-
tire duration of earthly life.

TAXA

The familiar nested hierarchy of taxonomic units permits us to study diver-
sity at a series of levels that vary in inclusiveness and in the quality of their
fossil records. A basic problem is that many of the processes in which we are
interested occur at the species level or below, while owing to the nature of
the fossil record our data are best a1 higher taxonomic levels. Phanerozoic
marine species diversity cannot be read directly from the fossil record via
counts of fossil species; the record 1s simply too fragmentary. The record of
families should be much better, and therefore many palecdiversity studies are
conducted at the family level. However, a4 couple of major preblems remain.
First, soft-bodied or thin-shelled forms are unlikely to leave records at any
taxanomic level, or if they do become fossilized, to leave records that are
comparable to those of the well-skeletonized groups. And second, family di-
versity is not a good predictor of the diversity in, say, classes (Valentine,
1969) and there is no special reason to expect that it predicts species diversity
closely either. In fact, the species/family ratio varies by over a factor of four
between the tropics and the arctic in the eastern Pacific today.

Fortunately, among the living fauna, faunal diversity trends exhibited by
the living species distribution of the easily fossilizable fraction of the fauna
are reflected, though muted, at the family level (Stehli et al., 1967; Campbell
and Valentine, 1977), and gross temporal frends of marine species numbers
also seem to be reflected on the family level (Sepkoski et al., 1980). Cautious
use of family-level fossil data as a basis for the interpretation of diversity pat-
terns and trends therefore seems warranted.

A common practice is to study the diversity trend within a given clade ra-
ther than within entire Faunal associations, giving rise to the familiar spindie
diagrams (or olher curves) which depict the changing fortunes of, say, trilo-
bites o1 ammonites through time. With such data, an important concern has
been whethier the vaiations evident from the fossil record reflected the
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workings of deterministic processes, or whether they wete chielly the pro-
ducts of chance events and therefore subject to overinterpretation. Studics by
Ruaup et al, (1973), Stanley et al. (1981) and Raup (1981) have had the final
efleet of reinforcing the belief, based upon previous empirical and theoretical
findings, that most of the abrupt, fairdly large, or long-term changes in clade
sive can be interpreted in terms of ecological and evolutionary processes. For
each individual case, hewever, caution is certainly indicated.

PLACIES

The biosphere can also be regarded as a nested hierarchy, of ecological rather
(han Lixononic units, with levels composed of individuals, populations, com-
munities, piovinees and the biosphere. Diversity is accommodated on more
than ane level (Valentine, 1968, 1969); taxonomic richness may vary with
the pucking of pepulations within communities, with the packing of commu-
nities within hotic provinces, and with the packing of provinces within the
biosphicre, Thus the number of taxa in the biosphere may vary greatly if, say,
1hie numhers of communities change or if the numbers of provinces vary, even
if packing within communities 1emains constant. The fossil record provides
examples of change on all these levels: species packing within communities
has on balnce increased during the Phanerozoic (Bambach, 1977}, commu-
nity packing has varicd with (he appearance and disappearance of reef com-
munity complexes (Newell, 1971); and the number of marine provinces has
varied from a few to over 30 (Valentine et al., 1978), for example. To study
ecological aspects of diversity at whatever faxonomic level, fossil samples
should be amenable to interpreiation in terms of the communities and/or
provinces in which the biota lived, or should be representative of an entire
ecological realm, such as the marine biosphere. These constderations permit
us 1o scale our sampling efforts accordingly.

TIMES

The fossil record is a notoriously poer place to study paleobiological events
which occurred within relatively short time spans. The problems of time reso-
lution in the geological record are complex (see for example the symposium
“Time Resolution in Evclutionary Paleobiology” summarized by Behrens-
meyer and Schindel, 1983, and references theremn). Processes such as speciu-
tion are not routinely amenable to paleontological investigation. Diversity
fluctuations involving thousands to tens of thousands of years may be
“ephemeral” so far as the actual record of the change is concerned. Neverthe-
less such events leave behind indications that they have occurred. New species
appear following speciations, and diversity fluctuations require cither
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extirpaticns from or additions to the biota, and these are then indicated by
compositional changes. Thus paleobiologists can study the long-term results
of short-term cvents.

Because time resolution is often coarse, the major diversity patterns are
time-averaged, with the loss or masking of short-term dynamics of fossil
change. Actually we are stiil short of achieving the scope and dctail in correia-
tion and dating of fossiliferous rocks that is technically possible, so that as
work goes on important unprovemenis oceur steadily; as this continues more
of the shorter-term patterns will ke elucidated. It is not yvet clear that this will
in fact help to interpret the gross patterns of Phanerozoic diversity. At any
rate we do have marvelous patterns now at the resolutions presently available
and there is no reason not to proceed in their interpretation, so long as we
take due account of the scales at which we operate.

SWEET ARE THE USES OF DIVERSITY

For the study of paleodiversity, the final goals involve synthesis of the proces-
ses connecting the ecoelogical structure of the envirecnment, the taxonomic
structure of the biota over all categories, and the history of the individual
clades at each taxonomic level. We are far from such goals, which are tanta-
mounl to understanding macroevolution, but nevertheless they appear to be
within eventual reach. Paleontologists have been piling up data on biotic his-
tory for many decades now at an accelerating pace, Perhaps within some of
these messy piles of data there are elegant principles struggling to get out? If
50, it may well be diversity studies that eventually set them free
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PHANEROZOIC DIVERSITY TRENDS

This first section leads off with an atias of Phanerozoic diversity patteras by
Sepkoski and Huiver, which provides up-to-date information on diversity
trends on a global scale at the family level across the whole span of multi-
cellular life. In a very real sense, the remaining papers in this volume attempt
to analyze and explain aspects of these patterns. The atlzs includes z revised
version of the spindle diagrams of Phanerozoic marine family diversity,
chiefly by phyla, published previously by Sepkoski (1981), together with new
detailed breakdowns of family diversity within orders or other approprate
mid-level taxonomic categories. Similar diagrams for taxa inhabiting the
terrestrial biosphere are published for the first time.

Each of the following three papers in this section examines the Phanero-
zoic diversily of a major biotic component. Terrestrial vertebrate diversity is
not as well represented 1 the fossil record as is marine invertebrate diversity
Padian and Clemens discuss the probiems and promises of these vertebrate
data and show that whatever biases are present, the changing patterns that
can be discerned do provide important information on extinctions and on
diversification processes. The record of vascular plants is even more spotty,
and the fossil species diversity pattern is expected to be little more than a
sketchy cartcon of historical conditions, Niklas, Tiffney, and Knoll neverthe-
less show that plant species data do indicate the rise and fall of major floral
assemblages and also display some intriguing regularities. Signor attempis to
infer the species diversity record of marine invertebrates, for which the fossil
record is believed (o be inadequate, from the relatively gocd family record.
This adds fresh fuel te the fire of an cld debate and may bring us closer to
understanding the history of diversity at the level where most biotic processes
actually cperate,



Chapter 3

AN ATLAS OF PHANEROZOIC
CLADE DIVERSITY DIAGRAMS

4. JOHN SEPKOSKI, Jroand MICHAEL L HULVER

Department of the Geophysical Sciences, University of Chicago

Clade diversity diagrams are spindle-shaped graphs that summarize patterns of
taxonomic evolution within higher taxa through geologic time. Most clade
diversity diagrams are constructed about a central axis that represents time
(scaled either metricaily or ordinally, by stratigraphic interval). Some mea-
sure or estimate of taxonomic diversity {or “richness”) is then plotted sym-
metrically about the axis to give the diagram an overall spindle shape (e.g.,
Figure 1).

Diversity diagrams for individual clades convey information about their
size, shape, and variability in the fossil record (cf. Gould et al., 1977). Such
“morphologic” information is valuable for assessing how evolutionary rates
(that is, rates of origination and extinction) vary within the taxa through
geologic time. Clade diversity diagrams for groups of higher taxa hypothe-
sized to be related by phylogeny or by function are useful for comparisons of
the histories of the taxa. Common patterns of expansion or contraction may
relate to general factors governing all taxa, whereas reciprocal patterns may
be interpretable as negative interactions between pairs of ecologically similar
taxa (e.g., Simpson, 1953; Bambach, this volume). Sets of clade diversity
diagrams also are useful for summarizing variation among large numbers of
clades for the purpose of testing general macroevolutionary models (e.g.,
Raup et al., 1973; Gould et al., 1977).

@ 1986 by Princeton University Press
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This chapter presents a collection of clade diversity diagrams which we hope
will be useful for examining the general histones of a wide variety of animal
taxa The main body of the chapter is a series of 12 figures displaying spindle
diagrams for orders, classes, and phyla of both marine and nonmarine (or
“continental™) animals for the whole of the Phanerozoic (including the Vend-
ian). Nearly all of the diagrams are plotted at & uniform taxonomic and tem-
poral resoluticn, specifically that of familial diversity per stratigraphic stage.
The taxonomic rank of family is used simply because comprehensive data
with good stratigraphic resolution can be obtained for all animal groups at
this level. Although families do not dispiay ali of the detail of the fossil rec-
ord, they should be sufficiently sensitive to show major evelutionary trends
and patterns with characteristic timescales of fives to tens of million years
(see alsc Sepkoski, 1979, 19824, Raup and Sepkoski, 1982).

The clade diversity diagrams in most of the figures are formatted in strips
that have time in the vertical dimension. Most of the strips are scaled from
625 myr at their bottoms to approximately 1 myr BP at their tops. (No data
on Recent diversity are directly included in the diagrams.) Geologic eras and
systems are indicated at the lefthand cnds of the strips, with eras denoted by
(7 = Cenozoic, Mz = Mesozoic, Pz = Paleozoic, and pe = latest Precambrian;
systems are denoted by standard symbois, with 7= Vendian. The widths of
the clade diversity diagrams in each strip mndicate the numbers of families
known from direct fossil evidence or from interpolation between known oc-
currences 1o be present in the “clades” in each of 80 stratigraphic stages or
comparable intervals (see Table 1 in Sepkoski, 19382b for a listing of the
stages used). A scale for the familial diversities appears in the lower righthand
part of most of the figures. All of the diagrams were produced with an IBM
Personal Computer and Epson dot-matrix printer.

The first two figures in this chapter contain class-level summaries of the en-
tire Phanerozoic fossi) record. Figure 1 displays clade diversity diagrams for
the 87 classes and 15 unique, problematic genera that have representatives in
the marine fossil record. This illustration is an updated version of Figure 1 in
Sepkoski (1981) with corrections based on new data in Sepkoski {1982b).
The second figure in this chapter summarizes the continental fossil record.
The diversity diagrams display numbers of freshwater and terrestrial families
within the 39 animal classes known from the nonmarine fossil record; data on
the classes were compiled from the literature sources listed in Table 1. Also
shown at the bottom of Figure 2 are clade diversity diagrams for numbers of
species within the 13 taxonomic divisions of the tracheophytes and bryo-
phytes; the data for these diagrams were taken from Niklas, Tilfrey and
Knell (this volume).

The next eight figures illustrate a hreakdown ol the class-level clades into
their constituent orders. Time and diversity in all dingrnns e plotied at the

CLADE DIVERS!TY DIAGRAMS

TABLE 1. Principal literature sources of information on the taxonomy
and stratigraphy of continental animal families

Taxon

References

MOLLUSCA:

ARTHROPODA-
(excl. insects)

INSECTA;

CHORDATA:

OTHERS:

Davies {1971), Henderson (1935), Moore, Teichert,
and Roebison (1953-1982), Orlov (1958-1964), Soiem
and Yochelson (1979), Taylor and Sohi (1962),

Cooper (1964), Harland et al (1967), Kukalovi-Peck
(1373}, Moore, Teichert, and Robison {1953-1982)
Morzis (1979), Mundel (1979), Orlov (1958-1964), ’
Piveteau (1952-1969), Rolfe et al. {1983), Schram
(1969}, Schram and Schram (1979).

Barthel (1978), Bode (1953), Burnham (1978),
Carpenter (1976, 1979, 1989), Evans (1956}, Grande
(1980), Harland ct al. (1967), Hoganson and Ash-
worth (1982), Jarzembowski (1980), Kukalova (1966
1969}, Kukalovd-Peck {1973, 1975), MacLeod (1 970),
Muller (1963-1970), Orlov (1958-1964), Piveteay
(1952-1969), Rodendorf {1968), Rolfe et al. (1983)
Whaliey (1980), Wighion (1982), Wilson {1978). ,

Brodikerb (1967, 1971, 1978), Carroll (1977), Charig
et al. {1976), Denison (1978, 1979), Eisenberg (1981)
Estes (1981), Grande {1980), Harland ot al. (1967) ,
Kuhn (1969), Lillegraven et al. (1979), Miynarski J
(1976}, Moy-Thomas and Miles (1271), Nelson

{1976), Olsen and Galton (1977}, Orlov (1958-1964)
Romer (1966), Russell (1975}, Steel (1970, 1973} ’
Zanger] (1981). ,

Clark {1969), Conway Morris (1981}, Conway Morris
et al. (1982), Harland et al. {1967), Kukalovi-Peck
(1973), Moore, Teichert and Robison (1953-1982)
Schram (1979), Southeott and Lange (1971), ’
Thompson and Jenes (1980).
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Figure 5 Families within orders of fossil marine Mellusca
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Figure 7. Families within crders of fossil Echinodermata
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Figure 8. Familics within orders of marine Vertebrata
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Figure 9. Families within orders of fossil nonmarine Arthropoda.
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Figure 10, Familles within orders of fossil nonmarine Vertebrata



32 SEPKOSKI AND HULVER

same relative scale as in Figures 1 and 2 in order to facilitate comparison. Fig-
ures 3 and 4 dispiay family-level clade diagrams for orders within the moder-
ately diverse marine phyla: the Protozoa, Porifera, Coelenterata, Bryozoa,
Brachiopoda, Annelida, and Hemichordata (The set of clade diversity dia-
grams for the Annelida includes several taxa of questionable affinities which
might best be considered incerrae sedis; these are in the group of diagrams be-
ginning with Cribricyathida and ending with Cornulitidae.} The more diverse
maring phyla are represented in Figures 5 to 8. Figure 5 displays orders of
marine molluscs; Figure 6 orders of marine arthropods; Figure 7 orders of
echinoderms; and Figure § orders of marine vertebrates

The two large phyla of conlinental animals, the nonmarine Arthropoda and
Chordata, arc featured in Figures 9 and 10. Nonmarine taxa have been segre-
gated from their marine relatives because we believe that the land and sea are
best treated as separate major arenas of evolution (see also Boucot, 1983)
Despite the fact that somc continental clades contain secondary species which
alternate between marine and nonmarine habitats, and that all clades ulti-
mately had their origins in the oceans, the great majority of continental ani-
mals evolved in sifu, isolated from evolutionary activity in the seas. Thus, the
segregation of marine and continenial taxa enhances assessment of evoluticn-
ary patterns within the two arenas as well as comparisons between them,
Note that the time axes for the continental clade diversity diagrams in Figures
9 and 10 have been truncated below the Silurian; this is because there is virtu-
ally no nonmarine fossil record prior to the mid Paleozoic (see Boucot and
Janis, 1983).

The final pair of figures in this chapter (Figures 11 and 12} contains 14
diversity diagrams for families within entire phyla, split again between marine
and continental, These diagrams are formatted somewhat differently than in
the preceding figures. The spindles have been cut in half and rotated so that
the time axis runs horizontally. This arrangement permits easier assessment of
the times and magnitudes of diversity change but impedes comparison of
changes between groups.

The use of a single level of taxonomic and stratigraphic resclution in all
clade diversity diagrams is inlended to aid interpretation and comparison of
patterns among the various taxa. However, the constancy of resoluticn dees
not imply a uniformity of quality throughout the data. The accuracy of the
taxonomic and stratigraphic information varies considerably among the taxo-
nomic groups In general, the quality is much better for marine taxa than for
nonmarine taxa. Also, as should be expected, the fossil data are much better
(and much more complete) for heavily skeletonized animals than for soft-
hodied and lightly sclerotized animals. Tn fact, many of the diagrams for the
latter groups reflect little more than the geologic distribution of Lagerstalicn
thal preserve unusual lossils This is particulanly evident in the long, thin
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Figure 1. Familial diversity of selected marine animal phyla

clade diagrams for such extant groups as the Nemerlinea and Priapulida (Fig-
ure 1), these diagrams show only the extension of stratigraphic ranges from
the Recent to the one or moere Lagerstatten that happen to contain the
groups’ carly members.

Much ol the characler of the diversily diagrams [or some large clades, such
as insects (Figuies 2 and 9), also represents the effects of Lagerstatten. For
the insects, the moere important Lagerstatien include the Upper Carboniferous
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Figure 12. Familial diversity of sclected marine and continental animal phyla

siderite concretion deposits of North America and Europe, the mid-Permian
lake deposits of Kansas and Kazakhstan, the Eocene Green River deposits of
Wyoming, and especially the Oligocene Baltic Amber of northern Europe,
The Baltic Amber alone contributes most of the Cenozoic bulge in the clade
diversity diagrams for both insects and other lightly sclerotized terrestrial
arthropods (Figures 2, 9, and 12). The effcets of Lagerstatlen, or of lheir
non-occurrence, are even seen in some well-skeletonized gronps with lairly
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extensive fossil records. The drop in the diversity of continental vertebrates in
the Jurassic (Figure 12), for example, probably reflects largely z paucity of
fossiliferous centinental deposits between the Rhaetian and Tithonian (see
also Carroll, 1977; Padian and Clemens, 1985, this velume).

These shortcomings of the fossil record, along with the problens associated
wilth family-level data and 5 to 10 myr-long stages, do limit the value of the
clade diversity diagrams presented here. However, we believe that a great
deal still can ke learned from therm about the shape of evolution—about (he
success and failure of taxa and about the apparent order, or disorder, in their
radiations and extinctions. Thus, we hope that this “atlas” will aid in the
assessment and interpretation of evelutionary history as well as serve as a
bascline for the compilation of more accurate and detailed diversity data.
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Chapter 2
TERRESTRIAL VERTEBRATE DIVERSITY:
EPISODES AND INSIGHTS

K PADIAN and W A CLEMENS

Department of Paleontclogy, University of Catifornia, Berkeley

Dedicated ro the lote George Gaylord Simpson

INTRODUCTION

One of the most important contributions to the advancement of palecbiology
in the past ten years has been an increased understanding of the character and
pace of change of biotic diversity through time. This has been initiated by
comprehensive analysis of taxonomic patterns and interpretation of the ap-
parent results with respect to underlying evolutionary histories and processes
as well as to possible sources of sampling and other hiases {reviewed in Simp-
son, 1960; Raup, 1976, 19790; Thomson, 1976; Hallam, 1977; Sepkoski et
al., 1981; see also other papers in this volume).

Many questions and paradoxes remain in the study of paleovertebrate diver-
sity. To what extent are some apparent patterns the result of physical pro-
cesses: post-mortem sorting of bones and teeth, differences in depositional
environments, or current availability of outcrops of fossiliferous strata? How
do differences in intensity of study bias our perception of the fossil record,
and how can nonstochastic patterns be recognized? In short, to what extent
can we use the apparent fossil record of changing diversity of taxa to infer eve-
lutionary processes, including adaptation, selection, and species replacement?

The purpose of this paper is to separate that portion of the data that com-
prises the fossil record of terrestrial vertebrates, and te examine some of the
above questions in light of the possibilities and difficulties of the record. A
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hasic discussion of some of these problems may explain why the available
data take the shupes seen in tabulations of diversity, and show what kinds of
evolutionary questions can be addressed (o this record. In some cases, new a(.l-
vances in the ficld. such as application of Sepkoski’s (1981} factor-analytic
approach to the terrestrial data, may help Lo go beyond the biases to a fuller
understanding of evolutionary patterns. Recent advances in many areas of
vertebrate paleontology were reviewed by Hopson and Radinsky (1.980); the
uses of phylogenetic analysis as a baseline {or other kinds of evolutionary in-
quiries can be found in Cracraft (1981), Lauder (1981), Flshe.r (1982), a1.'1d
Padian (1982). This paper centers on patterns, biases, and guestions that arise
in both general and specific analyses of vertebrate history

Several useful studies of diversity through time in specific vertebrate groups
have formed the basis for part of the present work. Fishes are largely ex-
cluded from this survey because they have been extensively considered by
Thomsen (1977), and te separate marine and nonmarine typels here \ivould
not give a representative picture of their patterns of d i.'.-?rniu'. ‘n’v J.lw e
porated some of the tzbulations and interpretations vl Carroll (1977) on g
phibians and Gingerich (1977) on mammals. Like thise .-.u‘:lnlrs..x-;e. |'.-.'i1.-'r::.
relied largely on Romer (1966) and Harland et al. (1967) lor caompilation of
systematic diversity, correcting somewhat for systematic revigions made dur
u-m the past fifteen vears: We have also referred to the taxontmic tnhulations
-.1t'- Liltegraven (1972} on lossil mammals Finully, we wish ta ;s-u.knu'ﬁ'l_ud;._;u
eratifully access to ). ), Sepkoski's previously unpublished 1ahulations of ver-
telirate diversity. which were compiled largely from the above sources. The
phrase “fossil record” is used here in reference to those fossils in hand and
available for study. As Durham (1967) and others have emphasized, thesg are
but a small part of the total assemblage of records of prehistoric organisms
preserved in the rocks of the earth’s crust.

THE TERRESTRIAL VERTEBRATE RECORD

The terrestrial fossil record is far poorer than the marine record in many ways,
although it is still amenable to many kinds of gquesticns. Terrestrial sed:-
ments provide a relatively small portion of the available fossil record {Raup,
1976ab: Niklas et al., 1980). Their representation improves toward the Re-
cent, though biases of sampling, preservation, and taxonomic interest cannot
be discounted. The terrestrial record has never been completely assessed with
these factors in mind, although some data are available (e g., Ronov, 1959,
1982) and new approaches have been cffered (e.g., Bakker, 1977),

The relative representation of the marine and fossil records has nol been ex-

tensively studied with respect to amount of preserved aiea through time
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The size relationship of the shelf area to the inner continental area depends
on sea level, the slope of the shelf, the absolute area of the continental mass,
and other factors. Available shelf area should increase with subdivision of (he
continents by epicontinental seas or fragmentation of the continents by drift
Since the Permian, subdivision of the continents has incressed, and at times
epicontinental seas have also covered much of the continental surfuce. How-
ever, there are only on the order of 10,000 species of fossil terrestrial verte-
brates, whereas marine fossils number on the order of 180,000 species (Raup,
1976). The great discrepancy in known diversity of marine and terrestrial
species through time seems not to be related mainly to available living area,
but to environmental potential for fossilization and preservation. Even the
record ol “terrestrial” vertebrates depends to some extent on the marine
record. The Lower Jurassic limestones of southwest England and the Upper
Jurassic limesiones of the Solnhefen region of West Germany provide ex-
amples. The first recerds deposition in a transgressive sex. the second in an
ancient lagoon; yet both preserve recerds of “terrestrial” reptiles (pterosaurs,
crocodiles, and dinosaurs). In some cases such marine deposits provide most
of what we know of the “terrestrial” vertebrates of one age and area (sec
Buffctaut, et al., 1982 for a report on the Middle Cretaceonus of Europe)

The same rules {or preservation of organic remains govern marine and terres-
trial regimes: quick burial, quiet sedimentation, and no destruction after
deposition. The paucity of terrestrial fossils reflects several major biases. In
subaerial terrestrial habitats, biotic remains tend te be destroyed by oxida-
tion, decomposition, and reworking of potential fossils and their sedimentary
envirenments, Furthermore, in comparison to the marine realm the terres
trial environment is primarily erosional, not depositional. On the average. ter-
resirial sediments are less continucusly accumulated than are marine sedi-
ments {Sadler, 1981), though some terrestrizl environments, such as lakes.
floodplains, and stream channels, can produce relatively complete records
over a long period of time if the environment remains stable and if the depo-
sited sediments escape subsequent erosion (Behrensmeyer, 1982; Dingus and
Sadier, 1982}, Deposits formed in aqualic environments. such as the geograph-
ically extensive and geologically long-lived Newark Supergroup of the castern
United States, the Eocene deposits of Messel, West Germany, and the Pleisto-
cene La Brea “tar pits” of Los Angeles, provide most of the terrestrial fossil
record, But such environments occupy only a small part of the contip-
ental surface, are ephemeral in duration, and may be unlikely to preserve any
records of certain kinds of organisms and their habitats. Such deposits pro-
vide the most detailed insights into fossil history, but are potentially mislead-
ing about the history and pace of terrestrial life (Bakker, 1977; see below).
Their paleodemographic data cannot be taken at face value. because such
Laperstatten seldom preserve organisms from arid or upland envirenments,
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Every form of life has its own potential for preservation dictated by the
structure of its body, “Soft parts™ are seldem fossilized, almost by definition,
although what is “soft” to an animal (or its depositional environment} may
be more durable in a plant, of which leaves, stems, waxy cuticles, and even
nuclei may all fossilize. Tt 15 rure to find fossil traces of nonskeletal tissues in
vertebrates, althcugh compressions or impressions of feathers, fur, wings,
gills, and skin are notable, if uncommon, exceptions. Most lrequently, iso-
lated elements or partial skeletons are preserved; size, durability, depositional
environment, and post-mortem selection by predators and decomposers are
among the meore important lactors determining taphonomic survivorship
(Behrensmeyer and [ill, 1980)

Because Tossil skeletons are seldom complele and sample sizes rarely large,
we have poor control over what defines a vertebrate paleentelogical species.
We do not have very reliable data on intraspecific variation in the form of
dinosaur bones, for instance, even though isolated bones have often been the
basis of new genera and species, On the other hand, the greater number of
parts and morphologic features in vertebrate skeletons provide many more
opportunities for determination of “specific” level differences among speci-
mens than is usually the case in invertebrates. Unfortunately, few isolated
skeletal elements are diagnestic to the species level. Consequently, as morpho-
logical species the vertebrates may be relatively oversplit compared to the in-
vertebrates; as biological species, however, the currenl taxonomy may repre-
sent or even underrcpresent species diversity, because the record is discontin-
uous enough to cast deubts upon actual breeding potential of many organ-
isms placed in the same species. For these reasons it may be more reliable to
use genus- or family-tevel data for geclogic ranges and derived estimates of
standing diversity, and this practice is lellowed here.

Another problem in estimating the tempo and mode of vertebrate fossil di-
versity is the difficulty in correlating terrestrial and marine faunas. Most time-
stratigraphic units of the Standard Geological Time Scale were established
on fossiliferous sequences of marine deposits in Europe. Correlations of
these units with those found in different areas and formed in different envi-
ronments decrease in precision with increasing age and stratigraphic incom-
pleteness of the deposits. For most of the Phanerozoic the vertebrate fossil
record lacks the quickly evolving and well-distributed groups that enhance the
precisicn of marine biostratigraphy. Usually, a combination of methaods, in-
cluding radiometric and relative geologic dating, marine and terrestrial inter-
fingering. correlations of widely distributed and (preferably) distantly related
vertebrate groups, and palynologic analysis, can be employed. These syn-
theses have made time calibration of the Cenozole terrestiial fossil iccord in-
creasingly precise (Savage, 1975, 1977}, and some of these methods have also
been applied to episodes in the Mesozolc.
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Finally, a human facter has to be added to the equation when the inverte-
brate and vertebrate records are compared. Throughout the history of the
field, specialists in vertebrate paleontology have been fewer in number than
their invertebrate colleagues (although it may seem that there are quite a lot
working on a single sub-phylum).  Although stratigraphic studies of fossil
vertebrates, the basis for research on patterns of change in diversity, have
tended to lag, this tendency has recently been reversed, notably for the ’Ceno-
zpic, and increasingly so for the Mesozoic. However, it is unlikely that the en-
tire terrestrial record will ever approach the marine record in accuracy of
correlation, because of phylogenetic and depositional factors. There are. after
all, few vertebrate equivalents of ammonites before the Tertiary radiatit;ns of
horses, rodents, and other rapidly evolving mammalian groups.

In spite of these limitations, many theoretical advances in paleobiology have
been propeunded by vertebrate specialists, from Cuvier and Owen to Cope
Osborn and Simpson. Simpsen, in the eyes of some, is almost singlc-handedly,
responsible for the founding of the modern science of paleohiology (Gouid
1980). Many vertebrate and invertebratc paleontclogists, beginning as farj
back as Brinkmann (192%a.b), produced studies of evolution that were grist
for the mill of the Modern Synthesis, but it was Simpson who articulated in
the 1940s the theoretical basis of modern macroevoluticn by showing that
any satisfactory theory of evolution has to explain the patterns of the fossil
record-mot the other way around. Interest in Simpson’s theoretical work on
vertebrate diversity is long overdue for a renaissance, and in this paper we
merely ask again some of the questions he first pesed forty vears ago.

ANALYSES OF FOSSIL VERTEBRATE DIVERSITY

Like so many other macroevelutionary problems, the modern study of the
tempo and mede of vertebrate evolution had its beginnings in Simpson’s theo-
retical writings (1944, 1952). Simpson was precccupied not by the question
of whether diversity had changed threugh time, but Zow it had changed: tax-
onomic diversity, morphologic diversity, and ecological-adaptive diversity
were all considered in turn. On the basis of data summarizing first and last
appearances of veriebrate groups at several taxonomic levels, Simpson (1952)
rejected the hypothesis that changes in diversity coincidedr with period and
cra boundaries (see also Camp, 1952). He showed that such boundaries rarely
coincided with important changes in vertebrate history, and that each differ-
ent vertebrate group seemed to follow its own history, irrespective of the
waxing and waning ol others,

A commen pattern, however, was seen in the tempo of successive diversifi-
cation ol the hicrirchical levels of classification (Figure 1). Classes appeared
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Figure 1, Simpson’s (1952) graph of first appearances of tetrapods per million years,
showing genera, families, and orders.

in the fossil record some 25 to 30 million years before they achieved maxi-
mum ordinal diversity; after a similar interval, the orders achieved maximum
generic diversity. Following these peaks, taxic origination rates tended to
drop just as quickly as they had risen, a pattern also noted by Thomson
(1976; see Figure 2). Simpson (1952) viewed this, as he had in Tempo and
Mode in Evolution (1944), as ecological opportunism manifesting itself in the
adaptive radiation of new major groups. In support of this concept he cited
the long fossil histories of birds and mammals that preceded their evolution-
ary explosions in the Tertiary, relating this to the fact that taxonomic cycles
of vertebrates did not usually coincide with geologic periods. He did not
believe that the domination of the dinesaurs and other Mesoczoic reptiles
was responsible for the suppression of diversity in contemporancous birds
and mammals, and emphasized instead the considerable iag helween the
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Figure 2. Group diversity curves for the lale Paleozoic and Mesozoic. The peak
diversities of different groups are identified by number: 1, ammonoids; 2, ammonoids; 3,
ammonoids and corals; 4, paleonisciform and semionotiform fishes, 5, amiiform and
pholidophoriform fishes; 6, pycnodont and teleost fishes; 7, cotylosaurs and pelycosaurs;
8, cotylosaurs and eosuchians; 9, ichthyosaurs, Lhecodents, and saurischians; 10, ptero-
saurs, jchthyosaurs, saurischians, and crocodiles; 11, turtles, crocodiies, saurischians,
ornithischians, sauropterygians, and squamatans. From Thomson (1976).

disappearance of the dinosauts and the filling of many of their adaptive zones
by mammalian analogs.

A classic example of supposed “‘explosive” evolution and its correlation
with diastrophism is the “explosion” of mammals supposed to initiate the
Cenozoic and to be simultaneous with if not caused by the Laramide Re-
volution. Bul, in fucl the most basic event, the origin of placentals, accurred
somelinie well before the end of the Cretaceous. Most of the orders of early



a8 PADIAN AND CLEMENS

Cenozoic mammals did not appear at the Cretacecus-Paleocene boundary,
but straggled in over a span of some 20 million years. The rate of appear-
ance of new genera was low in the Palcocene and it did not reach its
climax, its truly “explosive’” phase, until the Pliocene, perhaps 60 million
years after the end of the Cretaceous. When did the “explosion” occur?
Certainly not at the CretaceousPaleocene boundary, and claimed rela-
tionship to the Laramide Revolution must surely be viewed with suspicion

(Simpson 1952: 365.)

Nor did Simpson take literally the apparent drops in taxonomic diversity
at the Permo-Triassic and Cretaceous-Tertiary boundary. Instead, he cautioned
readers that the imprecision and incompleteness of the data and his analytical
methods would tend to lump, at an inappropriately broad scale, events that
might have occurred well apart in time (1952:363). In these conclusions he
was again echoed by Camp (1952}, who emphasized the probability that
faunal associations depended more on geographic ecology than time, and
that, therefore, correlation of horizons on the basis of first and last appear-
ances of vertebrates bordered on circular reasoning:

we call the period of great extinction the end of the Cretaceous, we as-
sume that many of the extinctions were world-wide and simultaneous, and
therefore when we find dinosaurs, we zutomatically place them in the pre-
Tertiary. Then we are prone to proceed a step farther to postulate some
universal diastrophic or catastrophic event and/or change of climate to
account for the extinctions . We must await the discovery of some more
upiversal means of getting an absolute time scale. Only then shall we dis-
cover how accurate our long range correlations may be. (Camp 1952:354-6)

Later attermnpts to document vertebrate diversity through time profited from
larger collections, improved correlations, and publication of taxonomic revi-
sions. In The Fossil Record (Harland et al, 1967), a group of vertebrate spe-
cialists charted the ranges of all known fossil vertebrate groups; these were
tabulated and analyzed by computer (Cutbill and Funnell 1967), and patterns
of taxonomic origination, extinction, and standing diversity were given. Con-
trary to rccent efforts on the invertebrate record, these data were not stan-
dardized by taxonomic level: genera, families, orders, and classes were given
equal shrilt. Probably few would argue that the Linnean hierarchy is an equiv-
alent measure of taxonomic, morphologic, or ecologic diversity across all phy-
letic lines, but it seems equally difficult to gain an accurate measure of shift-
ing diversity from an analysis of data in which all hierarchical levels have heen
lumped. As a compendium of data on first and last appearances, the treat-
ment of Harland et al. is more precise than another commonly employed
source, Romer’s Vertebrate Paleontology (3rd cd. | 1966), because Flarland el
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al. tabulated the stratigraphic occurrences by stage, whereas Romer used only
Lovgcr, Middle, and Upper periodic divisions. Apparent bursts or drops in di-
VErsity ¢n a coarser scale may turn out to be either more or less drastic when
fmalyzed at the finer level of resolution. Examples of this are discussed below
in the sections on the Permo-Triassic and Cretaceous-Tertiary boundaries; see
also Bakker (1977:443-441), ’

The limitations of fossil data, therefore, can result from artifacts of the tem.
poral, geographic, and taxonomic scales used. For reasons explained szhove,
the species level may be unsuitable for analyses of fossil vertebrate diversity:
like Simpson (1952), we have undertaken analyscs at the level of genus fam-’
ily, and order, sc that a variety of comparisons can be made and taxor:zormc
artifacts avoided as much as possible. These preliminary analyses are intended
cnly to suggest what can he seen now and where further useful work might be
done,

Figure 3 is a tabulation of the standing diversity of the orders of vertebrates
through the Phanerozoic, based on Romer’s ( 1966) classification, and amended
somewhat by subsequent discoveries and taxonomic revisions of the last 15
years. The graph is accompanied by an enumeration of ordinal originations
(a) and extinctions (£2) in each periodic division. The ordinal level is not
useful in analyzing any but the coarsest patierns in verichrate diversity (sce
also Van Valen, 1973b; Charig, 1973). Within the taxa shown here there is
little turnover at the ordinal level; new orders do not appear rapidly to
replace older orders of the same class that have hecome extinct. (Exceptions
to this pattern occur in the mammals, for reasons discussed below.) Patterns
of diversity at the generic leve! within orders are more meaningful for most
questions of evolutionary change (contra Simpson, 1952). For example, birds
zufc currently divided into some 33 orders, whereas traditionally thé very
diverse rodents and the marsupials each comprise only one, as do the depau-
plerate aardvarks and monctremes, This reflects an artifact of the pre-cvolu-
t10§ary Linnean hierarchy. In Table I, the numbers of fossil genera of the
major vertebrate groups are listed along with the first appearance ol each
c]-ass. Birds can be directly compared with mammals, despite the longer
history of the latter, because only about 3% of the genera in both classes
oceur in the Mesozoic. Mammals still outnumber birds 3 to 1 at the generic
l.evel during the Cenozoic, although the ordinal totals of hoth groups nuimber
in the mid-thirties (depending on the scheme of classification), Recognized
ordinal diversity peaks in the Focenc for mammals, but increases through the
Tertiary for birds (Table 2), largely due to what is apparently a lack of extine-
tion in the bird orders. Mammals have had a higher ordinal turnover, two
epochs (Eocene and Oligocene) in which significant ordinal extinctions’ have
<?5;cm|cd. and v very low rate of ordinal crigination since the Eccene. Given
Simpsan’s note of the lag tinie between ordinal and generic peaks in diversity
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Figure 3. Ordinal diversity of fossil vertebrates threugh the Phanero.zo.lc, t_)ased mainly
on data from Romer (1966). Below the graph are figures for new o.ngmatlgns (a) and
extinctions {§2} for each interval Principal periods of turnover at this scale include the
Late Devonian, Early Permian, Late Permian, Late Triassic, Early Cretaceo&ls, Late Creta-
ceous, Eocene, and Oligocene, but these arc to be interpreted with caution {see text).
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Table 1. First appearances and total generic diversity of the major
groups of vertebrates represented by fossils,

first appearance (MYBP) generg
“Fishes” Late Cambrian 500 2100
Amphibians Late Devonian 350 350
Reptiles Late Pennsylv 290 1260
Mamimals Late Triassic 200 3240
Birds Upper Jurassic 150 900
Table 2. Cenozoic ordinal diversity of birds and mammals,
UK Pal Foc Olig Mio Plio Pleig
Birds
Standing crop 7 5 19 19 21 25 27
Originations 5 1 13 1 3 4 2
Extinctions 2 0 i 0 0 1
Mammals
Standing crop 8 18 25 23 22 20 20
Originations 5 13 9 2 2 o] 0
Extinctions 2 0 4 5 2 1 P

(from which birds were excluded from consideration) it is more realistic to
consider the avian orders equivalents of mammalian [amilies, branching out
after an initial Cretaceous-Eocene peak of higher-category diversification. If,
within birds, cnly the Paleognathae and Neognathae were accorded ordinal
status, there would be no Cenozoic originations of avian orders.

Within relatively small clades such as the Tetrapoda, therefore, artifacts of
taxonomic rank may pliy 4 great role in creating apparent patterns of diver.
sity, In Figure 4 the pace of change in ordinal diversily in terrestrml verte-
brates, excluding birds, is analyzed. The bar graphs show standing diversity of
orders, listed for each period as if each order lasted the entire period, Tliese
hars have been bioken down into amphibin, reprilizn, and inamimolian
components. Twa lines on the graph trace other measures of the pace of
ordinal diversity. The broken line tracks the number of new orders that
appear in each perled (velibrated on the deft side of the graph). In the Trias-
sic. most af these we repriles: afterward, they are mosdy mammali { Adding
the avian record would scatter another 30 “orders™ through the Tertiary. )
The solul line approximates the number of new orders that appear ey willion
vomrs Qealibrated oo the right side ol the grmphy, Both Hnes prrovide gvepgee
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vilues for the entire Tertiry (lower dotted fine) and values per epochal
division within the Tertiary (upper dotted lingy. Ordering the data on @ scale
culibrated in epochs shows the importange of the Palencene und Eocene in
the brigination of manmalian orders: a linerscaled temporal discrimination
through geologic time would produce a wery different graph o oll classes,
Charg (1973, Figure 1) approached this problem hy praphing ordinal origi-
nntions of amniotes per million years lor epachal divisians of the geologic

perinds; his graph is reproduced here as Figure 5.
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per million years indicates that the Triassic and Cretaceous are apparently
comparable in diversity for the intervals of time they represent, while the
Jurassic and pre-Permian are more poorly represented.

PHYLOGENETIC COMPONENTS OF VERTEBRATE DIVERSITY

Diversity through time can be usefully analyzed by charting the histories of
component clades (here, the four tetrapod classes) for each time interval con-
sidered. Extensive discussions of the early history of terrestrial vertebrates
can be {ound in Panchen (1980); the early history of mammals is reviewed in
Lillegraven et al. (1979), and of birds in Feduccia {1980}
*“Amphibian™ is 2 traditional term for anamnicte tetrapods, a paraphyletic

grade of organization. Amphibizn diversity through time lias been well docu-
mented by Carroll (1977). His graph of family diversity (Figure 7) is very sim-
Hlar Lo the paltern seen here at the gencrie feve! (Figure 6). A bitnodal curve is
formed by the ancient Late Devonian-Late Triassic genera (7 extinct orders)
and more wodern Jurassic-Recent genera (the two modern orders of Anura

and Urodela; the Caecilia have virtually no fossii record), The ordinal graph

(Figure 3) does not reflect this bimodality, but it is real at the family level:

the last of the Paleczoic groups disappeuared by the end of the Triassic. about

the time frogs and salamanders evolved, presumably frem dissorophoid ances-

tors (Bolt, 1977). Their fossil record is initially poor but improves toward Lhe
Recent. The subsequent lower level taxonomic diversification of these two
basic body plans has proceeded without any new organizational type deemed
worthy of ordinal status. The preponderance of Tertiary genera (Figure 6)
occurs only since the Miocene (Romer 1966:364).
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Pipure 7, Diversity of the families of aniphibians through time, rom Carroll (1977).
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is more complex. In Figure & the “Reptiles,’
are factored into component clades.
v including the cotylosaurs
1980), the: millerosaurs antd
mesomirs, boksaurs, and

The reptilian story > another
paraplivietic grade ol organizs i,
“Anupsida” has been retgined ws g stem grow
(now mostly classified as amphibians. Heaton,

the placoderms procalophonids,
heen sepregated from the anapsids s o
El=g

pm, The vEuguchia,” an unde-

pristo iy ridids,
cuptorhinemorphs, but furtles huve
clanrly munophyletic group ol pneertain o
fined wastehasket for primitive diapsids. has heen dissolved und its memibers
assigned to Archosauria of Lepidosauria (hoth senst fator 1. A. Ghauthier,
MS.}. The appearance of the dispsid Petrolacosauris in the Late Penmgylvan-
ian of Kansas (Reisz, 1981) indicates the longevity of the DHapsidi, hut Pedro-
Jacosaurus can be placed in neithet the Lepidosauria nor the Archosguria, and
there is no further history of either grolip writil the Inte Permian (2.8, Carroll,
1975a, b, 1978). The Pelycosauria, though clearly paraphyletic us the priml
tive sister group of the Therapsida, is retained.

Two major divisions of “reptiles” ke up the hulk of Perminn nd Meso- ' - =
soie diversity, The Permian B dominuted by the Synapsida(the Pelycosauria, -
including the familiar “cail-backed™ forms, plus the Therapsida, or Smmammal-
fike" reptites), but these decline rapidly in the Lower Triassic and are nearly

gone by the end of the Triassici ane lineage persists Lo what may he the Mid- e
dle Turnssic of China (Sun Ai-Lin, pers. comi. ), Most of the Upper Permian
and Lower Triassic therapsids are known from the rich depesits ol South
Africa and the U.S.8.R. with similar, if so far less productive, CXpanses i Asia
and Antarctica. There is no latest Permian {Dzhulfian) in Morth America, bl
s good Lower and early Upper Permiin i responsible for much af the known

pelycosaurian diversity of that time (Olsem, 1962), Beginning in the Lower |

Triassic, archosaurs begin to diversify and predomingte, and by the end of
the prablemalic

that period all the remaining ordets 0f repritles (exeepl
champsosaurs) originated, inciuding the lzards, sphenodontids, turtles, ich:
thyosaurs, sauropterygians (plesiosaurs and theis relgtives), pterosaurs, both
orders of dinosaurs, and the crocodiles. The thecodonts {“stewn”” archosaurs,
another paraphyletic taxon), placodonts, and rhynchosaurs are almost strictly
Triassic orders; the others persist to the end (or near the end) of the Creta-
ceous. Snakes appear well hefore the end of the Cretaceous, and they, the
lizards, and the crocodiles diversify through the Tertiary and survive to the :
present. Of Sphenodon, which now lives only on a few islands off the coast of - = i =+
New Zealand, no Tertiary fossil record exists, although sphenodontids are SNV 40 HIEGANN
known from the Upper Triassic, Jurassic, and Cretaceous. It is impossible to
tell whether the group was so geographically restricted through the Tertiary
or widespread but only poorly preserved.
Figure 8 reveals other intercsting features. The peaksin “reptilian” diversily
faxonomic innovations angl revolutions:
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(1) Upper Permian: climax of the mammal-like reptiles, and the first appear-
ance of archosaurs and lepidosaurs; o o

(2) Upper Triassic: climax of the thecodontian radiation and the origination
of the other diapsid orders; . '

(3} Upper Jurassic-Lower Cretaceous: well-known, highly diverse faunas of
dinosaurs and other archosaurs in a variety of environments, . .

(4) Late Cretaceous: the last radiation of dinosaurs and the tise of the
modern familics of reptiles

even these peaks cannot be accepted uneritically, The dropsin

per Perminn and the Lower Triassic aind between Ll.w.

The first is the crash In

Nevertheleis,
diversity betwden the Lp
Upper Tridssic and Lower Jurassic are evidently real. e
thernpsid diversity, while the second 18 |'IrIIII'|iII'I|‘_-‘ (e I.]L’l.l:.]‘:uL I,I .-].].Ij Bl;l..l:l_l
tiecudon| Favmilics pod most ol the remaimning mamminl-like reptiles

¥ - - i
wilgir why divorsity should continue to drop otone
I .

uhvipus biotic factars @ :
rrid-Jurassle. nor why the mid-Cretaceous should witness 3 pl|1'r|n.l-:1 Frovn
ta 10 archosaurian families, only to rise sgain 1o 2440 the Late f:t[:lnlil}:lh [n
these two cuses, a5 with the Middle Triassic, the answer |5 uh:nnﬂ -_-u:;1.1.|1|1}f 4
lack of fossiliferous terrestrisl exposures. Buffetaut et al, { 1982}, mporting on
the mid-Cretacecus, state:

. _ e R
fuunas from the mid-Cretacéous are still poorly known in Eu
|| least for (etrapods, on o worldwide
AF the

Vartehrate
rope (this s equally troe elsewhere, : : .
sealey, The main reason for this fact is the rarity ol putorops | . ol
fishes; Sefachiuns and Teleostomes, are refatively well Tepresented, !:.un..e
vimes by abundant faunass, it is not the same for tetrapods; aimong t].u:su.
e teally importunt groups; which we Imu\\fflu_mm be |?I't‘.5icn.l.. hive .I.h”,
heen discovered in the Middle Cretaceous of Europe this is lLlw 11:
mitahiy for the Mimomls In addition. the Iji.“l:l'-;"l!t. stages af e nud-
Cretacenis are nol equally productive .. (o transhation),

They conclude that the mid-Crétaceous must have heena time of rrﬂ]'IE,]f_Illlﬂ
for the terrestrial vertebrates, hscause the Lower and Upper {_TEL’ICL’(J!IH 1..3u-
nas differ so extensively From each other. Compared 10 ?lma& EXPOSITes -_-..7.1.1.1
(o these of the Upper Jurnssic. the mid-C retaceoiis |_'1.u-'|1||.fm'lllr|5.5.: 1|1IiE I‘..I.-.v\c
been anmpled are Both spmathler an extent and diversity ol 1.|.l]?||1ul1':_ Il'lh‘h'..-.
quently. the mid-Cretacenus “erash™ shoufd . be viswed Fl:il:"pl!l..:.l!l‘ff.. |U:-IL zT
alés o paucity ol extensively explored or J-,-'.'-JTE![E'_}‘ 1.lzL-:'.:_| I[EH\:.,:.[‘.!.I .us*:-{
loealities fromy the mod-1urassie, and simitlar deficiencies exist for the mids

iassi mid-Permian. A
Tn?)sﬁlglﬁjrrestrial vertebrates, the archosaurs were those hardest hit by the

- o ale Crota-
Late Cretaceous extinctions. Some 28 fumilies known from the L‘HC_FYC CI-
= . H ] c il . 1 Y N .\ 0
ceous (Santoniun-Maestrichtian) went extinel, leaving only three lwnilies
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crocodiles in the Paleocene. This does not mean that they all went extinct at
once: m the Maestrichtian {Hell Creek) sediments of Montana, only 10 of
these families are unequivocally present, representing sbout 21 well-defined
genera (R. A. Long and D A. Russell, work in progress). Recerds of the 18
other families present elsewhere during the Maestrichtian have not been
confirmed up to the K-T boundary. There is also a slight drop—perhaps frem
climatic cooling (Hutchison, 1982), or again simply the result of relatively
few exposures—in the diversity of lizards, snakes, and turtles somelime in the
mid-Paleocene. but they recover somewhat in the Bocene, a rich period for
the Squamata especially. Among these groups, family origination was nearly
comiplete by the Eocene, with records of most families extending back to the
Upgper Cretaceous. (Only the colubroid snakes lack a fossil record hefore the
Miocens } Like most groups, the squamates follow Simpson’s pattern of ini-
tially low diversity at first appearance {Late Triassic), a family peak some
time later (Late Cretaceous-Eocene), and a generic peak still later (Miocene-
Recent). The cnly families that apparently did not survive into the Fertiary
were the two groups of sea-going lizards (Dolichosauridae and Mosasauridae),
the Simoliophidae, and the Dinilysiidac, an early family of booid snakes

The fossil diversity of birds is problematic because their bones are so thin
and because they commonly live in habitats that are not likely to be repre-
sented in the fossil record (such as forests and open fields), Archacopteryx,
as much a dinosaur as a bird, appears alene in the Upper Jurassic, in lagunal
deposits, fensen (1981) has reported a more modern avian synsacrum from
the Upper Morrison Fermation of Utah, possibly as old as Archaeopterix:
but it is not clear that all the Morrison is of Jurassic age. and palynologic data
suggest Lhat the type section in Celorado may be Cretaceous (B. Cornet, in
fitr.}. Most Cretaceous birds are found in shallow marine or floodplain sedi-
ments, and are evidently of the “sherebird” adaptive type (the flightless
Hesperornis is an extreme example). The {urst representatives of the living
orders of birds are also shorebirds, perhaps guestionably placed with the
loons, grebes, gannets, cormorants, flamingoes, gulls, and terns.' The preser-
vational bizs is obvious. The adaptive radiation of birds was rapid: by the
time Hesperornis appears {(Campanian), some birds had already abandoned
thght and taken up a diving existence, though retaining the teeth of their di-
nosaurian ancestors. What sort of land birds might have existed by that time,
and what relaticnships might they have borne to the modern orders of birds.

"Feducein (1980) notes an importunt problem with convergence of birds and thero-
pods in the Cretaceous (actually not coavergence, but retention of characters shared by
haoth proups): *The oldest fossils described as owls have been assipned Lo a distinctive
Family, ithe Dradycoemidae, Irom the Late Cretaceous of Lngland (Harrison and Walker
[9775), but these Tossils along with twoe other Cretaceous genera, Wyjeyiz (Harrison and
Walker 1973y and Coenaganrtlies (Cracialt 197 1) are in reality small dinosaurs.”



B0 PADIAN AND CLEMENS

particilarly the catites® The redent tliscovery ol paleognathous uurl:;;rr 'r~1=|;.'|n5
fromn: the -Eur'-'_- Tertiary of North Ametica i Houde und Ui-hj]?' | J 5o
indication of much undiscovered diyersity in the histary, of h\u b S
Mammalian divessity thiough time Tuus 'lif:l&u documented m;q:.v i_m,_-._
iy rthers. notably Sinipsen (949, 1952), Eutle.r et ul.. ”-[h|l ].H_.Tq_
g|.;|w:~1| {1972}, and Gingevich (1977 The last two .r.iifl_‘n.‘.:'lcﬂb ".”:d":_r: L-E;;ir
;inn-_; ol the datp and inteepretatlan of minne recent ideas :jI[]".f}.'II'ILL r” e>_~1b 1.,;
them: these ohviate @ long review here. Perlinps |.|lL‘.1]'l'i!5| :tukujg i |thgfu'lm_
g miabldn history-is that it began al abont Hhe sulne .tune a5 1In1 ol the “sl:m_
st (Late Trinssic), yet nong ol the lving mammalian orders I.‘_-: uuﬁq:lm_m.”“
dhly pecorded before the Upper Cretaceous, el pppost pee koown ]t.nly b
rI1,_.' Focene ot luter. Evenin the Upper Crumum?m anly |'r\"{.l ur] 1.1.r\|u: Limi
mummalian orilers are represented (the dndel;.ﬂn:an.lI||'-ur.fa:||uu5~.«'. ,t 1L- .wu-| ‘.,1
an’' primates, and possibly a lipoiyphlan “insectivore l.. ]ﬂl}ﬁlﬁl.:!k;::ﬂl.twﬂ.—
{1979} fronjeally subtitled thigir Book on Mesozole mammals =1 |'11I1.,- 4
thirds of mammatian kistody™: during this time :ahmtlt 54:} I(n:-'l .sl 1! e
100 pvammialian genery are recienized (Clemens el i, 197 J}l,r-:u :?;Iq:;;.
sver 3000 are knewn from GOy of the Tertary lRmner..I Hota: 7 __-,-m'_
These are at least 10 orders vl Mesisoic r11:u11_1_n:a|.~;, dupenm_l.lg. |:|1|-.l.- JT:‘:_m e
tion: the number of fumilics represented is dillnf-ull ta ILLSSEET_\ L:;.‘I ?nfjml_;;:
nigues of collection, notally hucfn}:mhlngi Hre mrpr::vl.:lg_ 11I1.1 IbL:I 1m,;m
ord, But it still consists primar iy o teeth, wﬂh.tlw DEensiong Jd“_l_rflb i
or end of a limb bone, Very lirtle shull |11;||Er_m] Is._ lcnuw? und! ELE_?ITLIIE-E,}:,
complete skeletons have heen Found @t only o tew sites l:u. ure |1| t-1:511p|}.
reenus, The historical gaps that plague the st |_|:1:.' uf f'rlc%iu.?.cfu_ reptl n. l]l_ i
equally 1o Mesozaic miarimals: howeyver, the Faitly It?w_ '”d“uj..m.”i.:;rﬁi.l]u
the Upper Jurssic through the eurly Tertiary slgEusts, “,” _! 'im} t|-1;;1;1,--.~n,;
a good sample of e mamimnlian types present from what ',”L n.“.‘. s ;b:h[\,-
arEa:.. By contrast, although Jurassic and Cretpceous I.Il'.!II.HIIJ[h.'-'nL]'L |] ;lc i
presefi in the Southern Hemisphere, essentially nothing h l'flllmf.”.L_?, l:f:;gnr_
yersity, Most Mesozole mmly were qmtle arnoll .l_the ..t.‘_lul.lillfﬂtl-i:l.i[“ El,_-]ll--l]
sized Early Cretaceous form), they areds dilferant from wiach n“ E1I. l lﬂﬂ.n
structure as are the mudemn orders of muafrbmals, uml.u is possi II-.F. {0 g g
from them a good idea of the evolution ol the 1:135t1:;ttﬁ@ npp.h.*_rin? T ._
functionsl unit (Bown and Krous, 1979, and relerences Lhur.e.m._::.J 1'].'.111 I..::i Ti,
logenetic interrelationships ||1'1 these Eruu;&s, as well as their relationsmp
HEN F3; porhy undarstond,
Tu;llliyf_‘lr::z;;;:rlfrfis u.ﬁen called the Age of Mam mu]s_:.uuj yirt wh.:..'n TF-UCJT
diversity alone is considered, the modérn d-.::,uem.imn.-; at 1he ﬁt:l[‘llHLi .”JT.-:.
ul the :IJ|1I-I1LUI;I_‘51I|:||.‘ living reptiles plus the birds) ure ul.‘n!'-: 1||I||.1Ln|,l.1:1 I.I.T,L-,:I,T,
i the mammaks, which Hescended from synnpsils, Still, flie prel SEc

g als b e s ot il e Mueszoie
il s ecolisgical diversity. ol vaninials b equalled th

TERRESTRIAL VERTEBRATE DIVERSITY 617

reptiles, whose descendants have in that sense diversified relatively little in
the Tertiary. Gingerich (1977, Figure 2} graphed generic diversity of Tertiary
mammals (Figure 9), and this graph appears to indicate a successively higher
diversity of mammals at each subdivision of the Tertiary epochs (see, how-
ever, Harper [1975] on normalization of standing diversity measures). Ginge-
rich noted that, when corrected for absolute duration of these intervals, the
curve appeared to be more logarithmic than arithmetic, but he explained that
this is almost certainly (once again) due to the increasing probability of find-
ing fossils in more recent strata,

Gingerich also showed a high correlation between the curves describing rates
of origination and extinction for several groups of Tertiary mammals (Figure
10). He attributed this correlation to the expectations of equilibrium theory
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diversity of plants and mammals dropped accordingly, and extinction rates
in mammals increased {but not in plants: K. J. Niklas, pers. comm.),
When the patterns of diversity among the classes of terrestrial vertebrates
are considered, then, several points must be kept in mind. First, as with the
marine record, the apparent patterns of diversity should not be interpreted
literally, because fossilization 1s less likely, and fewer kinds of epvironments
will have a good fossil record. For some long intervals, including most mid-
periods, there is almost no record at all. After the Eocene, the terrestrial ver-
tebrate record is heavily biased in favor of faunas of temperate and boreal
arcas. Thus, statistics on duration and extinctions of groups are particularly
vulnerable, because so little is known of the histories of the occupants of
tropical areas. Second, because tetrapods consist of only a few ciasses, trends
among classes are not easy to identify, although trends within classes may re-
fiect real patterns of diversity if factors of temporal and preservational bias
are taken inte account. By compuaring patterns within cludes at successively
lower levels, we may be able to form hypotheses about the character and pace
of evolutionary change, or to recognize artifacts of sampling bias (as Ginge-
tich has done for fossil mammals). Evolutionary hypotheses that attempt to
account for unusual patterns in the history of life inust consider within-group
and between-group patterns of diversity measured for a sufficiently long geo-
logic time and calibrated at an appropriately fine scale. Because there are no
hard and fast criteria established for such efforts, the modifiers of “long” and
*fine™ are inevitably vague. Third, whereas the apparent patterns of verte-
brate diversity must be considered suspect for the Phanerozoic record as a
whole, for individual episodes in time the record of fossil vertebrates may be
quite good. Snime episodes in Phunerizaic time appear 1o be high in diversity
tor nearly all groups (e.g., Upper Permian, Upper Trisssic, Upper lurassic, Up-
per Cretacsans), while other episudes appeir 1o hove uniformly low diversity
(e, Middle Trassic, Middle Jurassic, Middle Cretaceous) Comyparison of
these peaks and valleys may reveal the extent to which sampling bias is preva-
lent. Examination of paleoecologic patterns may further reveal the extent to
which certain types of environments (e.g.. floodplains) have been preferential-
ly preserved at various times, and therefore whether Lhe ahsence of some
ecologically similar taxa is the result of sampling, or even taxcenomic interest,
Anomalies in the apparent patterns of vertebrate diversity through time main-
Iy point out the well-known intervals: places where further study is likely to
be reliable and productive. These intervals may shed light on others that are
nol so weli represented in the fossil record.

Al present, vertebrate paleontology can further studies of diversity by con-
cenlzating less on mmibers of species and more on the phylogenetic compo-
nents of these statistics. Cladistic analyses of many vertebrate groups have split
pazaphyletic taxa into components that have clarified group memberships and
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{1981} clearly demonstrated the _pote‘ntia.l of
clade-oriented analysis by “factoring” Phanerozoic ma'rme leEI‘S]ty ;ziﬁ
component clades that replaced one another through time. This appr

i - it circ ents sampling
i seful with vertebrates because It circumv :
ST A especially in smaller

stratigraphic ranges. Sepkoski

hias inherent in empirical counts of species diversity,
groups with less complete records.

IMPLICATIONS OF EPISODES FOR LARGER PATTERNS

In the following pages four episcdes associated with major extmctlcclms Sr (zirllng
inations of vertebrate proups arc discussed. In §0me of these, ur?ders (Ezd. iﬁ
of the underlying compomnent patterns of diversity have relcenléy advanc to,be
others, the principal questions are left unansw_ered or are]usthegm?mie o
asked. Each episode is characterized by unique p.atterns that c.iln -Scé}e
proached using data and methods from several disciplines, and ?ail Zp-ll "
reflects problems that seem to be fundamental to.a better unders zn 1; gthe
vertebrate diversity through time. The four episodes considere ar‘ .
Permo-Triassic houndary, the Triassic-Turassic boundary, the Cretace

Tertiary boundary, and the Pleistocenc.

Y:

THE PERMO-TRIASSIC BOUNDAR )

HOW SEVERE FOR LAND VERTLBRATES?

the diapsid archosaurs, which lirst ap-

esozoic belonged 1o
A e v Pormian seens to have been dom-

ared at the very end of the Paleozuic, the : e igRRrCe
Ef:ted completely by the synap;ilﬁll;?l:}:- COSAUTS {EJltlulzll;l_\l:il |:|T||_1rlll:;_||; dTr;?
al-li tiles, which were still commaon amidl (vers o3
zzzir::l.mlf ;feo;:cﬁl overlooked review, Pitrat (1973) explored.the compnznetn}i
of Permo-Triassic vertebrate diversity and oifered several mmghtps n S e
flush of therapsid taxa that culminated in an abrupt crash at the -em;o-n )
assic boundary, a time that witnessed the most severe marine C(X.tIII{ICI -
the Phanerozoic (Schopf, 1974; Simberloff, 1974; Raup, 19".1’9:11', tat;pwcre
Sepkoski, 1982). What does the record of vertebrate change 1’n 1C§ E;l.ad e
the lund and marine extinctions simultaneous, and can they be attribu

; 7 -o?
sinele factor or set of factors? . N , -
%’itrat assessed all vertebrate families for which sufficient data were available

from the Devonian through the end of the. Tri?ssic. Dat'a f.r?m gi;};tg:);ﬁ
were compiled from Harland et al. (1957). Pltrﬂt.s survey _mdl((l,at?n zhe ]:ate
groups of marine fishes were severely reducefﬂ in diversity L.IFI %(m e
Permian, but that freshwater fishes and amplnbmns were not su s‘rd g‘y.it

fected and even uppear to have been increasing Niont a slightly ca her diversity
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crisis. The reptiles, particularly the mammal-like reptiles, experienced a severe
crash in the latest Permian (Dzhulfian stage) from which they never recov-
ered; reptilian diversity in the Triassic comprised a very different group of
reptiles, notably archosaurs.

Changes in the diversity of these taxa appear to reflect in part conditions of
sampling, ecological bias, climatic change, and taxonomic interest. These fac-
tors suggest a complex pattern of ecologic and evolutionary replacement. The
problems of identifying relative salinity in the environments of [ishes have
been mentioned, and these data and Pitrat’s interpretations were reviewed by
Thomson (1977). The cartilaginous fishes, which appear to have been mostly
marine, were declining in the Late Permian and were rather more severely
affected by the boundary extinction than other fishes, except for the marine
holosteans and chondrosteans. Fluctuations in diversity of the freshwater and
euryhaline fishes were less severe and occurred some 15 to 20 million years
carlier (Figure 11A). A dip in amphibian diversity (Figure 11B) seems to have
paralleled that of the latter group of fishes, and is seen by Pitrat as correlated
with increasing aridity in preserved envivonments from Leonardian 1o Guada-
lupian time (Olson, 1962; see also Figure 11C). Such a pattern may in part
explain the fortunes of the mammal-like reptiles (Figure 11D, which vary in
faunal composition both systematically and ecologically, as reflected by
sedimentologic change in the Permian Beaufort Series of South Africa (Hot-
ton, 1967). These sediments change gradually (rom deltaic to fluviatile, but
considerable admixtures of both types have resulted in revision of time-strati-
graphic zones: when Lystrosaurus and Procolophon were found in the same
deposits, the distinction of their respective “zone” assemblages appeared to
be hetter explained on ecologic grounds than on temporal oncs.

A nagging problem in the assessment of Permian therapsid diversity, then, is
the extent to which diversity only appears te change because environments are
preserved and sampled differentially. Could the apparent taxonomic change
be a widespread ecological, and not evolutionary, trend? One possible ndica-
tion of the evolutionary reality is the similarity of faunal replacement in the
leonardiar and Guadalupian Permian beds of both the Soviet Union and the
United States, reviewed by Olson (1962). But worldwide ecological trends are
also possible, and the problem of how to assess what we do not yet know
about these complex ecological and faunal changes has no easy solution.

The problem of how to measure the effects of preservational bias through
time remains thorny. Pitrat (1973) showed graphically that the climb in the-
rapsid diversity was restricted to the Leonardian, Guadalupian, and Dzhulfi-
an, with the Tast stage accounting for the lazgest flush and crash (Figure 11D).
listinctions track originations so clesely throughout this interval that little
avenall change in stage-to-slage standing crop is cvident. Pitrat tabulated di-
versity by adding new lamilics to existing ones ar (he beginning of the stage,
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and subtracting last appearances during that stage. The result is a track of di-
versily at the end of each interval sampled. However, the intervals sampled
are not zlways coincident with the biostratigraphic boundaries. In the Dzhul-
fian, for example, Pitrat included both the Daprocephalus and Cistecephalits
Zones, and the Dzhulfian in his graph shows twice the diversity of the pre-
ceding stage. This is almost surely an artifact of the choice and resolution of
temporal scale.

A long-standing tendency to proliferate taxonomic divisions among the
mammal-like reptiles has perhaps added to the effect of rapid replacement (or
ecological sampling) through the Upper Permian (Figure 8). Some headway
on this problem has been made since mid-century, when Haughton and Brink
(1954) listed 111 valid species of the Dzhulfian genus Dicynodon (20 other
species of Dicynodon had already been reassigned to other genera and,
sometimes, families). Cluver and Hetton (1981) recognized 20 of the 111
species as potentially valid for Dicynodon, based on Owen’s type skull, and
suggested that the existing number of species for three related genera would
probably be reduced upon close examination. Sigogneau (1968) reduced 18
families of gorgonopsian therapsids usually recognized to two (with the sec-
ond, the Ictidorhinidae, admittedly dubious), and synonymized 30 genera
with 25 others regarded as valid, leaving t1 “uncertain.” If taxonomic revi-
sions like these continue, the Therapsida may become whittled down to man-
ageable proportions in short order. Their meteoric history will be no less real,
however, and the final major question to be answered is whether their rapid
decline coincided in any particulars with the marine extinctions at the end of

the Permian.

Certainly there were waves of faunal replacement on land, asin the ocean, if
the terrestrial data is anything but entirely ecologic in hias. However, correla-
tions are difficult to establish. Unfortunately, in South Africa, where the di-
versity is greatest, assignments of age are based almost entirely on internal as-
sociations of vertebrates. The correlations of marine and terrestrial sediments
are very complex in the U.S. und U.S.SR. (Olson, 1962:145-155). Pitrat

IMigure 11 (facing page). A. Familial diversity of marine and nen-marine fishes feading
upr 1o and through the Permo-Triassic boundary. B. The same graph for the families of
Amphibia. C. Envirommentai interpretation of faunal change in the Upper Carboniferous
arel Pernuan of North America and EBurope. Black rectangles indicate relatively complete
faunasy white rectangles represent less completely known faunas, D. Familial diversity

ol repliles through the Permian and Triassic. All figures from Pitrat {1973); C modified
lrom Olson (1962),
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{1973} followed Harlund et al {(1967) on the stags dw:siups i 1!1|? r.n?nlrlu—:-
Upper Permun (known only as "i-’.ﬂl'll"i“. an I;:ru.J_l. Lm_l_ll ”.IEIL;JIS,]I'-ZTIdLj.I].'II:: L']ﬂ
dence 1o correlate the Tapinocephalus Zone with the (lu;u.al'.lpmn \1.:ng. Ll;v
Cistecephalus and Daprocephalis Zomes with the k}.f.h;l]t'mn 5.1;!;;-:. [Ihe h sn;}f
purns Zone with the Induan Stage. and the Cyrrognatiieg ‘T""L .".ikjl-!l .I 1
Olenckion Stage. 1 s therefore not clea 1I1;|!_|I|nr | & therapsid ._:n_.-.\ll]-_-_-. mln-
fined o the Cistecephahes and Daptocephalus Zones [rnped together in ]I II.I:‘
Dhulfan by Hatland et sl all arpse and disd oul at (b same |II'JI£‘..]'l<.1r..f-1-I1
Ayl lIu::.r demises were COntemparuneoils with the l'n;_:ru'u.' ex.hn-.'lh_iu:.l..
Given the physich] changes involved in major marine regressivns U.I H'I.l.:'di.:'l.!- h;{,
e Permian (Schopt 1974; Robinsan 1971 Simbeclolf 1974], Lunm x|1 l.
biotic effects an land faunas might be expected; but at ]'-Tlfr:-ill11 I iy !.htt;ll,_ul t
to separate (e faclors contributing to u|_1p-.|tr:nr _pznt::rn.w i |_|'|.|r||h.'_:J ]|r| IlllrL:
sty Pitral (197 3) concluded thit the Dzhulitan therapsid boom an ”.”' f'.h
!;l'||’1:5-]|wd and due to “local factors,” and that any |.'t>iln-‘:::T|nn.v.1Th i:!:.-‘.‘.l'l..:u u':
the marine realm was indirecl. Perhiaps the question of "I.r.--::al factors .wlil I|:-L¥
testable when the Chinese Late Permian faunal sequence 15 hetter !-;rl-w«n_. The
possibility of an sindireat” ¢onnection with murine events :s.mnsl I11|!|.E[|I|I|:||:‘.:
but [or now there uppears to be no. definite cangal relationship between

changes in marine and terrestrial diversity.

THE TRIASSIC-TURASSIC BOUNDARY:
THE CASE OF THE MISSING LOWER JURASSIC

Whep did the Age of Dinosaurs begin? The Mesopiic Eru‘is |:ni.w.::s:|.l‘.'_- kuuw‘.n
a the Awe af Repriles: but the dominant arensater |-_1_|1|upsidjnus:_m:5. pae:r!_:--
SULLTE, crocodiles) did not eppear until the Carnian 1i.||:|pf'r Triassic) ll IFJ;-J:
veploging In thne o spectium o orihes .IIn.:E.H.‘.I'_'.UI.h’Ei [ound from E|IE hfm: lr_ll}-::
Triassic (or even latest Permian) onward. The ._-.-1r|'.-u|11u.-|'|i1l r..‘?{}"l]iln.llll.lrl j..ll l-.lL
Late Triassic faunol replacement is that the more printiive ;|1u.'|‘||.mls.u.url_..|:1
(“thecodont™) groups coexisted with the dinosaurs during the “PPE_T | rigssic,
bul thit the dinogauts became the more dominant ;1r?rl ah:.nw].ml ||!:.-11|!"H_':5.1L_r|r
the faung toward the end of the Trussic. At this paint, the 1hﬁ1;-:|u|.mlls '.'nn_:
extingt, along with the rhynchosaurs, placodonts. pmw!nphunﬂl-;i: n|11:5r
mammal-like reptiles, and prosautopod dinosaurs, and T|‘|.E !ultuj.rlm_tltlu ot
amphibians, as well as many Trassic Tamilliss -.:l.u{hul .IL’E‘-'l]“iH‘I :Hdr&fn.l. H:T.
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taking place in certain of the reptilian groups and, most especially, notable
everts were surely occurring in mammalian evolution,” But, Romer admitted,
the picture locked bleak, even for nonmerine fishes. The terrestrial tetrapod
record only became strong in the Upper Jurassic, with the great dinosaur
faunas of the Morrison Formation (United States) and the Tendaguru region
of South Africa.

The change in this general picture has only recently come about. Twe dis-
coveries have prompted reexamination of the criteria for recognizing the
Triassic-Jurassic terrestrial boundary and the apparent absence of Lower
Turassic deposits. The first is that many horizons traditionally placed in the
Upper Triassic are more properly regarded as Lower Jurassic; the second is
that most faunas correctly dated as Late Triassic are not dominated by dino-
saurs, but by thecodonts. In addition, the tetrapod extinctions were not
simultaneous, but appear to have taken place at different times in different
places, some before the Rhaetic. some during, and some after (Olsen and
Galton, 1977; see Figure 12). Most apparently took place before the latest
Triassic marine extinctions, as Hallam (1981) points out. These discoveries
have implications for biostratigraphy and for the understanding of the timing
of archosaurian diversity changes in the early Mesozolc.

The temporal reassignnient of many “Triassic” beds to the Jurassic was
based on reassessment of the faunal composition of these horizons and the
diagnostic value of seme of their taxa for biestratigraphic correlation (Olsen
and Galton, 1977). The European type section is largely marine in the Triassic
and almost entirely marine in the Jurassic; it lacks most of the terrestrial ver-
tebrate taxa [ound elsewhere. Those present are long-ranging or unique to the
Buropean section, which is dwarfed in extent and thickness by its temporal
equivalents in the U.S. and South Africa. Terrestrial faunal changes are well
recognized in fectprint faunas of Bunter, Keuper, and Rhaetic age (the terres-
trial German Triassic), which complement the largely fragmentary or stratig-
raphically ambiguous skeletal remains. Using these kinds of data, Qlsen and
Galton (1977) recognized three footprint zones in the (supposedly Triassic)
Newark Supergroup of Eastern North America, The lowest two are equivalent
to zones of the middle Middle Keuper and the Rhaetic, respectively. The
third zone of the Newark (containing the typical “Connecticut Valley” dino-
saur footprint assemblages) has no European equivalent, but pollen evidence
from the Newark Supergroup (Cornet, Traverse, and MacDonald, 1973;

Cornet and Traverse, 1975) establishes a lower Jurassic date for the third zone
and strenglhens the correlation of the lower two zones with the European
equivalents. Footprint faunas recognizable as equivalent to the third zene of
the Newark are found in the Glen Canyon Group of the American Southwest
(5. P Welles, unpublished data) and in the Upper Stormberg of Africa (Ellen-
berger et ol 1967), and on the basis ol the vertebrate fuunas of these areas
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Olsen and Galton suggesicd that these formations were 2lso Turassic in age
(Figure 13; Olsen and Galton, in press). Their stratigraphic reevaluation
prompted a revision of the accepted picture of temporal ranges of nmany taxa,
and changed the concept of Late Triassic vertebrate extinctions (Figure 14),
Recently palcontologic opinion in China seems to have shified to reclassifying
the Lower Lufeng scries from Triassic to Jurassic (Sigognesu-Russeli and Sun,
1981), based on vertebrate and ralynologic evidence, and many of the
“Rhaeto-Liassic” fissure fills of Great Britain are alse now considered Jurassic
(Kermack 1975). The worldwide pollen record, where avatlable, appears to be
either ambiguous or supportive of these conclusions, but the data are not all
in. Evidence from radiometric dating and magnetostratigraphy supports the
general age ramework proposed by Olsen and Galton {(1977; sec also refer-
ences in Olsen, McCune and Thomson, 1982; Puffer et al., 1981 and Olsen.
Hubert and Mertz, 1981). A (iner correlation of the Newark Supergroup Las
recently been offered {Olsen, McCune, and Thomson, 1982}, based mostly on
abundant fish faunas, which were not treated extenswvely in the original anal-
ysis; de Broin et al. (1982} have reported agreement with the correlation of
these faunas worldwide on the basis of the earlicst appearances of turties.

The complex logic of correlating deposits on the basis of a set of partially
represented and individually insufficient lines of evidence makes it very dif-
ficult to sort out which hypotheses are the more robust. Colbert (1981),

B i
il AAIATA

L LTI

Prpure 130 Correlation of Triassic and Furassic outerops in the Newark Supergroup,
the Southwest US ) and South Alvica Vertically ruled portions represent radiomelri-
cally dated extrusive basalts From Olsen and Galton (1977)
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of tetrapods, based on correlations in Figures 12 and 13.
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reviewing the histery of thought on the age of the Glen Canyon Group, ac-
knowiedges the noncomimnittzl judgments of most workers, but argues strong-
ly for a Triassic age (contra Olsen and Galton). His reasoning is that ernithis-
chian dinosaurs, tritylodontid therapsids, and protosuchid crocodiles from
the Kayenta most closely resemble similar taxa from the Upper Red Beds (El-
liot Fm.) and Cave Sandstone (Clarens Fr) of the South African Stormberg
Series and from the Lower Lufeng of China, fonmations that traditionally
have been considered Triassic, The similarity of these faunas is not in doubt,
but the reasoning behind assigning them to the Late Triassic was the focus of
Olsen and Galton’s paper, so the question reverts to the validity of the corre-
lation based on the logic of their evaluation.

A different line of evidence contributing to the understanding of the Farly
Mesczoic comes from reexamination of much of the Upper Triassic vartebrate
remams. The principal bone-bearing horizons in the United States are the
Chinle Formation of Arizona, New Mexico, Colerado, and Utsh, and the
penecontemporanecus and lithologically similar Dockum Formation of New
Mexico and Texas. Cellections from these horizons were made mostly in the
first half of the 20th century; the material, and its stratigraphic associations,
have remained largely unstudied Tentative identificalion of much of the ma-
terial as “dinosaurian” has given the general impression that the entire Upper
Triassic containcd a good mixture of dincsaurs and thecodonts, with the
dinosaurs completely replacing the thecodonts by the end of the Triassic
However, recent examination of much of the material in these collections
shows that their referral to the small early carnivorous dinosaur Coelophysis
(or to “dinosaur inder.”) is unjustified: most of this material can be referred
diagnestically Lo phytosaurs, astosaurs, rauisuchids, or poposaurs (all theco-
donts). R. A. Long (pers. comm. and work in progress) estimates that, of the
10,000 or more bones collected by Charles M. Camp from the “Placerias
Quarry™ of the Blue Hills (Chinle Formation, Northern Arizona), only about
fifteen are positively identifiable as dinosaurian, whereas the great majority
are diagnostic of various thecodont taxa. Only the Coelophysis “graveyard”
of the Ghost Ranch (Chinle Formation of New Mexico) preserves a dinosaur-
dominated thanatocoenosis, and its positien within the Triassic, while late,
las not been fully established. Apparently, dinosaurs were present in Carnian
fimes, but they did not dominate most faunas until the Late Triassic, pechaps
in Rhaetic times; these conciusions are supported by Olsen and Galton’s doe-
umentafjon of changes in feotprint faunal associations across the Triassic-

Jurassic boundary in the Newark Supcrgroup.

The question is now of the consistency and universality of these two hypo-
theses of biostratigraphic correlation and evolutionary replacement. Some

Trassic lonmations, such as the Los Colorados of South America, have faunas

thal do not fit the new Triagsic-Jurassic dichotomy very closely. Do such
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faunas indicate evolutionary “transitions” of faunas, ecological differences, or
biogeographic endemism? These questions are more difficull to assess in light
of the emphasis on footprints for establishing correlations. Like any other
fossil datum, Tootprints are diagnostic and useful for biostratigraphy only to a
certain level: what counts is the repeatability of the associations. A larger
problem is determining the chronostratigraphic range of taxonomic groups
that are poorly understood phylogenetically: “prosauropods,” phytosaurs,
aetosaurs, and several poorly-known ‘“‘thecodont” groups, to name only a
few. Diagnostic characterizations of lower taxa in these groups Would be of
great assistance in correlating first appearances of taxa among widely-spread
geographic areas. Olsen, McCune, and Thomson (1982:13-15) used the faunal
associations of certain morphotypes of the Semionotus group of holostean
fishes to establish correlation of the more than ten fossil lake basins of the
Newark Supergroup; yet they admit, in view of the taxonomic confusion of
these fishes, that the use of formal names is impossible, and so their five
zones are recognized on the basis of “informal” taxonomic and biosu.'ati-
graphic associations of semionotids and other fishes. The larger carrelations
of horizons figuring in the Triassic-Jurassic boundary question can be teste_d
by phylogenetic analyses of taxa, even long-ranging ones, from which (?cr’_tam
relatively short-lived but widespread members can be identificd o a hm-ltEd
taxonomic level At present, the principal questions are which assumptions
are dependent upon which associations, the circumstances under which each
subhypothesis would collapse, and the effect this might have on the strati-
graphic model as a whole

THE CRETACEQUS-TERTIARY BOUNDARY:
MECHANISMS IN SLARCH OIF A PATTERN?

In terrestrial deposits, the end of the Cretacecus Period is usually equated
with the last records of several groups of reptiles often informally grouped
and dubbed “dinosaurs.” But stratigraphers have yct to concur on a basic def-
inition of the Cretaceous-Tertiary (K-T) boundary, It is generally agreed that
this boundary should be defined in terms of changes (usually extinctions) in
the marine biota, but whether in microorganisms (various planktic foramin-
ifera and calcareous nannoplankton), ammonites, rdistid bivalves, or some
other biotic component has not been resolved. In terrestrial deposits at least
three approaches are currently used to define the K-T boundary. The last,
stratigraphically highest record of typical Late Cretaceous reptilian faunas,
including dinosaurs, is sometimes employed. However, because of the im-
probability of preservation of even one individual in a population, lthe ‘last
local record of these reptiles probably does not coincide with the precise Lime
of extinetion of the proup. Recognizing this taphonomic problem, many
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stratigraphers working in the Western Interior of North America have em-
ployed 2 formula advocated by the paleobotanist Roland Brown (1952). He
suggested (hat the K-T boundary be drawn atl the base of the first coal, no
matter how thin, above the last record of dinosaurs. This tacitly assumes that
the inception of deposition of these coals and lignites throughout the Western
Interior was a contemporaneous event. Other palechotanists use the last ac-
currence of various kinds of plants to mark the boundary. On a temporal
scale with sufficient resolution to discriminate biologically significant periods
of time—years, decades, centuries—do these three procedures for identifica-
tion of the K-T boundary result in recognition of the same instant in earth
history?

Magnctostratigraghic and radiometric correlations indicate that the extinc-
tions of terrestrial and marine crganisms were at least broadly contemporane-
ous, oceurring within a period of several hundreds of thousands of years or,
possibly, a million or so yeurs. They do not provide greater precision in cor-
relation, No section of interdigitating marine and terrestrial strata has been
found in which it can be shown that the local extinction of dinosaurs and
other members of the terrestrial biota, or the inception of deposition of lig-
nites, was precisely contemporaneous with changes in the marine macro- or
microbiota taken to be definitive of the Cretacecus-Tertiary boundary. In
the northern Western Interior the last local records of dinosaurs and the
lowest overlying lignites are found in strata of reversed magnetic polarity
(Archibald et al, 1982), now thought to represent the interval 20R. More
detailed stratigraphic studies by L. Dingus (1983) demonstrate the uncer-
tainties in attempts te employ inception of lignite deposition as a temporal
marker on the biologically significant time scale needed to test hypotheses
of causal factors of extinctions of members of the terrestrial biota, Though
Roland Brown’s formula for recognition of the K-T beundary—the base of
the first coal above the last record of dinosaurs—may still be useful in coarse-
scaled stratigraphic studies, it must be rejected for use in fine-scaled correla-
tions. Thus, the precise contemporaneity on a biologically significant tine
scale of these extincticns in the terrestrial and marine biotas has vet to be
cstablished. The assertion, based in part on their presumed contemporaneity,
that these extinctions were the products of the same causal factors remains
an assertion.

To whal extent has the severity of the Cretaceous-Tertiary extinctions of
lerrestrial organisms been artificially magnified by imprecise calibration and
iterpretation of the fossil record? Were these extraordinary events requiring
special explanation? Although a great deal has been written about the extine-
lion of dinosaurs and other groups of terrestrial vertebrates, the fossii record
of these evenls is remarkably meager, For many years, terresirizl faunas of
carhest Paicocene age were known only from a few sites in the San Juan Basin
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(New Mexico) and the Bighorn Basin (Wyoming). On other continents there
was—and in mosl cases continues to he—a wide stratigraphic gap separating
faunas of Late Cretaceous age from the next younger samples of the terres
trial biota. Only in a few areas of western North America 15 there a reasonably
continuous sequence of fossiliferous terrestrial deposits of latest Cretaceous
and early Paleocenc age. Thus the paleontological record currently can be
studied from 2 global perspective only on a coarse scale of temporal and taxo-
nomic change. Patterns of origins and extinctions or other changes in diver-
sity can be analyzed at the familial or sub-ordinal levels. Research at a more
refined seale must be limited to geographically restricted study areas. which
are known today primarily withm western North America. Detailed strati-
graphic studies of geographically limited areas, such as the exposures of the
Hell Creek and Tullock Formations in eastern Montana (Archibald. 1982),
circumvent some of the problems of imprecision of correlation between fossil
localities in different parts of the world. On the other hand, it is too early to
determine if alf of the local patterns of extinction and survival here are typi-
cal of those in cther arcus

Patterns of appearance and extinction of terrestrial vertebrates in this arca
were environmentally controlled (Clemens, Archibald, and Hickey, 1981;
Archibald and Clemens, 1982). In floodplain envirenments there appears to
have been ne modification in the composition of the fauna until the abrupt
axtinction of many lineages. On the other hand, in stream valley environ-
ments during deposition of the upper part of the Hell Creck Formation, lin-
eages of dincsaurs apparently disappeared gradually from the record as new
lineages of placental and multituberculate mammals appeared (note Van
Valen and Sloan, 1977). This lccal record appears to illustrate a complex of
changes in biotic compesition that scem to have taken place over a geologi-
cally short but binlogically significant period of time.

As a result of recent studies in the Western Interior of North America and
refinements in the stratigraphic records from other areas, understanding of
the terminal Cretaceous exlinctions of terrestrial vertebrates is undergoing
considerable change At the erdinal level (Figure 3), a global summary of cur-
rent records shows not a net decrease in diversity of vertebrates, but an in-
crease. Terminal Cretaceous losses in diversity of archosaurian reptiles and,
apparently, in the poorly-known teleosts were compensated by an increase in
mammalian and avian diversity during the Paleocene. In Figure 4 comparisons

are limited to the three most abundantly sampled and well studied classes of

terrestrial vertebrates. The ordinal data suggest that from the Cretaceous to
the Paleocene the decrease in reptilian diversity was ccncomitant with an in-
crease in mammalian diversity. But the time scale of the graph is coarsc and
the temporal lag between some extinctions and first appearances documented
in the fossil record is masked. Attention must also be called to the relatively
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high numbers of both first and last records of orders during this interval
(Figure 3). Why are extinctions during this interval of high turnover stressed
to the exclusion of originations? The appearance of so many new types is no
less a biological phenomenon Lhan the disappearance of many archosaurs.

These charts of global erdinal diversity reflect only three measures of biotic
change—records of extinction, first appearance, and total diversity. But note
the time scale being considered: summations of Cretacecus (Figure 4) or Lare
Cretaccous (Figure 3) diversity are being compared with summed Paleocene
diversity. If the temporal scale was finer, a short-term decrease in mammalian
diversity at the K-T boundary would probably be perceived, because the [irst
records of many orders of mammals occur in the middle aﬁd late Paleocene,
z\xmfacts of sampling must also be considered. Until recently, early Paleocene
faunas were known from but a few samples obtained in western North Amer-
fca and biased in favor of larger vertebrates. In contrast, those of middle and
late Paleocene age are much more numerous, geographically widespread, and
include abundant representations of smaller vertebrates. Therefore, additional
knowledge of the smaller vertebrates, particularly the mammals, in early
Paleocene faunas might significantly increase ordinat diversity recoraed at the
beginning of the Tertiary

What is the current resclution of Latest Cretaceous vertebrate extinctions?
North American records at the familial and probably generic levels show that
most groups of freshwater vertebrates (fishes, amphibians, turtles, crocodili-
ans, and champsosaurs) survived unscathed until the mid-Paleocene, Some of
these animals were quite large. They form a “constant” foundation maintain-
ing relatively unchanged turnover rates throughout the K-T transition, Among
nonaquatic groups, the patterns of extinction and survival are mare complex.
In North America. as in other parts of the world, dinosaurs and other large
terrestrial vertebrates (e.g., tortoise-like turtles) became extinet.! In contrast:

amane thi Crocedili: Parullisatoridie, Goniophilidae, Notosuchidye, Baurusochidae
:I_r.:-i stomatosuchidae; pmamg the Prerosauriz: "Plorodaceylidae™ cluiding :"---.- llj:-|;!
fitanopiciy and Querzoleogthin), smong the Saurisehlan dinasars |.|1.1ii..‘.JL|.-'i.'J...I;.'. l;_h-ri
Uitimimidde,  Owiraproiidae, Casndigniihidoe, Dryptiosaucidae, Tyranmosauridss .*:-_',1'|1|-'--
wurndue, Ovimimides, Dromegosaurddae, Stenonvehossuridae Fh.:u-.-.lnnl;.-.-ni:I.u. 1.'".u|:ir---
fiutithad, Diplodocidae, wnd Tiranosauzidae: among the Qralthischinn |.||.a|'|.':.1||::‘i: .!].,-lm
lophadintidae, Hadmosausidae, Lsunymodontadoe, Pachvoephalossoridas, \'n{j-":i;aur;l.‘lwﬂ
Ankylosiuridoo, Protoceratopsidoy, snd Caruto paidue, ACE ¢ thidis a rfelsl sunim |I:i|:‘ll'l
Mugy o these “umilies” are nonatypic or contein only fwieop Wiree lates i'-,.'..J.H-uu-:

!urmt;:. they are often bused on poor material, and the validity of the family designation
is dubious. v many cases they are knewn from only a limited geographic areq, and a
] s

number of them are currently known just from faunas of Maestrichtian age: a caveat
fector. 7
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most late Cretaceous families of lizards and even some genera arc represented
in the Paleocene. Within the Mammalia in North America almost all genera
(over 905} of Late Cretaceous marsupialy disappeared, but the severity ol ex-
tnetion: among multitubersulates (about 25%) and purticulirly, plucenials
was mueh less (helow: [0 The rodent-like multitubereulates appear 1o have
repliced their lesses quickly, reaching an acme of generic diversity in the mid-
dle Paleocene, The diversity of plagentals was increasing hefore the extinalion
of dinosaurs, with the appearance of proteutherian and possibly lipotyphlan
“ingectivores,” condylarths, and primates. Few, if any, Tate Cretaceous gen-
era lack Paleocene relatives
Thus, the K-T transition is characterized by complex patterns of extinction
and survival. In general, species with the largest adult body size disappeared. No
dinosaurs survived into the Paleocene (by definition), but not all dinosaurs were
farge, so size alone will nut describe the paltern, Lurge spacimens have tended to
he preferentially preserved and collected, but size ot reprodugtive age 15 un-
kenowr, as e the habits ol immature dinusairs. AnIONg species ol semewiut
sraller adult body stze, crocodiliang for example. extinetion is not closely dor-
related with size. And, whether the dinosaurs were “warm-bloaded™ o “eld-
bleoded,” neither alternative will explain their extinetion, since other warm-
and cold-blooded groups survived without much change. Also, except for appar-
ently greater survival of aguatic vertebrates, the patierns of extinction cannot
be directly correlated with characteristics of presumed zcologic niches. In fact,
no combination of biotic factors evident from taxonomic surveys alone is suffi-
clent to explain the observed pattern. As for foral changes, palenbotanists (e,
Hickey. 1981 ; Jarzen snd Dilcher ie Russeliand Rice, 14982:48 51-53, L19-120)
122.124: Niklss et al., this volumé) have repeatedly pointed out that the cla-
dography of plunts across the K-T boundary is heterogensaus and complés
Most workers recoenize Froimn infensive studies in‘western North America that
the chunge from typloal Lote Cretaceous to typicd] Paleocens podlen Nors was
not ahrupt and Inslantaneously dompleis Wickey (1981), considering global
patterns of floml change, emphasized that, depending upon the phytogeo-
praphic provines, the K-T boundary can be chameterized by everyihing from se.
vere {¢a, T regional extinctions, to na apparent change in composition, teean
increase in diversity, In western Noith America, within the Aquilapolleniies pinl-
len province. he found that the K-T boundary as didined on floral evidence con-
sistenily lies several meters above the last el records of dinosaurs. This re-
peated pattern suggests (as recognized by Russell, 1452) that the changes in
terrestrial faunas and floras were not precisely comtemporaneous. How can
these two biological patierns be reconciled temporally and causally?
Studies of the record of change in Lthe physical environment have spawned a
number of hypotheses of large-scale abiotic changes (o “acceunt for™ the ex-
tneiion of dinesaurs (see Archibald and Clemens, 19820 o1 Tepsen, 19613).
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These are usually characterized by the assumptions that the extinctions we
globally contemporancous and the results of a biclogically “instantaneou?’ Ezei
matier of a few months or years) catastrophic change in the physical environ-
ment. These assumptions have been repeated so often that some workers };1(&\?-3
come to treat them us facts, [t must be stressed that, while this possibility is
not yet ruled olt, wiethods of age determination and long-distarise L;Irr.("]:ll-il.?ll
of .events that oeeurred some 65 million years ago Jl.we_;es-.lll_ll-'nns AL e
refmed. than Sl.:'r:r.:fil| hindred thousand years, even in the h-_:;l 4i1uuulc:r:
;[:TJ':‘[ :_fx?inifij:fl:jr” _h“”ﬁgicur -;lil'jbr-:m,il: between hypothesss that call for
sliabal e s during: o period of a Few montlis o yvéars and these sup-
pesting thut extinctions of groups began in Hmited areas and 1y have 'nt-l
tinued For 10*-10" yeuars hefore the lnst affected mienibers disip 1:”:“'}
One method of solving both the probilem of establishine 'firl.r.l '|.Jl~: Iill'l"juL- .
nurr.ux K-T boundary and the problem of identifying IEIL‘DL'.'.iI]:'a-H r'l;Ju_'llrnrsﬁuIJ'rI;J:
extinction of Late Cretacecus taxa, including the di_nosaurs was pro. osed br'
A.lv%irez et al. (1980). Anomalously high concentrations 01Cr the rarepeleme i
¥r1d1um were found at drvery near the traditionally recopnized K-T I:muru_f-slr'1
Tn man_y ma.rinc and terrestridl section in |!i|'|'1::r.r.lﬁ |'I.'lI'T.:«'u of the sworfd u[’ll:i
- comjunction with ur near abrupt lithologic changes or 2 major uh:t.ngu in
faunal compesition. The iridium anomaly and its worldwide |.1i~.Trii;||1jurJ wel
explained as the resuit of the impact of a giant usteroid co].liding with ‘I[-hz
e.arth. Alvarez et al. (1980) extrapolated the physical effects of such a colli
son and hypothesized the spread of fragmentary niaterial Chroghio th:
global atmosphere, Caleulutions sugzest that (he .n:suirirm dust cloud mighi
fave hlocked out sunlight for o period of 4 lew months l..'J'_"r'-'_‘-Il-'H tem 1|'||1'I|.u:-il’l‘r
Iu'.ver-e.d ambient temperatires, and directly ur indirectly ._'uutur.i rlul~I uw';jln‘T
tion of many groups that did hot survive fnto the Paleacene Thvnc ulmhﬂll-.' s¥ .
chi |||:mu.s iricliung marker, they contend, cin be correlated with ”;E ﬁirluu-Ttr.J-nj:.
(>]us ;xtnwtjon of marine and terrestrial taxa, and the effects of. this du;t-
:l](;lk_;xgézllzdd:r;(:-ast much of the sudden change in biological diversity across
This “asteroid extinction” hypothesis is really a combination of two infe
ences’ that an asteroid struck the earth some 65 million years ago and h'ii_
lhc.ﬁe physicnl effects and that, in turn, these were the causal factors of L;e
exlinclions utilized to murk the K-T boundary in marine and terrestrial d
[sits, Paleontelogictl evidence cunnot bear on (he interpretation that Je:
anviialously ligh concentmtions of iridium seen in some '.rn;,'ulljlﬂt'c ﬂ{*"t]lllsn: 'I:t.
or near the corrently delineated K.T boundary aré (he :{;uﬂuI:rv nF i L!i.'udll
melearite. As af thiy writing: several Hhgs of .guulugiual L:?\ruian-'e ip IJ";rl |1.
converge an that conclision, and we seeept it as g working |'I‘f';l'll.-‘lIIL!'1'Ii'\-\.1|":'-l tl I
present. However, clearly sone Fivets of this hyvpothesis r-;:L]L|-j|'-:' 1'u||-hlr g -h
P P a1l 1984y, . o
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First, operational definitions o “:|rfc.~mr1]lcb-. in nuble J'[1t.‘1-i:|{flll.rlll:'.fi'|j[..1_|l_!|'i;';:
minst be ectablished, and procedures for messurng lJIr..'HI .s.L.ml..nL;.zL;n e
geochemicsl associations with other such EflL,‘]I]Er'IH} i.r]ﬂqu..il]‘-i. .I.I..~ 51;_.“,.-,,]
carrestiinl source, must be dlslmguisi’mbl:: Trﬂn.1 Iurm:..T.ruI |b.“”m.h;.‘]lv kL”“W“-
the postdepositional behavior of iridium in sediments:is on 1,| -1““,’._”1-“_.[--'.' wi“
Are some types of deposits more Jikely: to-contan inllLlIn‘I 1.|i|.~ W”:‘ ez
its presence be especinlly ahundant mn u.!L:t:!rn-:-|'I||L;l'|r sj:ljll |1.1Lj.u.t|e_5,r:.n!.1 v l.EI,[m_
chemists suggest? Third, there is o nesd .1ur |_1|:1;|L|\'?|_- ml.r.ulr ; -.I...r Idt:m" i
tiom of anomalies in geologic sections witli :.Illd without o 'I':I.(IJIL..;.":" . “_.;-u;”
sedimentologic or holegie change. In addition, 41l hypotheses o Lh-. I:-| o
must face three prablems: time resolution, faxanoniic resolution, and b
fogic causality. These will be q]:;cuﬁsud 'i'r-.-luw_. . e s

Historical circumstances often conspire sgalnst .rms.-ln.um:m }14 | l..r ﬂm_ 2
patterns: As Officer and Drake (1983} noted, it i IH-I-IWM?NTL|:- 11..1." _lhl_l]m
posad asteroid chose the end of the 1I.’thﬂi1|1|.'uml.|.~. Furu.;uﬂl :\,:zlnlt‘,:,.”:i D
2artly wiise the earth's surface and ity hiota were tha ias i
i:i']ﬂrlr:l:s;Jghan_aes. Tt s diffigult 1o disentangle ]‘1I1]’.‘l'.?_-.l..'l_]. s_-\:Tlrul-l-m rL::r;:Il;i;
feole from those caused by muny well-documented lcm?allmﬁ ¢ ]:;'ltl% 1_ . ..]N.
ltest Cretaceous, including extenstve marine rr:un.g:essmn-r-hgr.r..:-.su.qItr,l:l_hu:
climatic deterioration, and Jong-term changes:in hiotic q;mnEEﬂlhl.ﬁl-. ittt
pan well before the end of the Créfacecns, To date, acurr.l et :;-t'm -4
anomalies lave [oeused on horizons al oy new actual l].]. dl]FﬂfI”[E':T nzﬁum
events, where a taxonomic change has '.tlri:ui?jr' been v«f.tlnesse\. .:1 |Emm:‘
hos not been found assaciuted with other majol re.-r.csul.nl .L."ll manl :m@nm
tions, and reeords of tridium in a||;1llg1u;1h1~. seilians wit uitl|l1 I!|Lfll;1,3“h1.
abrupt extincrions have not 'uE-I:Eu L!i-lJLnliil'lEll;]1. {I1l I;,::I:._-CH:},Z l;.-;;-u\:;,;s ¥ ThE,
geterost was causal or comeidental to launal change, 2 P e n

i af hiotic effects have not bazp jested in uth-_ﬂ_ ._ast..ahlru.p\u. .

T,Ijj;l!:alr;ll.rlllfuim iui;ﬂ-:ﬁ that from thiee Lo ten axu:'jlﬂmim:|n] h-.:--.hrr:l; ]:Lﬁ\L Tvl\];.rl.‘ln
10 ki dinmieter would have heen expected to fall w1rI|.|r|. the |,1.:Is|L I {,Ii,;.;r_:
If the biologie effects of such events were @8 Iu:gf- A% ]'lrl.-fln;1ud£b:1'|} :r:ed J;HI
nul o are miss extinctions in the Tertiary? Lrun.sp:ulny_ill :; -:_-Ll:u-”mr;
iridiin-tich marine horizgon about 340 em hel.n:uv.' i rn.t._'ruwk‘.]l.t.u,. .U“.-!LI..,,V.:. o
in one degpsea core in the Caribbean, associated with the Ihfl-!ELfl,jhk Eit
few radiolarian oyeeker species. This layer was |5u:E}1 at ghout _-.-Ilu.'., E; o8
nne recoenized placement of the marine Eocene-0Oligocene I:u_u||_|iil1:. g ].;:ih.I
2l al. | i‘.;ti.-‘.} siggested thal these extinclions were .;J'::[L'.]'L.H:.-’l-a;-:':l!:l:. .E.;| 1 |,..[_..5_
he correlated with late Bocene lerrestiial manimalian xt‘.\rm-_lu_wr:.-: .n ,.;i:;i_.l_
trial records suggest a closer correlation ol Lll-: luttern w[fh 71I'|LL “:lll“IRL”“E“
honian-Rupelian stage Bouandary, al .|.|!1I.l:||. 37 mybp ”L“-L.:L':-lltl |I1M“~ ..”"E_
1983 amd for this reason Bty the ragnitide of the marnne o8 I.Ilh. II"”.;.I.“I”
the correlation of terrestoial and warine exiinelmy e ds O RV A H AR R
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{Clemens &nd Padian, MS.). So far, no other biotic effects of extra-terrestrial
evernits within the last 10® years have been recognized or proposed. Conse-
quently, substantial revisions may be required in the calculated frequency of
farge-boidy finpucts, in the predictions of their physical consequences, in the
daseisments of their biotic effects, or in all three,

As mentioned above, catastrophic models such as the “asteroid hypothesis”
entail both physical and biological components. With regard to the second,
any biological ramifications predicted by a catastrophic model must corre-
spond 1o phserved biotic events, nof preseribe them. A convincing cavsil
mechanism must account for the ditferential survival of raxonomic EroLps in
difterent areas on plausible biologic grounds, There i an important pitfal] 1o
avord heres the approach frequently has been to predict the plvaical effeces
o a catastrophic medel, then list the vreanisms thal went extingt, and ac-
count for the demise of the second in terms of the first {e.g.. Alvarez et al.,
1980; Hsu et al., 1982). Organisms that survived the “lholocaust,” whether
the model predicted that they should have or not, are then given alibis—rea-
sens why they “were able™ to avoid certain death. However, these alibis are
not extended to those groups that were equally likely to have availed them-
selves of the same excuses, but instead went extinct, A comprehensive extine-
tion scenario cannot simply point to those extinctions that seem to accord
with its predictions, and ignore those that do not.

It 15 difficult to see how any organisms could have survived some of the
purely physical predictions of the extreme versions of the impact model. Qb-
served biclogical patterns, however, do not accord with even the milder sce-
narios. The extinctions were selective; any causal model, if it can be invoked,
must accord with these biological patterns. Ideally. the organisms that sur-
vived and those that did not should be separated into two groups. Within each
group, seme unifying biological pattern should be sought. The differences he-
tween these patterns should then be shown to be lethal under conditions that
an asteroid impact, or any proposed catastrophic model, could explicitly pro-
vide. Only in this way can a hypothesis of causality be established.

In practice, the situation is far more complex. Raup and Sepkoski (1982)
cxamined extinctions of marine crgantsms through geologic time and neted a
two-factored pattern consisting of a stochastically decreasing “‘background
level” of extinction punctuated by intervals of varying duration when extine-
tion rates were so anemalously high that the descriptive term “mass extine-
tion” becomes appropriate. If the background levels of extinction around the
K-T boundary were measured, the selective effects of a catstrophic model
could be examined for potential validity. One way to recognize background
noise might be to caleulate mean extinetion rates over their entire geologic

duration Tor cach taxonomic group involved in the extinctions, and to see
which groups show anomalously high extinction rates during that interval.
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These might be recognized as severely affected, whereas groups that showed a
constant or lower rale of extinction would be recognized as relatively unaf-
fected (within stochastic limits) by the postulated catastrophe. Until this is
done, paleontologists will not be able to provide an operaticnal cefinition of
s “mass extinction” {Padian et al., 1984), and the efforts of physical scien-
tists to examine catastrophic events in earth history will be untestable in bio-
logic terms.

While such detailed studies have not yet been done, it is clear that the archo-
saurs, which show a decline from some 28 latest Cretaceous families to three
in the Paleocene, were foremost among those most affected at the end of the
Cretaceous. However, the regl biotic loss may net have been as unusual or as
extreme as it first appears. Some (but not all) of these Late Cretaceous fami-
lies had long histories; yet few had more than one or twa genera present in
the Maestrichtian, and current estimates of dinosaur diversity in Hell Creek
{Latest Maestrichtiun) beds hover ai around twenty genera (R, A. Long and
D, A, Russell, in progress). Twenty families going extinet sounds more mni-
pressive than twenty genera, especially i the families and genera arg lighly
depauperate, The question of taxenomie scale, therefore, plays some part ir
percepticn of evolutionary tempo.

Let us take this analysis a step further. The disappearance of some tweniy
generd (= kmds™) of Maestrichtian dinosaurs is reparded as un event worthy
of special explanation. Yet, in the entire history of dinesaurs, knowrn from
severd] hundred genera and many diverse and well-studied taunas, alnanst noe
well-established peners (ignoring wastebaskel taxa like “Megalosaurts™) ure
kiowil Trom miore than one (ormation; or have geologic ranges that extend
beyond a single stage. If dinosaur genera are characteristically short-lived,
then at this scale of analysis it is equally reasonable to conclude that dino-
saurs experienced “mass extinctions” all through their history. For example,
one of the richest dinosaur faunas comes from the Upper Jurassic Morrison

Formatien of Colorado, Wyoming, Utah, and adjacent states. Dodsen et al.
(1980) recognized 18 valid generz (and one other undescribed) from environ-
mentally heterogencous beds deposited over a mullion square kilometers.
These 18 genera beleng to 11 different families, yet only cne genus (Brachio-
saurus) appears to be definitely known from elsewhere (the broadly contem-
poraneous Tendaguru beds of South Africa), and no genera apparently survive
after Morrisen time. However, no one has ever proposed a “mass extinction”
of Morrison dinosaurs Ne Morrison genera are definitely ancestral to those of
later formations, yet dinosaurs continued to diversify through the Cretaccous
High turnover rates, on the order of a Tew million years or less, appear to have
been the rule, not the exception, [or dinosaurian gencra throughout their his-
tory. As such, at the end of the Mesozoic the significant hiological question is
nol one of increased exiinetion rate, but of a drop in origination rate—the
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iiher environmental change as **the catise,” whilg the other 511.1gl-:-f uu}q]tlum::::_
predation. The state of the drl wWas 51|||1|1l.-.u]fl.<:l{{ ma nruzmlun_ngl I:U“,Lh.tu?ll,‘.ﬂ.q
pupets some fifteen yearsago {Martin arel Wright, l?(‘:al Mo L-”-mlm'wz”[_
Lhen of has since been reached, but the complexity of the zn;u::em is J'n.mt:{m
ly acknowledged. Even seme ol the strongest ld‘r‘{]{'.l.ilLL'b u.. 1L1‘.LI.1II.1!|I .P;.:;Eim..,_,
jecognize that the differential survival of SoIe tprey 'E.'iI[!-.l|.}E~ f1I1 1u|1 E;WE_,
o man cannotl be explained by the “overkill muclnl.. l_ur.|'.'crr.LI:rl. .l.m b
put Taith in the sufficiency of environmentil deterioration 11:1..|..1.L|.:1'||Jr|r_ by
miost miegalfounol extindtions canne deny .1I'|[: influence u:n:l. c1[h..u,:~.1 ”...1nn|
historic wian ns a Hunhter. Separating the effects of the two influgnces =
ub].lt’ks Savage and Russell (F983 ) point oul frar the L‘um:-mlil.' HEE T-Inn!e.JL:uLnl:;:.
lists are .inuL1|.’r.11.l.~.lL' o “explain™ 1!2-.1i11|_l.jur| putterns .l'h.c I'E‘:-.lllHJH:ir'.I‘I(]!."g 4
ecology and behavior environrmental change affects I]ld'lﬂd.bd\SF:I.L“..”.I.“._
different ways, Guilday (1967) dovumented the tendency [on ]-!IF;E.I:T i |~l t-d
lign species 1o he more affected by environméntal stresses in mli:u--?.m;r,_-.
nrid suggested this as o generi mudel for Pleistocens puLlFms.IIn.]. Jll:d.-.l ].-t
.;-n:nhsr;mk effects of Sabaran desiteation, hTuman [utd;ttu}ln. ane L['Ir.r_r'f.l, ;1.|
ment of nvailahie grassland by domesticated animale lave affested l.]IlEE-.I] J-u-, ,t
diversity in seine preas: yel despite the anciend [Jr}:*gr:r.tce nfl |1.1.}r| l.|r1. : u..s.]- d‘
..-usiurn‘; In Africa, this contment conlinues to malrtain A F.Lflhw;jnb ;?:_.[fd
diversity, compared to other conlinents, Adrica wits not 45 kwm ¥ .:Imnl.;_“;h
by slaciation as were the aorthern continents, South American .!1;;\ i ].-
l.-.-l:rc: still suffering the effects of the faunu! interchanges I:frnuglu 1'_:. IE ‘.1['
mrosimately 3myhp by the connection with Naorth .'ft!iﬂf!rlll.::]; I:uu_i i Ill[l ‘r
during the transition from the late Pleistoceric ta RL‘EF‘!‘.H .5n1|!|T Th,ﬂﬂtij::ar:...
g, come 22% af the known late Pleistocens mommalion tamilies and 37% 07
T|';E generp hecame extinel (Myrzhall, 1981). , o i
As with the K-T boundary extinctions, fne-scaled analysis !_n Entjﬁml?m‘.]-,;]
aliv and geopraphically heleropenecus Cises miy revedl some lu:g_.-_r\ -.Ln.n:,d_
satteins nod fail to substantiate others. Fhu_gluhnl ulnnllm,fﬂp.}'. Llf.th -T:Ttmn.-
Iljnn:.' lag Been oited as evidence in [avor -.1rl1he_“i-ue|1;|ll :m_::.ll_-_n_. 1’:1“ 1L:l:d
pears (Martin, 1967) that the mepafaunal extinctions.on r1.li_ll‘l‘_'." x,cllr:tlrﬂlurlh:ul:I »
islunds closely correlate with patierns of human dispersal .:rld euftyl ¢ j"']|E|1.~
However, L]L-f;s.e avents must he viewed in the ¢ontext of evolution bl late
LEII-IIII-:r:'l'II-F:T:.:;l'IbLﬂL.J for sxample, sinee the Oligocene the lf“]'l'liﬂ.rf' Iu?.-. l:u.-.u:_]rln-;:
ciol and the grasslands of the High Plums may be only the ﬁlil|lt1ln.ﬂ.llli_l u | ;L
reduction of forested areas (Gregoey. 19713 During the Pleistocent. ilt-l-il?LlI
tion to the osciliations of the glaciers, areas of deserfan ntermuntane 1715,n‘.~[.
whisse hordery were helghtened by [ECLOTIE IINVEITIENLS, wased :|:u: _x~..|.1a;_1.
These complex changes it physical envisontist appoar o he vetlecied in
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the evolution of the North American mammalian fauna, Webb (1969) called
attention to the high rate of mammalian extincticns in these areas during the
Pliocene—late Hemphillian extinctions overtook some 55 mammalian genera
whereas the late Pleistocene toll was only 25 genera. OFf these genera it ap-
pears that approximately two-thirds died out about 8,000 to {5,000 years
ago during a period of climalic change after the maximum Wisconsin glacia-
tions. Two-thirds of these had been present since at least the Irvingtonian,
and neazrly a third singe the Blancan. Of the animals of less than 50 kg body
weight that became extinct, their disappearance cccurred more regularly
throughout the Blancan and Irvingtonian: only four genera are recognized in
the Rancholabrean, and only one of these is present during the Wisconsin
glaciation (Martin, 1967, Table 1), The patterns in large and sirall mammals
are significantly different.

The history of late Cenozoic faunal change in North America might mirror
the changes in other continents, but nmuch information must be gathered in
other areas so that local and giobal patterns can be clearly separated and then
contrasted and compared. Parenthetically. it should be noted that research on
Pleistocene extinctions is calling for resolution of correlations and age deter-
minations on scales calibrated in increments of thousands of years or less, in-
tervals that are of too fine a scale to even be attempted in studies of major ex-
tinctions in the much more distant past.

However, extinctionsare but one factor in the causes of change in diversity
As Gingerich (1977) pointed out, what is astonishing is not so much the late
Pleistocene extinctions, but the early Pleistocene originations (sec Figure 10).
The reasons for the taxonomic explosion in that brief mnterval have yet to re-
ceive the attention accorded the extinctions. However, any interpretations of
the Pleistocene pattern should be set in the context of evolutionary rates for
the entire Tertiary

The two “modern” ungulate orders, the Perissodactyla and Artiodactyla,
have provided the oppertunity to study ecelogically similar groups with simi-
larly long histories in the Tertiary. Both orders appeared in the early Eocene,
but today the perissodactyls are composed only of the herses, tapirs, and
rhinos, while the artiodactyls include all the other hoofed animals (pigs, cows,
and giraffes, to name only a few). Cifelli (1981) charted generic and familial
diversity of these two orders through the Cenozoic, and concluded that their
histories could not be explained by progressive competitive replacement of
perissodactyls by artiodactyls: the two groups had independent histories and
unique rates of origination and extinction. The difference was that, after the
Eocene, the perissodactyls did not maintain their generic crigination rate, but
the artiodactyls did (Figure 15). When viewed at the Tamilial level (Figure
16}, the wtiodactyls scem 1o have performed like the perissodactyls, except
ingreater numbers. Both groups show an apparent plummet in generic
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Figure 15. Generic diversity (dots) and rates of origination (triangles) and extincti.ons
(diamonds) of artiodactyls (A) and perissodactyls (B) through the Eocene (EQ), (_)hgoj
cene (OL), Miocene (MI), Pliocene (PLI), and Pleistocene (PLS). E, early; M, middle;
L, late. From Cifell1 (1981).

origination tate at the end of the Oligocene and an expl_osion in originations
(though not in diversity) through the Pliocene and Pleistocene; apart fr_om
this, their patterns and rates are not similar. As Gingerich (1977_) z%nd Lille-
graven (1972) also noted, Cifelli showed that extinction rates within faunas
closely tracked origination rates; like the earlier author_s,. h? concluded from
this pattern that some sort of bicgeographic faunal equ111br1um may have op-
erated. We find these conclusions difficult to qualify, because similar patterns
appear among unrelated and ecologically dissimilar taxa (Gingerich 1977; see
Figure 10). These patterns appear to uphold the view of Savage and Russell
(1983) that patterns of diversity from the Puercan (early Paleocen.e) through
the Chadronian (early Oligocene) are simply the result of sample sizes, not of
fluctuating evolutionary or immigrational rates. They also show that very few
species are present in more than ope North American land-mamrmal age,
h generic longevity varies.
thofliipagrently, “ec?uilil;(rium” effects cannot be separated from those due to

-
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Figure 16. Familial diversity (circles), originations (triangles), and extinctions (dia-
monds) of perissodactyls {(A) and artiodactyls (B). Originations and extinctions are
cumulative. R, Recent; other abbreviations as in Figure 15. From Cifelli (1981).

sampling biases if the longevity of taxa is sufficiently short and regular. It
seems more than coincidental that various mammalian groups show similar
curves of diversity and such close tracking of origination rates by extinction
rates, irrespective of age, area, climate, ecology, or clade size, These consider-
ations, when applied to the Pleistocene, suggest that the high extinction rates
of the Late Pleistocene may not be unexpected. Because fossil taxa appear to
have a characteristic range of duration (Van Valen, 1973a), it should be pos-
sible to see to what extent extinction rates in the Pleistocene deviate from ex-
pected probabilities for each of their component taxonomic groups. If the
genera going extinct at the end of the Pleistocene had relatively *normal”
taxonomic durations, this would shift drastically the focus of evolutionary
study. Thomson (1976) suggested that the periods in earth history during
which rapid diversification of unrelated groups took place deserve more atten-
tion, and this accords with Gingerich’s perception of the Pleistocene problem.
It is unlikely that the relatively short Pleistocene Epoch will be fully under-
stood until both sides of its faunal question (origination and extinction) are
equally considered in the full context of late Cenozoic evolution.

CONCLUSIONS

1. The apparent patterns of vertebrate diversity gleaned directly from the fos-
sil record show many episodes of high diversity in a variety of clades,
many episodes of low diversity in nearly all clades, and some episodes
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wherein a few clades are much more abundant and diverse than others.
Only the first pattern can be regarded as a reasonable approximation of
actual diversity. The other patterns are often the result of prescrvational or
collection bias, although the apparently rapid evolulionary explosions or
mass extinctions of some clades may be quite real. In the Tertiary, where
the terrestrial record is best preserved, extinction rates appear to irack
origination rates quile clasely. This pattern appears to hold for the Phaner-
ozoic in general, and suggests that it is largely due te sampling bias and
spotty preservalion

. Samples of fossil vertebrates are generally small. For most taxa we have no

firm idea of merphelogic variability within species. Taxonomic discriming-
tion 15 such that specics-level data are not as realistic as generic-level data
for comparing patterns over large time scales. It is usetul to compare pat-
terns of diversity within groups at several taxonomic levels (genus, family,
order) because these patterns can reveal information about the timing of
diversification, the temporal distribution of clades analyzed at various
levels, and the appearance of merphological novelties underlying the arbi-
trary recognition of the higher Linnean categeries.

For many reasons, the fossil record for terrestrial organisms is not as good
as it is for marine organisms. Still, for certain intervals of geolegic time,
the terrestrial record is adequate to ask questions of significance about pat-
terns of vertebrate evolution. The questions must be designed to fit the
data base. Determination of the timing, both relative and specific, of
changes in marine and terrestrizl biotas in various parts of the world is of
great importance in trying to assess possible causal interrelationships.
These studies must begin with an assessment of the degrees of resolution
and precision of the various methods of biostratigraphic, radiometric, or
magnetostratigraphic methods utilized to establish the timing of events
and correlation of lossiliferous strata.

. Because Pangaea began to fragment scon after the emergence of terrestrial

vertebrates, increasing provinciality with occasional renewed land contacts
has been a frequent patiern in biogeographic history. Tabulations of verte-
brale diversity should take into account this provinciality in order te avoid
statistical but nonbiological patterns united only by {emporal synchrone-
ity. For example, it is less interesting to note that marsupials and mono-
tremes survive to the present day than to note that they appear to have
been essentially limited to the “island continents” of South America and
Australia since the end of the Cretaceous. Traditional charts of diversity
do not show this, and so an important qualification in biogeographic his-
tory 1s lost (Lillegraven, 1972)

Several episodes of major change in vertebrate history can he analyrzed
for their changes in patterns of diversity, both real and apparenic New
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conclusions have already surfaced in some, and much more work is needed
on most. The therapsid ““flush-¢rash™ in the Late Permian is partly a taxc-
nomic artifact and perhaps to some extent the effect of ecolegic sampling;
yet more needs to be known about terrestrial climatic change and the
nearly concomilant changes in the marine realm before allowing accept-
ance or rejection of a connection between the two. At the Triassic-Jurassic
boundary, an extensive terrestrial Lower Jurassic record has been dis-
covered in sediments previously assigned to the Upper Triassic; still un-
solved is the problem of the growing role of dinosaurs in the Upper
Triassic and the decline of the thecodonts they replaced. The Cretaceous-
Tertiary boundary continues to draw attention, most recently because of
the suggestion that an asteroid may have landed at about the same time
that extensive marine and terrestrial extinctions took place. However, 1t
must be stressed that predictions about biologic change derived {rom
physical events must make sense in biologic terms, The explanations of
physical sciences are not sufficient in themselves to explain biologic pat-
terns and processes, either in theory cor in observed practice. Finally, as
Gingerich (1977} has pointed out, the spectacular Late Pleistocene extine-
tion of the mammalian megafauna was preceded by an even more spectuc-
ular early Pleistocene radiation: questions of cause and pattern for both
events are complex, and the largely unstudied originations provide a chal-
lenge to evolutionary theory that has ofien been overshadowed by inter-
esl in large-scale extinctions

Analysis of vertebrate cladographic patterns, in comjunction with hypo-
theses of phylogenctic and biogecgraphic evolution, is a most important
area of research for the understanding of the history of terrestrial verte-
brate diversity. Recent advances in methods and concepts have encouraged
new studies of the history of terresirial vertebrates. Thanks to these ad-

vances we anticipate in the near future more new questions, and more than
a few new answers,
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INTRODUCTION
This paper attempts to define the tempo and pittern of vascular land plant
diversification for the lust 410 million years, mnd to Place the retevant paleo

botanical data into apposition with similar studies based on charges in the
diversity and faunal composition of marine invertebrates | Bambach, 1977
Ruup, 19721976, :":iupkuskj. 1979, 1981 Sepkoski ot al,, 1981 Vilenting
1968, 1977), The objectives of this study are to determine (1) i there exisis
a unique or reiterative pattern in the exploitation by plants of a new habitat—
the land surface, (2) if the pattern demonstrated by tracheophytes has par-
allels with that of the exploitation of the marine environment by a totally dif-
ferent grade of organism—animals, and (3) to suggest proximate causes for ob-
served parallels or differences in these two patterns.

By o lsctor amilyiie description of the Phaferozole marine fosil record.
Sepkoski sugeested that the wdaptive radition of heterstraphs in the sea
could be disseated Into the successive appeatance of thiee major “evolurian-
oy Ldursas™: o trilubite-dominated Cambrian fating, an articulate brachiopod-
dommated lnter Paleozaie faunn, and u molluse-dominated Mesozoic-Cenozaic
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or “modern” fauna (Sepkoski, 1981). Sepkcski noted that, with the appear-
ance and expansion of each new fauna, the previous assemblage appears to de-
cline. He attributed this to a competitive ecologic displacement. In its broad-
est context, the observed Phanerozoic marine fauna pattera has paratlels with
the appearance and subsequent decline of major Phanerozoic vascular plant
groups (Knoll ¢t al., 1979; Niklas et al., 1980, Tiffney, I981).

Conventional paleobetanical treatments have long recognized that the first
tracheophytes, deminated by a free-sporing mode of reproduction, were aug-
mented in Carboniferous-Permian times by a gymnosperm cemponent that
dominated through the carly Cretaceous, and that by Cretaceous times a new
component, the angiosperms, appeared and gradually achisved dominance of
the world {loras by (he late Tertiary. As early as 1954 these three phases in
plant evolution were referred to as the Palecphytic, Mesophytic, and Ceno-
phytic ages (Gothan and Weyland, 1954). Quantification of these intuitively
determined trends indicated an expansionary and decay phase to each major
tracheophyte flora except for the last ocourring angiosperm grade (Niklas et
al.. 1980). Subsequent analyses of the Phanerczoic patterns of the sexual and
asexual components to reproduction further suggested that the grade of re-
production may be a significant factor in the observed temporal trends in
tand plant diversification (Tiffney znd Niklas, in press}. Collectively, analysis
of tracheophyte evolution indicates that what appears to he a complex pat-
tern can be degraded into smaller components

SOURCES OF DATA AND METHODS OF ANALYSIS

Analyses of land plant diversification patterns are based on the data initially
reported by Niklas (1978}, Knollet al. (1979), Niklas et al. (1980), and Tiffney
(1981). Since the publication of these rcports, the data base for terrestrial
plant fossils has been expanded to encompass over 18,000 paleospecies, of
which over 80% are vascular taxa. The data for each species of plant is derived
directly from a primary literature citztion; however secondary sources have
been used to canvas the available literature, e.g., Traité de Paldobotanique
Under most circumstances, attempts were made to correct for synonomies
resulting from organ genera. In many cases, however, there were reasons to
suppose that the morphologic basis for the recognition of an organ species
was in fact the recognition of a legitimate paleospecies. Wherever possible
form genera were ignored for purposes of computing species numbers (cf,
Niklas et 11, 1980)

One serious limitation of 1he data results from the fact that the fossil locali-
ties representing the majority of the data are from North America, Ewmope,
and Russia. Thus, during the Creteceous-Tertiony many “diversification™
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frends may reflect blogeographic biases: e the preridophyte praph in Figare
3 shows a gradual decline through the KT in spite ol our knowledge -|h:||
ferns _I.:pnll}' diversified in tropical and néotropical latitudes. _."‘Ln_lllvgtl;[” the
dnta fer time dependent and time independent biases are discussed by Niklay
et al. (1980}, '

In addition 1o megafossil data, the following references were used to gather
information on the species- or genus-origination rates of spores or pollen:
Chaloner (1967), McGregor (1977, 1979), Muller (1970); Richardson {1974).

RATES OFF ORIGINATION

A number of workers in paleontology have argued that species have evolu-
tionary properties that are analogous to individuals and as such are anlenable
I ’Jll.ilfj-'h'f.'-h similir 1o those iwsed in classical population ecalooy: (1) Eldredge
and Gould (19723, Stanley (1975), and Gould and I_-'Jliredgc:_fll'l??} b :r-

gued that species are discrete and Faicly static entitiag with relptively constand

ar moderately changing morphologies durmg their durations; (2) Van Vialen
07 oy id HEast bkl oo

(LH73) has used life-tuble: rechnigues to analyze mxonomic extinetion: (3}

stanley (1979} has borrowed from demegraphy the standard exponential
gquation for population growth fo compute rtes of madiation for diflerant
taxa; and (4) Sepkoski (1978) has assumed that a simple exponential model
of diversification is applicable to a variety of radiations in the fossil record,

For the present report, the rate of diversification, R, can be taken as the dif-
erence between rgand r,, such that

18
L= Equation !
5 D AL

1 E
L= == LEquation 2
© D At
R= =t Equation 3

wierz S is the number of ariginations, E is the number ot extinclions, and D
s the diversity per interval of time, t (cf. Sepkoski, 1978:225). In-an earlier
treatment of lracheophyte diversification, o more complex l:-c]u;z.unn bor diver-
:lilir:;'.lljnn.‘:‘.u.ih-.‘dnn slochustic probability functions was used (of, Niklas et al..
1980:17-18). Although this equation was appropriste, given the context of
resolving ramdom versus nansandom components of the data set. the 7]HIE

Mlexity of this (unction wos deemed mappropriate for the data presented
here, The vilues Tor species-originetion rates: B given in Table | are hased,
henstone, on Equations 1-3. These Revalues can hé compared directly’ to
Hiese prublished Tor mammaols pnd Bivilves (Stunkéy, 1979:106-107) .'|||-..| ]
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Table 1. Species duration (D) and origination rates (R) for various Table 1 (continued).

iacheophyte groupe — TRIASSIC-JURASSIC PLANT GROUPS

DiMyr) R{Myr '1) Pteridophyta
— T— Filicales
EARLY DEVONIAN PLANT GROUPS Osmundaceae 8.2 011
Rhyniophytina 14.1(5.8)* 0.04* Schizaeaceae 5.2 012
Trimerophytina 6.7% 0.10* Gleicheniaceae 50 012
Progymnospermophyta Cyatheaccae 50 012
Archaeopteridales 14.8 016 Polypodiaceae 7.0 0.13
Anesurophytales 14.7 0.16 Pteridospermophyta
Pteridophyta Caytoniales 5.6 0.11
Rhacophytopsida 8.2 0.17 Corystespermales 6.2 0.09
Coenopteridopsida 8.0 0.18 Peltaspermales 6.3 0.09
Sphenophyta 10.1 0.08 Glossopteridales 6.0 0.10
Zasterophyllophytina 11.8% 007* Cycadophyta 15.0 0.10
Lycophytina Cycadeoidophyta 153 0.09
Protolepidodendrales 16.7 0.08 Ginkophyta T2 0.14
Lepidodendrales 18.8 0.08 Coniferopsida
Voltziales 6.0 0.13
CARBONIFEROQUS-PERMIAN PLANT GROUPS Coniferaies 3.8 0.16
Lycophyta Taxales 4.2 0.14
Protolepidodendrales 18.3 0.05
Lepidodendrales 18.8 0.05 CRETACEOUS-TERTIARY PLANT GROUPS
Lycopodiales 28.3 0.04 Pteridophytes
Selaginellales 10.2 006 Filicales
Pteridophyta Osmundaceae 9.0 0.08
Coenopteridopsida 8.0 0.11 Schizaeacene 6.0 0.08
Marattiales 5.9 0.14 Gleicheniaceze 6.0 0.09
Filiales Cyvatheaceae 6.0 0.09
Osmundaceae 7.3 0.15 Polypodiaceae 8.0 0.10
Tedeleacoae 7.8 013 Cycadophyta 15.0 008
Sphenophyta Ginkgophyta 10.0 0.08
Sphenophyllales 8.2 0.14 Coniferopsida
Equisetales 107 0.04 Coniferales 53 0.10
Pteridospermophyta Taxales S0 0.11
Lyginopteridales 4.8 0.12 Anthrophyta pollen  seed-frurt pollen  seed-fruit
Medullosales 4.0 0.08 Monocots 7.3 6.3 0.33 0.37
Callistophytales 3.5 0.15 Aralinccas®* 6.3 5.2 0.26 0.29
Calamopityales 4.5 0.10 Cyperaceac 6.5 5.0 026 0.25
Cordaitopsida Hydrocharitaceae 8.9 T4 0.05 0.09
Cordaitales 7.2 0.13 Potomogetonaceae 9.0 6.7 0.05 0.08
Cyacodophyta 10.92 012 Dicots 38 38 0.26 047
Cycadeoidophyta 10.0 0.13 Compositag** 1.3 - 0.52
Ginkophyta 5.0 0.17 Umbelliferac — 1.8 = 0.61
Coniferopsida Aceraccae 4.3 4.1 0.09 0.14
Voltziales 4.0 0.20 Fagaceac 4.3 53 0.04 0.15

* Based on pencra rather than species

** Representative tamilics
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predictions based on a kinelic model of taxonomic diversity (cf. Sepkoski,
1978). Various sources were used to determine species durations. Usually
taxonomic ranges were computed directly from primary citations. For Devo-
nian taxa, we used the data supplied by Banks {1980) and Chaloner and Sher-
rin {1979)

THE DEVONIAN RADIATION OF VASCULAR PLANTS

The diversification of the early vascular land plants during the Late Silurian
and Devonian shows a relatively simple temporal pattern of variation (Figure
1). The oldest vascular plant group, the rhyniophytes, has been reported
from several horizons through the Pridolian of Wales but earlier, Middle Lud-
lovian, material may yet yield vascular tissues (¢f Edwards et al., 1979). The
Rhyniophytina disappeared as a recognizable group of plants in the Givetian
(Figure 1). By the Gedinnian-Siegenian, threc other major plant groups
appeared: the Trimerophyting, Zosterophyllophytina, and Lycophytina
{Banks, 1968; Gensel, 1977). All of these suprageneric vascular plant taxa,
save for the lycopods, disappeared by the Fammenian. The lycopods di-
versified rapidly during the Givetlan and became a major component of the
subsequent Carboniferous swamp floras, During the Givetian, other plant
groups appeared which later became increasingly diverse during the Car-
boniferous—pteridophytes (ferns), sphenopsids (articuiates), and progymno-
sperms. ‘The Fammenian marks the appearance of the first seed plants, a grade
of organization that would dominate (he world flora from the Permian
through to the Tertiary.

This spurt of adaptation and diversification to life on land in the Devonian
quickly brought plants of different genetic lineages into close contact, initiat-
ing competition for resources including light, soil nutrients and soil moisture
The last rescurce is particularly important, as all of these carly land plant
groups were limited to areas with sufficient moisture to permit sexual repro-
duction by swimming sperm, and because of the (at least initially) poorly-
developed vascular systems of the sporophytes. The earliest land plants were
presumably very small and erect, or they were prostrate. With the evolution
of vascular tissue, many of their successors developed a rhizomatous habit
(Tiffney and Niklas, in press). In its simplest form, an early land plant com-
munity was composed of a single stratun of low rhizomatous plants, each oc-
cupying its own, frequently extensive, piece of ground. However, the develop-
ment of vascular supporting tissues, together with competition lor light and
the sclective value of increased efficiency of spore dispersal, led rapidly (o the
appearance of taller and larger planis, The mode of origin of Laller, non-rhizo-
matcus planis 1s conjectural (Tiffney and Niklas, in press), hut they cleurly
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Figure 1. Changes in the diversity (at the species level) of suprageneric taxa represented
in the Siurian-Devonian, The rhyniophytes, trimercphytes, and zosterophyllophytes
collectively define Factor I, while lycopods and other plant groups mark the appearance
of taxa ascribable te Factor H. The upper region of the graph, labelled “non-vascular and
incertae sedis” include thallophytes, bryophytes, and vascular taxa presently unassigned
to any of the recognized tracheophyte groupings

diversified such that by the Late Devonian, the beginnings of a multi-storied
plant community were established, providing a great increase in the total
number of plants which could occupy a given unit of space. As a direct result
of this increasing adaptation to land, competiticn became refined, and while
the selective pressures of plant vs. environment remain important to the pres-
ent day, those resulting from competition between plants become dominant,
The ascension of biotic competition is central in the evolution and canaliza-
tion of new morphologic and reproductive characters, and thus of new lin-
cages. We suspect that the jump in diversity from the Devonian into the Car-
bonilerous is a direct reflection of the diversification of habit Lypes and the
tise ol hiolic competition, although clearly other factors may have been of
sipnilicance,
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It is possible to present a crude estimate of the evolutionary tempo of these
lineages, based upon values for rates of species-origination and longevity. The
mean duration (D) and mean origination rates (R) for some cf the early Devo-
nian plant groups are given in Table 1. The rhyniophytes have mean generic
and species durations of 15 and 14.1 Myr, respectively. The mean generic du-
ration is significantly reduced te 5.8 Myr, if Cooksonia (D=34 Myr) and Tae-
riocrada (D=45 Myr), which may be form genera, are removed from the sam-
ple set. The mean generic and species-origination rate of the rhyniophytes are
computed to be 0.04 and 0.06 Myr ! | respectively. The maximum diversity of
this group is seen in the Emsian (371 Myr) with a subsequent decline in per-
cent contribulion (o the Devonian flora, owing to the appearance of other su-
prageneric groups {Table 1). Computation of R- and D-values for the trimero-
phytes, zosterophyliophytes, early lycopods, and subsequent Upper Devonian
plant groups indicates a gencral trend of increasing R-values wiiich is inter-
preted as evidence for an accelerated and rapid diversification of the vascular
flora.

The apparently low R-value (0.04 Myr™) for the rhyniophytes may reflect
an inability to identify and therefore include wore complex, directly derived
taxa within this anestral line, which on the basis of their morphology would
be systematically assigned to other plant groups such as the trimerophytes.
Such & phenomenon would be the suprageneric equivalent to pseudoextine-
tion. Tf the rhynicphyte-trimerophyte taxa are grouped together, then an R-
value comparable to the zosterophyllophyte-lycopod data set is computed
(0.08 Myr ')

Analyses indicate that the shortest lived species and genera within a lineage
occur in the earliest phases of its diversification. Typically, over 50% of the
species occurring in the first 10 to 25 Myr of the Devonian lineages examined
have durations of 1 to 8 Myr. As the subsequent diversification of a lineage is
followed, the longevity of its species increases, until the last surviving species
typically have durations of 16 to 23 Myr. A similar pattern is seen when
genus durations are examined. With the exception of the rhyniophytes and
progymmnosperms, the durations for the first occurring genera are from 6 to
8 Myr, while subsequent genera have longevities ranging from 16 to 26 Myr

RADIATION OF BERIVED PLANT GROUPS

By the Givetian (370 Myr), the zosterophyllophyte-derived lycopods are
joined by three other derived plant groups: (1} the Pteridophyta, represented
by the Rhacophytopsida and Coenopteridopsida (primitive fern-like plants),
(2) the Sphenophyta or the articulates, from which the arborescent Calamites

and the rhizomatous Equisefumn are presumabty derived, and (3) a group ol

free-sporing plants with gymnosperny anatomy, the Progymnospermophyta
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(Figure 1), Both the early Preridophyta and progymmospers are inltally
characterized by relatively high species-origiation rates (0.17 to O.18 and
0,16 Myr ! respectively; of, Tuble 1), In terms of species nunbers, these de-
rived ‘plant proups, however, contributed less than 25% of the Upper Dove-
man standing diversity, However, together with the Iveopods, these lingages
mark the appearance of o florstic association that profifecated and daminatad
the Carboniferous and Permian landscapes

SPORE VERSUS MEGAFQSSIL DURATION AND ORIGINATION RATES

The R- and D-values for Devonian spore data provide additional insights inte
the tempo of early land plant diversification. Based on the data from Chalon-
er (1967}, the mean duration for Devonian spore genera is 25.9 £ 151 Myr
(n=73). This value, however, varies depending upon the source of the data.
consultation of McGregor (1977; n = 79) provides values of 11.4 = 10.6 Myrt,
and of Richardsen (1974; n = 44), values of 16,3 = 14.0 Myr Varicus biases
enter into these computations. For example, Chaloner gives the duration of a
spore genus on the basis of first and last oceurrence, even if no intermediate
occurrence is known. Similarly, McGregor (1977, 1979) specifically lists
spore taxa judged to be of stratigraphic value, biasing the data toward species
with short durations. Even so, the D-values computed for spore genera and
species appear to be slightly ligher thun Devalues derived from comparable
megafossil data. The speciesorigination rate for Devonian spores is 0.05
Myr ™, which stands in contrast to the cummuiaiive data from Devonian vascu-
lar plant species based on megafossils (R = 0.09 Myr™'). On the surface, the
D- and R-values for spore and megafossil species suggest that the rate of mio-
spore evolution was slower than the rate of morphologic and anatomic
changes in vascular sporophytes. However, very little is known aboul the tax-
oromic affinities of the spore taxa reported here, since studies of in situ
spores are limited (cf. Gensel, 1980). Further, the simplicity and number of
available charucters In spores. as contrasted to those available for megafossils,
may result in the recognition of far fewer miospore “species” than megafossi)
“species”—an analogous condition 1o that of clam and mammal species deter-
minations (¢f. Schopl etal., 1975

THE CARBONIFEROUS PERMIAN RADIATION

A number of major vascular plant groups, which trace their ancestry back to
the rhyniophyle-trimerophyte and zosterophyllophyte lineages, appeared by
the end ol the Devonian and rapidly radiated during the Carboniferous (Fig-
ure 23, After the Devonian-Carboniferous transition the terrestrial flora
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increased in species numbers by a factor of 5. The lycopods, already well rep-
resented by Upper Devonian times, proliferated and reached their maximum
diversity in the Late Carboniferous-Lower Permian coal swamps. Similarly,
the ancestral plexus of the ferns (Rhacophytopsida and Coenopteridopsida),
the earliest articulates (Sphenophytz), and seed plants (Ptertdospermophyta)
show an increase in the Upper Devenian and Lower Carbenifsrous, These
latter groups, representing less than 20% of the Upper Devonian vascular
flora, rose in species numbers to account for over 50% of the known West-
phalian and Stephanian taxa. The Upper Devonian-Lower Carboniferous also
marks the appearance and probable demise of the progymnosperms, a group
of free-spormg plants with gymnosperm-like anatomy. Based on their rela-
tively high rates of origination, this group may have undergone a pattern of
pronounced morphelogic and anatomic diversification, similar to the rhynio-
phytes, culminating in their pseudoextinction {Table 1). Such an hypothesis
is consistent with the speculation of Beck (1981), who would derive the
cordaites, lebachiacean conifers, and the pteridephytic Noeggerathiopsida
from this stock of plants.

The Carboniferous is the time when most of the major plant groups repre-
sented in the Devonian developed specialized arborescent and rhizomatous
lines (Tiffney and Niklas, in press). Within the Lycophyta, the protolepido-
dendralean-derived Lepidodendrales achieved heights in excess of 30 meters,
while the Lycopodales and Selaginzles continued on with an apparently ar-
chaic rhizomatous habit. Similarly, the Sphenophyta produced arborescent
(Calamitales) and rhizomatous (Equisetales) taxa, Amongst the seed plants,
various pteridosperms developed secondary growth, resulting in shrubby or
liana-like plants, while the cordaites and Voltziales attained a tree habit. Even
in the pteridophytes, modifications of growth patterns, and the frequency
and position of adventitious roots resulted in the attainment of tree-like
plants (Psaronius), although the majonity of ferns remained rhizomatous.

The Carboniferous marks the rapid diversification of seed plants. By the
Carbonifercus-Permian, the Calamopityales is joined by four other orders of
seed-ferns (Lyginopteridales, Medullosales, Callistophytales, and Glosso-
pteridales), as well as the Cordaitopsida and the voltziacean cenifers (Table 1;
Figure 2). Owing to the retention of the megagametophyte within sporo-
phytic tissues and a rclease from the necessity of growing near free-standing
water, the appearance of the seed-habit may have provided the basis for the
diversification of an “upland flora,” This flora may be poorly represented in
the fossil record, and the species richness of the Carboniferous-Permian given
in Figure 2 may represent a conservative estimate, based primarily on plants
growing in or near swampy environments

If the seed was as much of an advance as it is assumed to be, why did gym-

nosperms, which evolved in the Late Devonian, form such a small portion of
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Figure 2. Changes in the diversity (at the species level) of su

details. see text.
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Carboniferous diversity? Qur znswer to this is speculative: (1) Although the
seed allowed the exploitation of upland or drier environments, the success of
the seed plants in such habitats is predicated on vepetative characters that
permit the survival of sporophytes, The earliest seed plants (pteridosperms)
are characterized by pteridophyte-like vegetztive morphology, and as such
may have been limited (¢ mesic and hydric habitats, Until non-reproductive
and reproductive leatures evolved to act in concert, the upland gymnosperms
may have been restricted in thelr exploitation of mesic or xeric environments,
while lowland mesic taxa formed a significant but low diversity group in the
early Mesozoic, (2) The reproductive mode of gymnosperms requires exten-
sive stands of individuals for efficient reproduction. One reason (or the low
diversity of species numbers in the Carboniferous te Jurassic tine period may
have been that “packing” of gymnospern laxa, essential for sexual reproduc-
tion, reduced alpha diversity. (3) The apparently low species diversity of gym-
nosperms in the late Paleozoic may be an artifact of preservational biases fa-
vering lowland (swamp) communities.

The dynamics of floristic change associated with the Carboniferous-Permian
radiation can be gauged in part by the mean durations of faxa and their rates
of species-origination (Table 1). Although the lycepods represented the ma-
jority of Carboniferous and Lower Permian species (30% in the later Mississip-
pian; 50% in the late Pennsylvanian), they show in general the lowest rates of
species-origination (0.05 Myr * for rhizomatous and arborescent orders) and
longest durations (18.6 Myr and 22 Myr, respectively), suggesting that they
had peaked in their diversification. Ferns show higher R-values and shorter D-
values than lycopods, however, the seed plants have the highest species-origi-
nation rates and shortest durations (Table 1). Within the seed-ferns (=pterido-
sperms), the Callistophytales had the shortest mean durations of species (3.5
Myr} and the highest origination rate (R=0.15 Myr '}, The Voltziales, an up-
per Permian group of seed plants. had the highest R-value among any gymno-
sperm lineage represented in this time frame (R=0.20 Myr™!).

Trend analyses reveal a relatively simple pattern of changing D- and R-values
through the tenure of specific lineages. The earliest represented species withm
the arborescent lvcopods (Lepidodendrales) and sphenophytes {Sphenophyl-
lales) characteristically have short durations {(~ 8 and ~ 6 Myr, respectively)
and higher species-origination rates (0.11 and 0.16 My !, respectively} than
do subsequently appearing taxa. The greatest acceleration in the origination
of arborescent lycopods occurs during the Pennsylvanian, while the arbores-
cent sphenophytes show their greatest species-origination rates in the Upper
Mississippian (Figure 2) The ferns, seed-ferns, and cordaites show a similat
pattern through the Carboniferous, With the appearance of some upper Car-
boniferous and Permian groups (Osmundaceae and Tedeleaceae) the lerns
show periods of accelerated specintion and a shoriening in their species
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durations. Although the cordaites and seed ferns mercase in floristic impor-
tance during the mjddle Permian, no statistically significant alteration in their
species-origination rates is observable. Presumably, the decline in the absclute
number of lycopod and fern species may account for the observed differences
in the Permiian and Carboniferous fioristic compositions

The Permian marks a major change in the world floras. The aborescent lyco-
pods decline in species number (a decrease in R-values and an increase in ex-
tinction rates) and the arborescent sphenopsids disappear (Figure 2). These
lwo ancient plant groups continued to he represented, however, by rhizoma-
tous taxa. The Permian also marks the appearance of a number of new seed
plant lineages, which inzlude the evends (Cyveadophyvta), cveadeoides (Cvend-
evidophyta), Vomovskyales (datn not presented) and Ginkgoplivey .:-,-_y..
Trichopiovs and Sphencbaiera). These now plant growgs reiterste !h.:_' pal l:_'|.||
O having initinlly high speciesorigination rates (R) and shart _-[Ju.,-u:.:, dura-
tins,

TRIASSIC-JURASSIC RADIATIONS

The early Mesozoic is churacterized hy o major shift in the composition o
floms associated with the adaptive radistions of various seed ,r1;.-u-.: lineages.
Over 60% of the plant species known from Middle Triassic strats are VG-
sperms, and by the Middle Jurassic this number rose. to 80% (Fizure 7). Un.
like the ascension of the prcceding presdophviie fora during L];_:'-'leil.ll-('.rr-
honiferous times, the Mesozoie chunge in species f.:f.||n|.1nsil:|.an_w:r.~; not dccom-
panied by an appreciable increase in abschite species niumbers—the (otal spe-
cies diversity of tracheophytes increased by only 9% from the Permian to Lhe
Jurassic. Thus the rise ul'the gvmpospenig is associated with a decline in pteri-
dophyte numbers. Although the Parmo-Trisssic muarks o significant and rela-
tively abrupt change in total lund plint numbers (3 decling of 20%), the
beginnings of the decrease in pteridophyie species can be traced back well in-
to the Lower Permian with 4 coneamitant rise in seed-plunt species (Figure 2}

The Triasslc morks the extinction of the arborescent lycopods und the cor-
daites, and i precipitous decline in some fern families. Various prerndasperm
lineages und the ginkgoplytes incresse in species diversity, bur rhe main
thrust of adaptive radiation occirs within the Coniferophytes (Voltzales and
Coniterales), and the cyeads and vyeadeoids (Figure 2). These seed plints ai-
count {ur 609 of the world's flors by the Triassicsd umssic hm.-ltuj;;r-.:_ nd are
chamacterized by the possession of significant amounts of sci.-undﬁ.ry witd
il e wllainmen| of tree or shrob growth labits,

A basso profundo (o the gymnosperm theme of the Mesozoic is the continua-
tion from Carboniferous times ol varions pleridophyte lineages (Osmundaceae,
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and rhizomatous lycopods and sphenophytes). Although the pteridophytes
maintain a relatively constant species number throughout the Upper Triassic-
Jurassic (18%), they exhibit significant differences in turnover and interlin-
eage species-origination rates, For example, by the Upper Triassic-Turassic the
ferns are largely represented by new families or Orders (Gleicheniaceae, Schiz-
aeaceae, Cyatheaceae, Polypodiaceac, and Ophioglossales) whereas more an-
cient fern groups are either extinct (Coenopteridopsida, Botryopteridacese,
Anachoropteridacese, and Tedeleaceae) or declining in species diversity (Me-
rattizles). Thus the relatively “static” appearance of the “fern,” lycopsid, and
sphenopsid portions of the graph for the Jurassic shown in Figure 2 is mis-
lezding and represents oniy the curnulative species numbers for an internally,
dynamically changing group of plants

Although most of thie early Mesozoic lineages have origination rates ranging
from 0.09 (pteridosperm Orders and the cycadeoids) to 0.16 Myr ' (Conifer-
ales), significant changes from preceding crigination rates occur, For example,
the origination rates of the Mesozoic cycads and cycadeoids (0.10 and 0.09
Myr ', respectively) have significanily slowed down in comparison to their
Permian counterparts. The increase in the total species numbers observed for
the Mesozoic is attributable 1o an increase in their mean duration of species
{from ~ 10 Myr m the Permian to 15 Myr in the Jurassic). Similarly, among
the Triassic-Jurassic pteridosperms and ginkgophytes, there is a significant de-
cline in species-origination rates and an increase in mean duration compared
to Carboniferous-Permian taxa. A similar trend of “rate deceleration” and
“increased longevity” is seen for some fern families (Table 1). Once again, the
Mesozoic appears to show a reiteration of a now familiar theme—within spe-
cific lineages, the first taxa to appear are short lived and speciate rapidly,
whereas subsequent groups are longer lived and have slower species-origina-
tion rates. Even within the Coniferopsida, some of the more ancient groups,
such as the Voltziales, appear to slow down. New Orders within the Conifer-
opsida, such as the Coniferales and Taxales, show an initially rapid rate of
speciation (0.16 and 0.14 Myr ', respectively) and contain species with the
shortest durations (~ 4 Myr).

The Lower Cretaceous is characterized by a pronounced decline in the num-
ber of cyvcad species and the extinction of the contemporaneous cycadeoids, a
change which is numerically “absorbed” by an increase in the number of fern
species {Figure 2). Alithough the Coniferopsida appear to be numerically
stable, there are significant changes in the dynamics at the family level—the
Palissyaceae go to extinction (Upper Jurassic) and the Pinaceae, Taxodiaceae,
and Taxales demonstrate higher species-origination rates and shoerter dura-
tions.

Currently, the oldest angiosperm megafossils are known [rom Early Cretace-
ous strata of Barremian age, Their apperance marks the beginning ol o major
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alteration in the terrestrial flora, which led to the dominance of flowering
plants and a perceptible decline in the species numbers of gymnosperms and
pteridophytes (Figure 3).

During the Mesoznic and early Cenozoic various gymnosperm lineages de-
clined in species mimbers: Most of the seed ferns became extinet by ||“w end
nf the Trinssic, with the Caytoniales surviving unti] the Early Cretaceous, The
cycadeoids were represented by signilicant species numbers in the earlv Cre-
taczons but by the end ol the Cretuceoys they tou bzcame extine 5]'I1I.I|i:r|j'.
the eyemds begin to slow g proncunced decline in species number. The deterl-
oraticn in the diversity of these gymnospernm lineages is noticeabic well before
the Barrcmian appearance ol angiosperms, and is correlated with 'a concomi-
L:..m inerense in other gymnosperm taxa, such as the Taxales and Coniferales
(Figure 2), Thus, significant alterdtions (n the relative abundance of pymno-
sperm lineages oecurring in the Early Cretaceous are not @ priori ascribable 1o
the adaptive mdiation of the angiosperms

Underlying the fluctuations in the relative species abundance of gymno-
sperm lineages in the Cretaceous and Tertiary is a relatively stable consortium
of pteridophytes. The sphenopsids, lycopsids and ferns continue at a low and
fairly constant level of diversity through the early Tertiary, wliereupon they
begin a gentle decline (Figure 2), perhaps in tesponse to the spread of herba-
centis angiosperis. As before, considerable turnover exists amone the various
fern Hineages. The Marsdeales and Solviniales, wo A Larie -:urdcn:ul' ferns, ap-
pear tor the first time in Tertiary and Cretaceous times, respectively, and rap-
wly diversify, plateauing during the Oligocene. The Polvpudiscene appear to
Bain domimanee wmong thé major fern famities dorimg the Olipo-Miocene:
however, this trénd may be more an artifact of T -u.-cl-lL'pn;_x:unl.zrlnu 0l
non-tropical fossil localides.

CRETACEOQUS RADIATION OF THE ANGIOSPERMS

Between the Lower Cretaceous and Paleocene, the total standing diversity of
land plants increased by 45%, of which over 40% were angiosperm taxa. By
the later Neogene, the flowering plants constituted almost 80% of all known
vascular plant fossils (Figure 3).

The increase in angiosperm species number was nitially a gradual process
and the shape of the species number versus time plot is similar to those ob-:
served in the initial radiations of ather major plani erioups, What distinguishes

the ungiosperms from uther plant groups, however, is.the rapid rate dt which

Lheir specics ] i . i
pecics I]l’ll‘ﬂl')EI. tmcreased (an arder of magnitude higher than preceding

plant groups). The rise in aogspers diversity had twa major effects pn the
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Figure 3. Changesin the diversity {at the speciesilevel) of suprageneric taxa represe?ted
in the Late Measozoic and Cenozoic. Owing to the sources ef data (predominantly from
North America, Europe and Asia), these graphs more properly reflect changes in plant
diversification for the Northern Hemisphere, T'or further details, sze text

species composition of the world floras: (1) a rapid increase in species num-
bers, the bulk of which is attributable directly to the proliferation of the an-
giosperms, and (2) a decline in the numbers of other plant lineage species,
This observed decline is in part an effect of dilution resulting from the vast
numbers of angiosperm fossils found in seme Tertiary deposits, as well as a
bong fide reflection of competitive exclusion. Unfortunately, a precise quan-
tification of the contributions made by both these phenomena is not possible;
however the effects of both are noticeable in Figures 2 and 3.

The changes in angiosperm species numbers from the Early Cretaceous to
the recent may be analyzed at various taxonomic levels: (1) comparisons
among the rate of species-origination and species durations of the angio-
sperms as a whole and other vascular plant groups, (2) comparisons among
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the varjous orders of monocots and dicots, and finally, (3) comparisons
among the varions families of sngiosperms (Takle 1) Similarly, mies of spe:
cies-arigination und species diversity may he computed for pollen, leal, and
fruitfseed tnxa, providing Independent computations based on tliree OTEANS.

The anglosperms as o whale demonstrate the highest speciation rates of all
the plant groups examinedl. Based on seed and fruit dutu. average R-values
range From 0.37 Myr* for monocots to 0.46 Mywr! for dicots—vaulues that gre
an the order of 3 to 4 times that of 1he most rapidly specinting gymnosperms
(Taxales, R=0.11 Myr™; Coniferales; R=0.10 Myr™!), The mean species dury-
tions for all the angiosperm taxa examined are onf the order of § My r—a value
comparable to other seed plant groups (Voltziles and pleridospern lineqges,
D=4 to 5 Myr) However, the average duration can be as low as 1.7 Myr in
some lamilies of herhaceoud angivsperms, Collevtively, the high mean specia-
ton rates and shore durations set the angivsperms apart fron all other vascu-
lit plunt groups.

Significant differences exist wmong the mesn speciation rates und species
durations within the varfous orders ol angiosperms. Although the mean speci-
ation rate for a dicot prder is 0.26 £ 032 My | some orders yvield very low
valwes: Trochedendrales (0,11 My, Myricales (0.7 Myr b ), and Him-
manelidales (0,08 Myr ™), Orders including the highest speciation rates are
the Capprarales ( 1.04 Myr™ ), Geraninles (2,19 My ™" snd Plumbaginales (2,44
My ), Significantly, these relatively fow and high specintion rutes sre pssogi-
ated with long and short species durations, respectively

Figure 4 shows the relatinnship between the mean species dumation dnd
medn species: vrigination rates {or representative familics of ANEiespeTms,
Those families showing the highest spsciation rates (Umnbelliferae, ot s
itae. and Labistze, R=0.4 to 0.6 Myr™" ) typically show shorl duraticns (~2
Myr). while families with low speciation tates (Aceracene, Fagaveae, Juglanda.
ceae, Moeraceae, Hydrochuritucene, and Actinidincese, R=02 Myr ) show a
broad ringge io mean species durhtions {2 to 9.4 M),

The mean species dutation and origination rates given for [amilies in Figure
4 ure based exclusively on seed and fruil daty. However. comparable calouls
tHons can be derived from the fossl] record of pollen ascribable to-each of the
lamilies shown, Linear regression analysis of the polien and seed o grean
speciation rates data yield a coefficient of correlation of (.85, The average
duration for pollen for a family equals 34.9 Myr, while that for an order
equals 43.5 Myr.

Sonie broad ecologic, chemosystematic, and anatomical trends can be seen
within the angiosperm families shown in Figure 4. Those families with the
highest speciation rates (0.4 to 0.6 Myr ') are typically dominated by weedy,
north temperate species characterized by the preduction of specific rather
than generadized  allelotoxins (c.g. Compositue, Umbelliferae: Labiatae)
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Among the families shewing the lowest mean speciation rates (~0.1 Myr )

,dgj 5 and longest durations (4 to 9.4 Myr} are the hydrophytes {Hydrocharitaceae,
= ‘é Potomogetonaceae, and Sparganiaceae), which are characterized by taxa typi-
S o cally showing extensive vegetative propagation and limited habitat. Families
T g with intermediate R- and D-values (R=0.2 to 0.3 Myr™! and D=2 to 4 Myn)
= o ~o are largely tropical woody trees or lianas (e-g. Anacardiaceae, Annonaceac,
~ % E E Vitaceae, and Curcurbitacese). The significance of varicus anatomic, repro-
/ 'g\ 2 5 ductive and biogeographic features as they relate to the apparent speciation
,/ "5 I'Il_i o %E rates for particular family groups is a topic too broad to cover within the ru-
|"I £y g | o g bric of the present report. However, a cursory examination of the biclogy of
, sE 2y | © %, the various angiosperm families studied suggests that the pollination mechan-
E:T ?E_ r'"ﬂ E = ism, growth habit, and chemical defense system have played major roles in
r . §§g|'§ g 5 def_milng the relative rare influenced by innate charscteristics (karyotypic
| EEE % f:; E variation} and rate of environmental change
\ BB /v £
% i E. " :12 =
;;;__jé_\ % & :: MODES OF PLANT DIVERSIFICATION
u w ¥ ~ e =1 )
§ g I." ¥ § _‘gng v E\l\l Q E § Knowing the pattern of tracheophyte diversification tells us very little about
Byl || g e 5 \gg i E 4 g the processes or modes involved. Two areas that have bearing on the ““inode”
. E_J | L?.g . ;Ju'g 3 1= . = g of plant diversification are (1) ecologic theory as it relates to diversification
X= I'. Bm; : .g.% | o g E and species equilibrium, and (2) the genetic mechanisms for speciation and
i) E"‘ ..':»E" g x 2% the factors that relate to the apparent rates of speciation calculated for the
2 . _'4’% : B 5 5 g '12 various lineages or groups of plants. The questions that can be asked of eco-
e L :‘%'_- E 3 % % 2 ,"II %; E :5’ logic theory are “Do the trends seen in the fossil record of land plant diversi-
_‘/,.-f"’ : Ir, § ‘E' EH%F ,i = _§/ 25 fication conform to those observed for living plants?”, and, if they do, “What
v jE E’.':—‘"'g. ‘:_;lil e b g 2 are the extrinsic factors that influence species diversification?” In essence,
g ‘g \ f E '“ % E'E 7 | 2 é what we wish to address is the issue of compatability between the trends seen
. . _2:5 ! | E H E H E - - i the fossil record and those either predicted or observed in living plant com-
§ E s de ® | §-§ 3_&.5 E . da g = munities and hiotas. Questions that may be addressed to the literature per-
3 g 2 \e §'8 33 2 EDE taining to genetics are “What are the intrinsic factors that dictate potential
2 Ve 5: “\ 9 §- . E Z rates of speciation?” and “Arve there differences in the life history strategies
sl \\__ E / i = e § _§ of various plant groups that can accelerate or decelerate speciation?”
— 2.2
LN
§ % EQUILIBRATION OF SPECIES NUMBERS
= =
= s % l‘: f; ; IE 3 g The concept of an indefinitely increasing species diversity has been criticized
2 = 3 NOILVID3dS 40  S3lvy E éﬁ as counterintuitive (Strong, 1974; Resenzweig, 1975), while that of species
< ,5,3 cquilibiation has been explored owing to the possibility for modeling, pre-
E E dicting, and interpreling diversity, Debate on the generality of species equili-
E‘E bration has locused on Tive levels of geographic scale and time span: (1) suc-
=]
[=}

cession and ciimax, (2) component communities, (3) islands, (4) biosphere
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diversity, and (5} major taxa in geologic time. In his review of each of these
five levels of species diversity, Whittaker concluded that “For a given taxon.
diversity increase slows, given sufficient evoluticnary time, but the evolution
of new greups capable of new elaboration of ecotopes permits diversity in-
crease” (1977.53). Similarly, Whittaker concluded that “Evidence and the-
ory are againsi the general occurrence of species equilibria on the evolution-
ary scale” (1977:52). Thus neobotanical ecologic data and theory are consis-
tent with the observation that the total number of vascular land plant species
increases progressively through the Phanerozoic.

The mechanism permitting the non-occurrence of species equilibrium can be
understood by recourse Lo niche-theory The principle of competitive exclu-
sion argues that no two species can oceupy the same niche in a stable com-
munity However, new species may be added to even a stable community by
one of two ways: (1) by evolving into positiens of resource use that are ex-
treme or marginal for the species already present, or {2) by evolving toward
an intermediuty resource use to these of other species. Respectively, these
modes result in (1) the “extension’” of a pre-existing gradient in the niche
hyperspace. and (2) the “intercalation™ of a new niche wimong existing ones
Either or both of these moedes may result in an increase in species diversily;
however, the quantilative contribution of each to the diversification of spe-
cific evolutionary lineages or floras must remain speculative. It is safe to as-
sume that with an evolutionary innovation that permitted the exploitation of
a new resource or habitat, as for example the colonization of land by the first
land plants (and later the potential to expand into more mesic conditions
with the advent of the seed), the primary mode of diversification was initially
one ol niche “extension.” With sufficient time, however, the “intercalation”
mode would become dominant resulting in a stable but diversifying commu-
nity structure. Some evidence for this can be gleaned directly from the fossil
record. The average species number per flora appears to increase with time
through the Devonian (Niklas et al.. 1980, Table 1), Similarly, the number of
individual taxa found on exposed surfaces of rock strata increases through
geologic time. Morphologic complexity alse increases and provides cvidence
that communities gradually scquired the capacity for greater vertical stratifi-
cation and attendent niche-partitioning. Thus the increase in total tracheo-
phyte species number may be interpreted ecologically as the “fragmentation™
of niche hyperspace into progressively smaller niche-volumes. This scenario is
testable, since il predicts that. within limits, we should see a progressive trend
in the history ol plants from “generalists™ to “‘specialists.”

The slowing down in the apparent diversification within a lineage or evolu-
tionary flora may be the result of: (1) niche hyperspace saturation, L.e.. with
sufficient time. the limits of the morphologic and reproductive versatility of
the group may be reached, or (2) the appearance ol a new group ol plants,
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characterized by a reproductive, morphoiogic, or physiologic innovation,
would result in a displacement of the preceding flora. (This would be the
macroevolutionary equivalent to competitive exclusion at the species level )
The empiricaily determined decline in the species numbers of some evolu-
tionary floras, with the advent and adaptive radiation of newer floras, is com-
patible with the second of these two explanations.

Competition among plants is of a type in which there is ne standardization
of resource use and is therefore quite different from that commonly feund in
animals (Nicholson, 1958; Whittaker, 1977). A sexually mature animal has a
specific quota of food and space necessary for survival which, when met, usu-
ally results in non-competitive behavior. By contrast, a given plant, owing to
its indeterminate growth, utilizes as much water, inorganic nutrients, and
space (relevant to photosynthesis) as can be obtained during the course of its
growth, Demands on resources, even for an individual, increase during the life
span of a plant, Effectively, all species of plants compete with one ancther in
a direct fashion. Indeed, “competition™ may cven exist between parts of the
same plant, Thus plants differ from animals in ecologically fundamental ways
even at the basic level of competitive exclusion. Plant adaptations to enviren-
mental fluctuations result in conspicuous differentiation in the time znd man-
ner of reproductive and vegetative growth, and can produce a finer subdivi-
sion of the intracommunity pattern of micrchabitats by plants than that scen
in anjmals.

The extent to which the niche hyperspace was fragmented by an evolution-
ary flora and to which that fragmentation could be caused to go to instzbility
owing to evolutionary innovations (reproductive strategies, allelochemics,
etc.) provide the critical “modes” necessary to interpreting the tota) diversity
of tracheophytes. Clearly, however, these “modes” are more philosophical
than mechanical. Although providing proximate explanations, the ultimate
causality relevant to speciation is within the context of genetics

RATES OF SPECIATION AND GENETIC CHANGE

The correlation between the rate of cladogenesis and the rate of genetic
change has been explored by a number of authors who have reached equivo-
cal but often pelarized conclusions (Ayala, 1975; Levin and Wilson, 1976;
Prageretal., 1976). Attempts te resolve this issue have centered around deter-
minations of structural protein and karyotypic variation, and are based on
calculations of phyletic distance measures. Based on the state of the litera-
ture, Wilson et al. (1974a-b) suggested that there are two types of “molecular
evolution™: onc type involving structural genes, which goes on at an zpparent-
ly constant rate, and a second for regulatory genes, which is primarily Tespon-
sible for reproductive incempatibilities and morphologic evolution.
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In a study of two fish groups (Lepomis), Ayala (1975) concluded that there
is ne evidence of greater genetic differentiation in highly speciose fish than in
those that are species depauperate. Ayala suggested that there is no obvious
correlation with the apparent rate of speciation and genetic change, but cau-
tioned that this conclusion is based on a limited data set relevant to a particu-
lar group. Prager et al, (1976) concluded that karyotypic evolution in gymno-
sperms has been remarkably slow (100 tinies lower than most mamimals; 10
times lower than other mammals and mollusks, ¢f. Wilson et al., 1975), vet
the rate of change in amino acid sequences of seed proteins is comparable to
that calculated for flowering plants (e g., the rate of change between two lin-
eages of gymnosperms is about 1% 7.5 Myr'', while the average for that of
flowering plants is between 1% 5-10 Myr ). Levin and Wilson (1976) have
presented comparable analyses of net increase in diversity of karyotypes in
seed plants, and conclude that z high correlation exists between karyotypic
evolution and rates of speciation. Thus, support for the hypothesis of Wilson
et al. (1974a-b} is seen in the conclusion that the rate of structural protein
evolution 1s roughly the same for gymnosperms and for angiosperms, yet
karyotypic rates of evolution appear to be low in gymnosperms and high in
angiosperms. The positive correlation between the rate of karyotypic change
and the rate of speciation within seed plant groups has not been extended to
other plant groups, Thus the currently restricted data precludes a generaliza-
tion and demands a ncte of caution, However, based on studies of DNA se-
quences in the fern Osmunda, Stein et al. (1979) speculated that the rate of
addition of repetitive sequences is probably stower in ferns than in flowering
plants. These authors suggest that the slower rates of evolution in ferns is re-
ferable 1n part to generation time (Stein et al., 1979:229).

The various mechanisms or modes of karyotypic modification are reviewed
elsewhere znd are not elaborated here (cf. Stebbins, 1971),

RATES OF SPECIATION AND POLYMORPHISM

The question of genetic polymorphism as it relates to the ability or expres-
sion of & taxon to speciate has prompted some authors to seek correlations
between these two phenomena. Ayala and Kiger (1980) and Avala (1982) in-
dicale that natural populations of most organisms possess large stores of ge-
netic variation. The average heterozygosity in vertebrate groups is between 4
and 8 percent, between 6 and 15 percent for a given invertebrate group, and
between 3 and 8 percent for plants. The average polymorphism for self-polli-
nating and autocrossing plants is 0.231 and 0.344, respectively, and is high
compared to mammals (0.206) and birds (0.145). Based on cnzyme polymor-
phism, Hamrick et al. (1979) present data relevant te a polymorphic index
(PI) and twelve life history varfables. Data for six of the twelve variables are
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given in Table 2. Gymnosperms show roughly twice as many polymerphic
loci than either menocots or dicots. There appears to be a significant correla-
tion between high polymorphism on the one hand, and wind pollination and
leng-lived perennial growth habits on the other hand (Table 2, variables 5-6).
Although on the basis ef calculated speciation rates for gymnosperms and an-
giosperms (Table 1), it appears that there is a negative correlation between
enzyme polymerphism and relative rates of speciation {Table 2, variable 1),
the limited data are not sufficient to warrant any conclusion,

The difficulty in interpreting these data in an evolutionary context iies 1n
our Jack of knowledge concerning the adaptive significance of iso- and allo-
enzymes. Allosterically regulated enzymes, critical to the coordination of me-
tabolism, can operate efficiently only over a limited range of conditions. ladi-
viduals with multiple (=polymorphic) forms are poteniially capable of re-
sponding appropriately to the binding of effector molecules aver a broader
range. Thus enzyme polymorphisin is potentially adaptive in the sense that it
endows an organism with a greater metabolic latitude. This potential for
enzymatic “plasticity™ is consistent with the high polymerphic indices of
gymnosperms and long-lived perennials in general (Table 2)—plants that must
survive in a variable microenvironment for many years before reaching repro-
ductive maturity. Although speculative, polymerphism in long-lived taxa may
be adaptive to the individual, but may so “bulfer” a plant lineage so as ta
ameliorate selection pressures thereby reducing apparent speciation.

An zlternative explanation for the high polymorphism seen in gymnosperms
may be simply that genetic variation tends to accumulate through time
(Valentine, 1978). Therefore, older plant groups should be genetically more
polymorphic than younger groups, such as angiosperms. (Interestingly, such a
conjecture would allow the speculation that monocots are older as a group
than are dicots, cf. Table 2, variable 1.) To test this hypothesis, comparable
analyses to those of Hamrick et al. (1979) for lycopods, horsetails, and
various ancient fern taxa are needed. Regrettably, these analyses are currently
not available

BREEDING STRUCTURE, EFTLCTIVE POPULATION SIZE,
AND GENERATION RATES

In their analyses of sced plants, Levin and Wilson (1976) concluded that the
rates of cvolution at both the karyotypic and organismal level are related to
the hreeding structure of species and to environmental predictability. In taxa
with small, semi-isolated populations occupying transient habitats or ecotanes
experiencing sharp fuctuations, the probability of fixing chromosomal or
morphologic novelties is high and speciation rates are rapid. By contrast, taxa
that maintan fpe continucus populations where abiotic and biotic pressures



Table 2. Levels of variability between categories of six life history and ecologic variables {from Hamrick, Linhart and Mitton, 1979)-
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are stable through time are likely to be evolutionarily conservative. Levin and

Polymorphic

I g Wilson (1976) conclude that the mean rates of increase in chromosomal diver-
| ] sity and species numbers in seed plants are highly correlated (r=0.64; P <
358 2293 SR8 Suzy sox ci=g = 0.01). Thi lation is ¢ ith the Levin and Wilson hypothesi
TS ¥ SS. 5233 58488 3538 833 28352 @ 01). 15 cerrelation s LOHS]ST.@I"lt with the Levin fin 1 §oq ypothesis,
=N eee coeo eococo ooo Soo 8GOS e and may be the result or the proximate cause of relative speciation rates {1
2, o P P
" & beth processes may be influenced by the same or similar factors, or (2) karyo-
Tl 22%  E¥8R 18835 2¥8% 0Ann ey Z typic changes set the stage f fation either “... by reduci
Bl 1529, 2088 1 020R PEOR FOOR FEI5T o ypic changes s e stage for speciation either ‘... by reducing gene ex-
¢$e oSoos oSoos SSo S0 9959 o change or by altering the regulatory sysiem and thereby providing the species
8' : with new phenotypic alternatives that may be selectively favored” (Levin and
| 2 Wilson,1976:2089). Thus herbs have very high net rates of chromesomal eve-
1 lntion (=0.7) and high net rates of species evolution (= 1.0). Similarly, an-
) * 0 5 ¥
] ol o) -k O v Oy M [ ol ol o - [~ ol a0
= Q P =T - = oo — SO~ cCcown * o . -
23| 222 2335 35335 238 235 3333 o giosperm shrubs and trees yield net rates of chromgsomal (Bc) and species
sg | | evolution (Rs) comparable to those calculated by Levin and Wilson for cycads
o —_ g o o P
329, m3s FEe3 S3¥s méa a88% =283 3 andcomfers(Rf,neOto0.0ll,Rs O..OST,OOOZ). . .
£ 5 o - = i 6] I - a = The conclusions of Levin and Wilson are compatible with our data, par-
S < p . P
= = ticularly when families of angiosperms are compared (Table 1, Figure 4},
* . XE . . . .
[+ Angiosperm families dominated by long-lived perennial species (Fagaceae
. p p g ,
. cw ml 2 i Aceraceae, Betulaceae, Magnoliaceae, Juglandaceae, and Ulmaceae) have low
o= — M 1 1 0 00 — o ™~ — = B .. - = o .
° >, nMme go-0 Moo Q. oo~ axen = o arigination rates (R=0.1-0.2 Myr™'), while herbaceous angiosperm families
e o Vo wn o+ 1N 0o omm wqrme'.gx i : )
el 25 (Umbeliiferae, Compositae, Labiatae, Polygonaceae, and Ranunculaceae) have
A o o oo . - o o o
g o e e w relatively high origination rates (R=04—0.6 Myr ). Similarly, cycads, gink-
- — 00 oD Do - o0 o~ oMo o <k~ — = o 9 . R . . .
2 8w Qe wmbom S on gLt oW mwan) g ophytes and conifers have extremely low rates of origination in comparison
S .8 - mono @ v woan 0 o0~ =R ™ wesoe = 8 pny Y g p
= DEE  CEhH BRI SO BES  DYEG) HE to flowering plants (Table 1, Figure 5).
¥ = 5 . o g ' f .
£ 2 At least within seed plants, generation time could play a significant role in
5 S < effecting rates of chromosomal and species evolution, Since each generation
N 3 5 . . . R
£ g -3 represents an cpportunity for selection or random genetic drift, seed plants
o 31K -] o o o~ o v oo v 2 A _ } ! .
Sl See oadd SoliE geg Ggtl ereEel | 5 with the shortest generation times, such as herbs or annuals, may speciate
Q o 5 )
§ =5 more rapidly than longer-lived taxa, suclh as shrubby or arborescent angio-
2 ) sperms. If the generation times for angiosperm herbs, shrubs, and trees are
by . 2 3 taken as one, five and ten years, respectively, then herbs would be expected
2 )
b § YR Coon oo b R L S o % Fi to have had an opportunity to speciate an order of magnitude faster than
§ & B trees. Similarly, if the generation time for cycads and conifers is taken to be
2 i3 Y
Ao - [ o = roughly 20-25 years, then these gymnosperm taxa would speciate less rapid-
3 § 5 5 ° , . : :
8 . E-E 2 = -‘g“ = ly, at least in theory, than angiosperms. The correlation between generation
%) o = g - q
R ;..:’o B g2 % .g Z % time and apparent origination rates, however, does not appear to extend be-
o o g 15 = o q
SEER 2 — Lo 2 ! . = ond seed plants. The average fern requires 3 to 6 years to achieve sexual ma-
T ) oo = o 2 . £ q Y
17 %) =1 — - - - - 5 .
2535 2 w2 E_—-E2 8 _  m_ - s =y turity. A similar time appears tc be required to reach maturity for present
EV-O'E_ESEIQ.""EN—""' e | v B = % ul PP 4q y p
) = =05~ = e =1 = . o o
g E*é g = cct = E E TSR Eg S x ég §'§ < éi uE“:‘ = day sphenopsids and lyccpods. Although these generation times are compa-
EORE gﬁ FRE g imeg 2HexE E EEL Ex GEF| g 8 rable for those seen in agiosperm herbs, the average origination rates of pteri-
j o o . . . .
_ _ s _ Z % dophytes is considerably lower than any calculated for flowering plant fam:-
—_ k= — = o
o - + = lies
S
@ a




122 NIKLAS, TIFFNEY AND KNOLL

W C Dicotytedonec

|— Q Manacutyleoonoe
e
®
Wl
- |
<
==
z
a
= -
<
= I— . BN
L] G WOona b
= T e
Q J'\_ L gy I Nl
| B e
o, By
= "'*--..E i Bl
S .
e ~
g Ll
T '-. W Epradapfivis
I T % [ P T
"‘-qir,...
N = B Lainmepisain
W Fa Ul ine
.
Tnuis
[ —
e
“
hY
%
== .— . 1 I o R
5 10 18 20 25
MEAN DURATION (MY

Figure 5. Plot of mean species-origination rates versus mean species durations for
various suprageneric plant groups {open dots represent data based on genera rather than
species). For further details, see text
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REGULATORY GENES AND EVOLUTION

Recent speculations concerning the roles of regulatory genes in the evolution
of major taxa have not been fully explored (Wilson, 1975; Wilson et al., 1974a-
b; Maxson and Wilson, 1979; Stebbins, 1982), but offer exciting potential to
explain evoluticnary patterns in land plants. Twao examples where changes in
plant regulatory mechanisms may stimulate major evolutionary changes are
illustrative. Basile {1979) has shown that phenovariation in liverworts can be
induced by extremely low level modifications of the amino acid hydroxypro-
line. By altering proline-hydroxyproline metabelism, liverworts manifest ex-
treme changes in morphogenesis resulting in leafy and thalloid forms. Regula-
tory gene action at such a fundamenta! metabolic level may have played a sig-
nificant role in the morphogenetic alteration of aquatic plants attending their
exploitation of the terrestrial habitat (cf. Niklas, 1976). More recently, analy-
ses of the developmental changes in a species of flowering plants, Streprocar-
pus, has shown that exposure of germinating seeds to growth substances can
alter both vegetative and reproductive structure (Rosenblum, 1981). Clearly,
the influence of plant growth regulators have profound effects on meriste-
matic and hence morphologic development. For example, Stebbins (1974)
has reviewed the role of intercalary meristems in the transition of unfused
petals to a bell-shaped or tubular corolla. The production of fused parts,
through the process of syngenesis, may alter pollination mechanisms, result-
ing in sexual isolation and subsequent speciation. Although inferential, the
evolution of the integumented seed and the adaptive radiation of seed plant
lineages may have stemmed from relatively minor and developmentally quick
alterations of meristematic activity (cf. Niklas, 1981a-b). As Stebbins points
out: “Rates of evolutionary change usually differ by factors of two or ten . . .
when different organs, tissues, cells or molecules are compared . . . When evo-
lutionary rates are similar, either the characters are controlled by pleiotropic
effects of the same genes or they contribute to adaptive syndromes that are
subject to the same or similar selection pressures.” (Stebbins, 1982:13-14)

SUMMARY

Analysis, at the species level, indicates that the temporal pattern of terrestrial
plant diversification can be decomposed into four distinct floral components:
(1) a Silurian-Early Devonian proliferation of early vascular plants which
were morphologically characterized by a simple and presumably primitive
construction (Figure 1}, (2) a subsequent Late Devonian-Carbonifercus radi-
ation of derived plant lineages some of which achieved arborescence and het-
erospory (Figure 2}, (3) the appearance of seed plants in the latest Devonian
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and their adaptive radiation culminating in a gymnosperm dominated Meso-
zoic flora (Figure 2), and (4) the appearance and rise of the flowering plants
in the Early Cretaceous and Tertiary (Figure 3) Three of these four phases of
tracheophyte evolution are associated with significant increases in the total
species numbers of land plants. The first cccurred within a 60 Myr period be-
tween the appearance of the first vascular plants and the decline of these ear-
ly lincages, where the diversity of land plants increased four-fold. The second
involved the adaptive radiation of Upper Devonian pteridophytes which re-
sulted in another four-fold increase in species numbers by Permian times. The
last and third major increase in tracheophyte diversity, resulting in a three-
fold increase in species numbers, occurred by the Neogene and is referable 1o
the proliferztion of the angiosperms.

Based on the rate of appearance of new species and their durations for the
varicus plant lineages examined, two distinctive patterns in tracheophyte evo-
lution bezeome evident: (1) with a few exceptions, the initial occurrence of a
new lineage is charactenzed by species with relatively short durations and by
high species-origination rates, followed by 2 progressive decrease in speciation
rates and an increase in species duration (Table 1), and (2) among successively
occurring suprageneric groups, there appears to be an increase In mean spe-
cies-origination rates and a decrezse in mean species duration (Figure 5). Al-
though the initial species-crigination rates of every plant group is high, the
earliest vascular land plants {rhyniophytes and zosterophyllophytes) have the
longest species durations (12 to 14 my) and the lowest species-origimation
rates (0.04 to 0.07 my™") of any plant lineage. Subsequently evolving pteri-
dophyte and seed plant groups show increased mean species-origination
rates and decreased mean durations. The angiosperms, standing in marked
contrast to the earliest tracheophytes, show the highest speciation rates and
the lowest species durations. Even if the “short species durations” of the an-
giosperms are considered to be an artifact of observing their initial evolution-
ary phase of radiation, their significantly high species-originaticn rates stand
in marked constrast to all other lineages. A linear regression of mean species-
duraticn versus mean species-crigination rates for the plant groups examined
vields a coefficient of correlation equal to 0.89, If the angiosperm data points
are removed, 1=091,

Examination of the possible mechanisms or “modes”™ of plant diversifica-
tion indicates that the data are consistent with ecolegic theory and observa-
tions of species diversity at the intercontinental level (Whittaker, 1977), The
overall pattern of increasing species numbers through geologic time indjcates
that trachecphyte species equilibrium has not been achieved, und may be in-
terpreted as an expression of the ability of plants to increasmgly “fragment™
the available niche hyperspace and to evolve into positions of resource use
that are extreme or marginal relative to antecedent species. Available data as
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to “species richness” and paleocommunity structure indicate that, through
geologic time, species packing and community stratification has increased,
The decline observed in an evolutionary flora is usually concomitant with the
appearance of a new flora. Subsequent adaptive radiation of the new flora is
associated with the diminution in species diversity of antecedent taxa. This is
consistent with the speculation that a macroevolutionary analog to competi-
tive displacement is operative in the succession of evolutionary floras.

Crude estimates of species-crigination rates clearly indicate that the mean
rates of evolution for various plant lineages are unequai over long periods of
time. An examination of the relevant genetic literature leads us to conclude
that there may exist a high correlation between the apparent rates of specia-
tion and Karyotypic variation. At least for seed plants this correlation is at
the level of 0.64 (cf. Levin and Wilson, 1976; Prager et al., 1979). Although
the rate of chromosomal variation within a seed-plant lineage correlates with
the apparent rate of speciation, karyotypic alteration is not interpretable as
uitimate causation, since it is possibly a cytologic symptom of genetic pro-
cesses attending speciation. Correlations among breeding strategies, karyo-
typic variation, and mean speciation rates, however, may provide a basis for
concluding that taxa with restricted gene flow, low dispersibility, and small
effective population size speciate more rapidly than those taxa with high gene
flow probabilities, high propagule dispersibility, and large effective popula-
tion size. Clearly, the influence of environmental stability and heterogeneity
play significant roles in determining the probability of speciation. Environ-
mental changes and breeding structure differences are interpreted as proxi-
mate, if not uitimate, factors determining evolutionary rates.
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Chapter 4

REAL AND APPARENT TRENDS IN
SPECIES RICHNESS THROUGH TIME

PHILIPW SIGNCR, I

Department of Geelogy, University of California, Davis

INTRODUCTION

Perhaps the greatest pattern in the history of life is the variation of global
species richness through time. Paradexically, the history of species richness
has also been one of the most difficult patterns to resolve. QOver the past
decade a number of palecntologists, using a variety of ingeniocus arguments,
have attempted to estimate treads in species richness through time but no
generally accepted model has emerged.

Resolution of actual trends in species richness through the Phanerozoic
using counts of described species has been hampered by sampling biases of
several types (Simpson, 1960; Raup, 1972, 1976b, 1977; Shechan, 1977;
Koch, 1978; Signor, 1978, 1982). The likelihcod of a species being retained
in the rock record apparently varies with time (Gregory, 1955; Simpson,
1960; Raup, 1972, 1976b) and the attention devoted by systematists to
faunas of different ages is unequal (Cooper and Williams, 1952, Williams,
1957; Raup, 1972, 1976b, 1977; Sheehan, 1977). Other biases, while acting
on local or regional scales, are equally important. Species richness at any
given locality tends to vary as a function of sampling {Durham, 1967; Stan-
ten and Evans, 1972; Koch, 1978). The habitats occupied by potential fossils
and the representation of those habitats in the stratigraphic record will also
uffect the probability that a potential fossil is retained in the fossil record and
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available for sampling (Simpson, 1960; Raup, 1972). Trends in apparent
species richness (numbers of described species: Figure 1) reflect these biases,
and not necessarily trends in actual species richness {Raup, 1972, 1976b;
Signor, 1978). Given these problems, paleontologists have sought other means
to infer the history of species richness in the Phanerozoic.

FOUR MCDELS OF SPECIES RICHNESS IN THE PHANEROZOIC

Four models of species richness in the Phanerozoic have been proposed over
the past fourteen years. Each is based on evidence other than apparent global
species richness. Hence, the validity of each model is dependent upon the cor-
respondence between actual species richness and the evidence upon which the
various models are based. In most cases, arguments in support of these models
are based upon counts of higher taxonomic units or patterns of subtaxa rich-
ness within higher taxonomic units. Each of the following models refers to
global diversity in the limited sense of numbers of fossilizable marine inverte-
brates.

Valentine (1970) proposed the Empirical model of species richness (Figure
2a), which was based on temporal variations in the ratio of genera to families.
He compiled data on the ratio of genera to families of readily preservable ma-
rine invertebrates and found a sharp increase in post-Mesozoic genus/family
ratios. Valentine reasoned that, if a similar increase in the species/genus ratio
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Iigure 1, Numbers of described species of marine invertebrates through time, Numbers
of species are normalized to period length Data from Raup (1976a)
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had occurred. there must have been a tremendous increase in actual species
richness at the end of the Mesozoic.

A similar pattern was obtained through an alternative analysis by Valentine
et al. (1978). In this second study, Valentine et al. estimated how many
species would be contained within high and low diversity provinces. By
calculating how the numbers of provinces varied through time, and factoring
in variations in within-habital species richness {from Bambach, 1977), they
were able to infer past trends in global species richness. Their results closely
matched the Empirical model proposed earlier by Valentine,

Gould et al. (1977) proposed a second model, the Equilibrium model (Fig-
ure 2b), for the history of species richness. Gould et al. found that the center
of gravity of artificial clades was always near the clade’s midpoint when their
simulated universe was at equilibrium. However, when new lineages were be-
ing added to the universe the clade’s center of gravity tended to fall before
the clade’s midpoint, Applying this statistic to the distribution of actual
supraspecific taxa within higher taxa, they found that the center of gravity of
rezl clades was close to the clade’s midpoint for post-Ordovician clades. Ear-
lier clades tended te have their center of gravity prior to their midpeint. On
the basis of this analysis they concluded that global species richness had been
approximately constant since the Ordevician.

The Equilibrium maodel was supported by Sepkoski’s (1978) analysis of vari-
ation in the numbers of marine metazoan orders through time. Sepkeski
showed thal the number of orders of marine Metazoa has remained approxi-
mately constant since the mid-Ordovician. Using simulations and gualitative
arguments he explicitly contended that species richness would have paralleled
the numbers of orders through time, If these arguments are valid, actual spe-
cles richness must have been approximately constant through time.

The third model of Phanerozoic species richness, the Species Richness mod-
el (Figure 2¢), was proposed by Bambach (1977). Bambach compiled lists of
species found at different times in three generalized marine benthic habitats:
nearshore stressed, variable nearshore and open marine environments. He
found that species richness in nearshore stressed environments has remained
approximately constant through the Phanerozeic but approximately doubled
in nearshore and open marine environments around the end of the Mesczoic.
Other factors being equal, global species richness should also have doubled
near the end of the Mesozoic. Of course, other factors (e.g., provinciality)
were not equal but, with the exception of Valentine et zl. (1978), no attempt
hzs been made to integrate Bambach’s species richness data with other factors
that might impact global species richness. It appears that Bambach’s data con-
rradict the Equilibrium model, but may be compatible with the Empirical
maodel.

in a recent paper, four of the debate’s protagonists (Sepkoskn et ol 1981)
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joined to propose a new model of species richness, here termed the Consensus
model (Figure 2d). Sepkoski et al. pointed out that five independent or parti-
ally independent diversity data sets (trace fossil diversity, numbers of de-
scribed species, within-habitat species richness, numbers of genera and num-
bers of families} all show an identical pattern. Even when the autocorrelation
with time contained in each of the data sets was removed the patterns in each
of the five sets were very similar. Sepkoski et al. interpreted this pattern to
reflect a primary signal of global species richness, Whether the pattern docu-
mented in the Consensus model reflects a primary signal or a pervasive filter,
such as sampling bias, remains to be determined. Regardless, the Consensus
model represents withdrawal of support for the Equilibrium model by two of
the latter model’s ardent supporters,

As noted above, the foregoing medels are not based directly upon data on
global species richness, and their accuracy depends upon the degree that
species-level phencmena are reflected by the various metheds devised to infer
global species richness. The fact that such disparate results are obtained with
alternative methods of inferring species ricliness seems to speak to this proh-
lem. The remaining unsolved problem is to deduce actual species richness
from the data on apparent species richness without recourse to additional
assumptions of uncertain validity (e.g., numbers of orders reflect (rends in ap-
parent species richness), We need to develop a method of removing sampling
bias from trends in apparent species richness through time.

COMPENSATING FOR SAMPLING BIAS

The standard technique used to compensate for sampling bias in ecological
and paleoecoiogical datz is rarefaction (for a review see Tipper, 1979), Unfor-
tunately, application of rarefaction would require data on the numbers of in-
dividuals of every species that have been collected. This information is obvi-
ously not available and, consequently, rarefaction cannot be applied.

An alternative solution is possible. If we can infer the frequency distribution
of species in a given geological interval, and if measures of sampling intensity
are available, then it is possible o estimate how many additional or fewer spe-
cies might be recovered by an increase or decrease in sampling intensity. This
concept Is llustrated in Figure 3. Sampling eflort and the shape of the san-
pling curve (which is determined by the numbers of species and their relative
abundance) combine to determine how many species will be recovered. When
the species-abundance distributions are similar, the height of the sampling
curve above the abscissa is controlled by the number of species in the distri-
hution. Yor example, there are five sampling curves illustrated in Figure 3;
cach curve represents o lepnormal distiibution but curves a through e diverpe
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because the tctal numbers of species present in each distribution vary. This
raises an important point. If sampling intensity and the numbers of described
species are known, and if the species abundance distribution of species in
each geological period are lognormal, then it should be possitle to determine
which curve is being sampled and, indirectly, the total number of species that
exisied in each geological period

The crucial aspect in the {oregoing method is the nature of the species-
abundance distribution. Numbers of described species are already available
(Raup, 1976a), as are three estimates of sampling intensity: sediment volume,
sediment area, and Paleontologist Interest Units (P.1.U.) (Raup, 1976b). The
problem is tractable if use of the lognormal (or another) distribution can be
justified.

The most general and commonly occurring species-abundance distribution
in nature is the lognormal distribution {McNaughten and Wolf, 1970; May,
1975; Whittaker, 1975; Pielou, 1975). The lognormal distribution is not de-
rived from specific biological properties or characteristics of communities,

»m OO M

EXPECTED SPECIES

2 : : :
3 4 ) o 7

SAMPLE SIZE

Figure 3 Sampling curves for five lognormally distributed populations. Both sample
sice and numbers of species have been converted to logarithms, The population sizes for
the five curves are: A, 5x10% species; B, 10% specics; C, 5x10° species: D, 10% specicy;
and +, 5x10% species. The expected number ol species for cach sample and population
size was coleulated wsing the sampiing model developed by Signor (1978)
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but is a statistical model based on the assumption that the relative abundances
of different species in a community are determined by a large number of
independent factors (May, 1975; Pielou, 1975). The species-abundance distri-
butions of organisms in diverse communitics or where more than one com-
munity is sampled together is usually lognormal (May, 1975; Pielou, 1975;
Whittaker, 1975; see Koch, 1978 for an example in fossil communities). The
following analysis is based upon the assumption that the lognormal distri-
bution adequately characterizes the global diversity of marine invertebrates.

The lognormal distributicn is a continucus curve but it is easier to work
with a discrete version, in which the species are divided up into frequency
classes {or “octaves’) where 2 species in an octave is on average twice as abun-
dant as those species in the next lower octave (see Signor, 1978). The distri-
bution is defined by the equation:

2
Yp = Y e @R (1)

where Y  is the number of species in the modal {central) octave, Y is the
number of species in the Rth octave and a is a constant for each distribution.

&” can be estimated by the following relationship (when Yo, the total num-
ber of species is very large: May, 1975):

o InZ @)
. 2oV InYyp
Finally, Y, can be calculated using the equation:
v - aYT .
o] —-\/ T ( )

Since the relative abundances of species in each octave are known it is pos-
sible to estimate the number of individuals that would te drawn fiom un
octave in a given sample. The number of species n represented among the in-
dividuals drawn from each octave can be calculated from the Poisson rela-
tionship:

n =Yg YR‘;S/YR (4)

The number of species that would be recovered in a sample of a given size can
be calcuiated using equations | — 4, assuming the sampling intensity and the
total number of species present in the distribution are known

Raup (1976b) proposed that sediment volume {data from Greger, 1970) and
sediment area (data {rem Blatt and Jones, 1975) are two valid estimates of
sanipling intensity (Figure 4). Sheehan (1977) suggested a third alternative,
Puleontologisl Interest Units, which are estimates of the distribution of
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Figure 4. Three measures of sampling intensity. Data on geologic map areapis from
Blatt and Jones (1975). Data on estimated sediment volume are from Gregoer (1970), and
data on Paleontologist Interest Units are from Sheehan (1977)
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taxonomists’ efforts among the different geologic periods. All three are rela-
tive measures of sampling intensity and must be converted to absolute, quan-
titative estimates of sampling intensity. In an earlier paper (Signor, 1978), I
demonstrated this can be done by calibrating the Cenozoic sample to ““dis-
cover” approximately 43,000 species, the number of species estimated by
Raup (1976a) to have been described from the Cenozoic. Sample sizes for the
remaining periods are then set proportionately to sediment volume, area, or
PLUs.

Unfortunately, we do not know how many species existed during the course
of the Cenozoic and this figure is necessary if sampling intensity is to be cali-
brated to this interval. Total Cenozoic species richness can be estimated if
three variables are known: the number of Recent fossilizable marine species,
the pattern of diversity change through the Cenozoic and mean species dura-
tion. Following my earlier treatments of this problem (Signor, 1978, 1982), I
used two estimates of standing species richness and three estimates of mean
species duration, combined into six data sets (Table 1). Each set of calcula-
tions will be done under three additional assumptions: Cenozoic standing di-
versity was constant, diversity increased by a factor of two and diversity in-
creased by a factor of five. If results obtained with the sampling model are
robust then variations in the number of species existing in the Cenozoic will
not greatly affect the outcome. But if the results are not robust then the sam-
pling model must be rejected as an inadequate tool for inferring past patterns
of global species richness.

Once the sample size for each geclogic period is known 1t is possible to cal-
culate how many species were present in the interval of time, or in the pocl
that was sampled (Signor, 1982). This is done by taking advantage of the fact
that a lognormal distribution for a given number of species defines a single
sampling curve. Since the numbers of described species (from Raup 1976a)

Table 1 Data used to calculate total Cenozoic species richness. Estimates of mean
durations in millions of years are from the following sources: (2.75)
Simpson {1952); (6.5) Stanley (1973); (12) Teichert (1957). Data on
Recent standing diversity of readily preservable marine invertebrates are
from Teichert (1957) (169,700) and Valentine (1970) (100,775).

Dagta Set Mean Species Duration Standing Diversity
1 2.75 100,775
2 6.5 100,775
3 12 100,775
4 2.75 169,700
5 6.5 169,700
[ 12 169,700
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and sample size are known it is possible to estumate (using an iterative solu-
tion) which sampling curve the data define, which in turn yields the number
of species present in the period. The computer program written to produce
the solution calculates how many species would be discovered given some
number of species were available for sampling. I the number of species dis-
coverad is higher or lewer than the number actually described from that pe-
riod, the program adds species or subtracts species from the total number
present and then recalculates how many species would be discovered by sam-
pling the new total This process continues until the number of species “dis-
covered” matches the number actuglly described from the various periods
(+ 100). These calculations provide an independent estimate of species rich-
ness through the Phanerozoic

ESTIMATING APPARENT DIVERSITY UNDER
DIEFERENT PATTERNS OF SAMPLING

A second, closely related question is how patterns of apparent species rich-
ness would change if sampling was equal in each of the geologic periods. This
is analogous to the approach utilized in rarefaction analysis, where several
samples are adjusted to a common size. This pattern can be estimated by cal-
culating how many species were present in each period and then applying
constant sampling to each. Here, I have set sampling intensity for each period
equal to the Cenczoic sampling intensity. This procedure should produce re-
sults comparable to those which might be obtained through rarefaction (al-
theugh with rarefaction it is always necessary to rarify to the smallest sample
size because rarefaction curves cannot be extended to larger samples).

A final question that may be examined with the sampling model is how in-
creased sampling will, in the future, modify trends in apparent species rich-
ness. By doubling or tripling the estimated sampling intensity we can project
future patterns of apparent species richness, assuming that patterns of sam-
pling remain constant. This assumption seems reasonable, as there Is nc rea-
son to expect large shifts in the distribution of paleontological interest.
Therefore, we can estimate what the fossil record may look like to succeeding
generations of paleontologists

RESULTS
Figures 5, 6 and 7 present the estimated trends in numbers of [ossihzable ma-

rine wvertebrates through time, calculated assuming Cenozole diversity was
cither constant or increasing. In each case the sampling model predicts that
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diversity was low during the Paleozoic and Mesozoic and then increased dra-
matically to modern levels. The results are consistent regardless of variations
in estimated Cenozoic species richness. These results clearly support the Em-
pirical model of species richness (Figure 2a), and simultaneously contradict
the Equilibrium model, While differing in detail from the Consensus model,
the results obtained here are guite similar in several respects to the data pre-
sented by Sepkoski et al. (1981). Both models predict lew Cambrian diversity
followed by increasing diversity to a Cenozoic high. The major difference be-
tween the Consensus model and the results presented here is that the Consen-
sus model predicts much higher overall levels of diversity in the Paleozoic and
Mesozoic.

Figures 5, 6 and 7 do not necessarily represent changes in standing species
richness, The figures represent specics per million years, normalizeé to the
number present jn the Cenozoic. Only if mean species durations are con-
stant in time will this pattern approximate standing species richness. This
assumption may be valid for the late Paleozoic, Mesozoic and Cenozoic but is
probably not true for the Cambrian, which is dominated by trilobrtes (Raup,
1976a). Trilobites have relatively short species durations (Stanley, 1979)
Thus, Cambrian standing richness was probably lower than suggested by fig-
ures presented here

When estimated sampling intensity is modified to simulate equal sampling of
each geologic period a different pattern emerges (Figure 8). This pattern re-
sembles Raup’s (1976a) estumate of the numbers of species described from
each geclogic period, but suggests more species would be recovered from the
Paleozoic and Mesczoic. This result is not surprising as sampling is bemng in-
creased in every period except the Cenozoic. The differences between Figure
& and Figures 5, 6 and 7 do not reflect inconsistencies in the sampling model
but, rather, the different kind of question posed by the two approaches.

When sainpling intensity is doubled to simulate future trendsin numbers of
described species, yet a third patternis found (Figure 9). The Cenozoic peak is
much higher relative to the nine Pzleozoic and Mesozoic periods. This change
probably reflects the fact that the return on sampling declines monotonically
with increasing sampling, and the point of diminishing returns is reached
more quickly in sampling smaller numbers of species (see Figure 3), Regard-
less, the important point is that additional sampling of the fossil record will
produce no appreciable changes in patterns of apparent species richness.

DISCUSSION

Which of the thiee measures of sampling is the most accurate? 1 would agree
with Shechan {1977) that palcontologist interest units are probably the more
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Figure 5 Estimated patterns of species richness through time, assuming Cenozoic
species richness was constant and equal to Recent standing species richness. A is calcu-
lated assuming that sampling is proportional to sediment area, B assumes sampling is
proportional to sediment volume, and C assumes sampling is proportional to Paleon-
tologist Interest Units. The three lines represent the high, low and average predictions
obtained using the six daia sets in Table 1, No range is given for the Cenozoic because
all estimates are based, in part, on estimated Cenozoic species richness.

RELATIVE DIVERSITY (PER CENT)
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Figure 6. Estimated patterns of species richness through time, assuming Cenozoic
species richness increased by a factor of two. See Figure 5 for further explanation
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Figure 7, Estimated patterns of species richness through time, assumlng Cenozoic
species richness increased by a factor of five. See Figure 5 for further explanation
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valid measure ol sampling intensity. Hende, the results presented in Figures
S¢, be and Te are probubly most realistic, Since all thiee pustulate 3 tremen-
dous Cenozoic incredse in diversity, the results caleulated assiuming o fve-fold
meredse b Cendzoie diversity (Fipure 7¢) seem the best model for species
richneéss in the Plianerozoic.

The ‘diversity vilues caloulated under the assamption that ssmpling is pro-
portiomal 1o sediment volume sre virtually identical to those caleulated from
PLUS, but those calevlated from sediment area supgest relatvely higher di-
versity in the Palevzoie. The extremely low Cretaceous diversities, predicted
by assuming sampling is proportional o sediment area, probably reflect u bias
related 1o the lurge areas of Cretuceous sediments located in the continental
interiors. Although more species have been described from the Cretaceous
than any other period except the Tertiary (Raup, 1976a), the number of spe-
cies is still small in comparison to the relative areal extent of Cretaceous sed-
iments. Similarly, the small areal extent of most Paleozoic systems, in com-
parison to the number of species known from each period, would make the
estimated total diversity appear high. Also, the sediment area data includes
arens of non-marine sediment, which may be o significant bias (Flessa and
Bephoskr, 1978) Cretneedus sediments, in particular, contain lorfge quantities
ol non-tossiliferons intrumontain deposits which probubly hias the data ser,
Both eflects cun be Interpreted as an aberiation tellecting the inadequacy of

Sechirment sy os i mensiire of samipling Intensily
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Figure 9. Estimated pattern of apparent species richness calculated assuming a doubling

of sampling intensity, with no change in the distribution of sampling cflort, Apparent
species richness is normalized to period length.

Orne factor that has net been considered in the foregoing analysis is how
possible temporal variations in diagenesis may impact the results, Tt is possible
that diagenesis could be significantly more severe in older sediments which
would, in effect, reduce the return on sampling effort. If this is the case, spe-
cies richness in older periods could be greater than predicted here.

WHY DID DIVERSITY INCREASE?

Several authors have addressed the question of what processes control global
species richness Valentine (1970), Valentine and Moores (1972), Valentine
et al. (1978), and Schopf (1979) have argued that the changing configurations
of continents upon the earth, driven by plate tectonics, has produced varying
levels of provinciality through the Phanerozoic, When provinciality is high,
global diversity will also be high without any changes in species packing
While we need better data, provinciality appears to be higher now than at any
other time in the earth’s history (Valentine and Moores, 1972; Valentine et

al,, 1978; Schopf, 1979)
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Other factors may also have been important. Bambach (1977) argued that
within-habitat species richness incrensed dramatically in nearshore and open
.-rm.rin-z envitenments gt the end of the Mesozoic. As Valentine et al. (19[;'8)
plrnntf:d out, this increase in species packing combined with variations in pro-
vinciality may be responsible for the Permo-Triassic mass extinctions. Con-
ceivably, more subtle variations in shelf area over a longer term could a.Iso af-
fect standing species richness (see Wise anid Schopf, 1981), Finally, Ausich and
Bottje: (1982} have sugpested that variations in tiering, or '-'Err-il:"d! r:u;u:llion-
ing of space by suspension feeders; has played p role in the histary lrji' species
richness. Although their estimates of variations in tiering do not r-_lsemhle the
results presented here. it is possible that tiering muy have played stmme part in
altering within-habitat species richness, The nuture of this factor and the pat-
tern u_f its effect remains to be established. While 1 apree with Schopl (1979)
and Wise and Schopf (1981) that provinciality is the must Lignificant factor
con?ro]hng species richness in the Phanerozoic, it is clear that several factors
are important and that further work will be required to sort out the relative
impact of the various processes controlling global species richness

HOW GOOD IS THE FOSSIL RECORD?

One measure of the adequacy of the fossil record is the percent of species
that existed in the past and have been recovered from the fossil record and
described. This can be estimated by comparing the patterns of species rich-
ness predicted here to the numbers of described species published by Raup
{197{1.;1,]. A ressonable estimate of past species richness {caloulated 15-511111im¢
salrnp_]mg was proportional to PLU., using data set 2 [Tabile | ] and .{\ii-,lln'.ll]lg_ll
five-Told Cenoenic diversity increase) is about ten times larger than .rhu g
ber of described species-caleulated by Raup. This suggests that the fossil |'e\.--
ord may actually be slightly hetter than many pu.'c_‘un.llli'n!-gi}:-t;s have hthF.H:l_'iﬂ.'i.J
(eee,, Durham, 1967), but Is within the range sugpested by Valentine (1970)

Comparing different periods reveals an interesting DHT[.tEI'rI.W-: faive nppu'.-
ently discovered a higher percentage of Cambrian species than Cenoroic sp-.;-
vies {Table 2). In fact, we have discovered a percentage of f'r.‘!'lu:—'.ujl_‘- 5 f—"-;:ier
smaller than the percent recoverad from any other period. This result ;l:”mnl-l
Lracy 1o intuition, because the Cenozoic has been sampled more II1TE.’TIISE"r'E'|.}'
than dny other interval, Nevertheless, there is 2 reasonable explanation for the
patterm, closely related 1o the apparent cause of the post-Mesozoic diversity
Incredse, In the Paleozole, during a time of relatm—:ly. low DIU'-'Im:i:sliI'-.-'- 5pr.:-
ches would have tended {0 have wider ranges than later, I:|'.J-I']|!i" [irmies :-r1h~'n|:.
provinciality. Therefore, paleontologists anly need sample a snt;a‘.l EEJ‘.IE‘.-r.'t['IiEL'
ange dooplek up mest common species from times of Tow |'lrr:1.-'jn_|_']'&|ii'-'.
I contrast, when provineindity is high paleontologists must satnple many
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Table 2. Percent of fossilizable marine invertebrates recovered from the fossil
record. Numbers of described species are from Raup (1976a) Estimated
richness was calculated using data set 2 (Table 1), assuming sampling
was proportional tn P.EU.s and Cenozoic diversity increased by a factor
of five. Accuracy implied by the number of significant figures in left
two columns is not justified and are given only because they represent
actual program input and output.

Species Estimated Percent
Described Richness Deseribed
CAMBRIAN 8,260 44 000 io
ORDOVICIAN 10,916 59.,50¢ 18
SILURIAN 5,519 18,500 30
DEVONIAN 12,381 77,500 16
CARBONIFEROUS 15,259 117,500 13
PERMIAN 7,592 39,000 1%
TRIASSIC 6,006 27,000 22
JURASSIC 13,039 86,500 15
CRETACEOUS 22,166 133,500 17
CENOQZOIC 43,056 605,000 7
TOTALS: 144,194 1,208,000 12

geographic areas to discover even the relatively common species. This latter
case would seem to correspond to the situation in the Cenozoic, and would
explain the low percentage of species known from that era.

Identical results would be obtained if the numbers of species described
from each geologic period were compared to the Empirical model of species
richness. The estimated high recovery rate of Paleozoic species is not depen-
dent upon the sampling model developed here, but is a direct result of low
diversity in the Paleozoic and Mesozoic.

DO HIGHER TAXA REFLECT SPECIES EEVEL EVENTS?

Iraditionally, paleontologists have sttempled to circumvent the problem of
sampling bias at the species level by using higher taxa to infer species level
eyolutionary events. Sepkoski (1478) explicitly defended this technique;
arher studies have incorporated this approach as an implicit assumption (e.g.,
Gould et al., 1977). The results presented in this paper are the first estimate
of global species richness calculated independently of the number of higher
taxa, and afford the opportunity te test the idea that counts of higher taxa
reflect species richness,

TRENDS IN SPECIES RICHNESS 147

The numbers of crders, families, genera and species through time are illus-
trated in Figure 10, It is fairly obvious from evein o ouréary inspeglion thal
1!11: higher the taxonomic level the more disparate the ]'I-LIHCIIHHHI ;1xc1|1<|-n*iL
richness, Even the lowest supraspecific level, the TS |Juul..r|c'-| :;uuur'uull-v
retlect trends in speoes richness. These dissmilidities suwpest it I1iul1-=r~‘-r\-'
should not be trusted 1o revenl trends in species dchness o .

Thls cenclusion is supported by Raup’s (1979) analysis of the Permo Tri-
assic mass extinction. Raup estimated that 2 17 percent decrease in the num-
b_er of orders would translate into a 96 percent decrease in the number of spe-
cles. Similarly, a 52 percent decline in families would also translate intc a 96
percent decrease In species richness, Raup’s results show that the relationship
!:aetween numbers of species s not straightforward: the richness of higher taxa
is well damped ugainst variations in species richness.

.Th1s conclusion does not imply that vaciations in numbers olhigher taxa are
uninteresting o not useful, Higher taxa mavestill rellect otler Tictors, sich s
the presence of important evolutionary innivations within o clade which e
mit new modes of |ife (“adaptive zones™ seasu Simpson, 1953), Analvsis of
|.'le|-.' richness and taxonomic frequency rites will undoubiedly .-u-|||r.uul- |L.=
play a rele in futere pufeontologicsl studics, o -

CONCLUSIONS

Global levels of fossilizable marne invertebrate species richness were much
lower in the Paleozoic, perhaps as iow 2s one tenth Cenozoic levels In the
Paleozloic, diversity was highest in the Devoniar and Carboniferous, M-esomic
tEm:..-.t.ul], levels were highest in the Jurassic and Cretaceous. This patlern uﬂli-
versity closely resembles the Empirical model of species richness proposed by
Valentine (1970) and Valentine et al. (1978) and. 1o o lesser axtant :‘JJL: .I{"un.-
sensus mndel of Sepkoski et al; (19517, While it remuing uncertsin v;'h.iu:h firi-
cesses are responsible for this pattern, it is clear that variations in levels of
provinciality played a major role.

.Approximately ten percent of the fossilizable marine mvertebrates that have
existed in the past have been discovered and described. Further sampling of
the fossil record will result in recovery of more species but will not signifi-
cant}y modify present patterns of variation in the number of described
spectes through time if patterns of sampling do not change. The estimated
trends in actual species richness through time do not match trends in the
nuniber of higher taxa. This poor match suggests that higher taxa are insensi-
tive indicators of species level trends in time,
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Part (I

PATTERNS OF FAUNAL EXPANSION,
PARTITIONING AND REPLACEMENT

Waxing and waning cJades must eventually be studied in ecological contexts
if we are cver to understand the processes and events which have created
the clade profiles. Three different approaches to this task are presented in this
section. Sepkoski and Miller examine the paticrns of major marine faunas and
show that during the Paleozoic, each successive fauna first appears onshore of
the others and then exilends its deminance into offshore envircnments over
millions of years. The cause of this uncxpected but larpe-scale pattern, not
yet understood, Is clearly a process of major significance in the history of
marine life. Bambach compares the ecological 1eles represented during the
successive dominance of the ingjor Phanerozoic marine faunas and shows that
many adaptive zones simply lie vacant for hundreds of millions of years
Commonly the eventual filling of vacant zones is associated with the origin of
middle- to upper-level taxa. Ausich and Bottjer examine the cccupation
pattern along a single environmental dimension—tiering—in scme detail. They
find that times of expansion and partitioning of tiers correspond well with
times of general diversity increase; tiering is obvicusly a significant mode of
accommodation of species diversity within marine ecosystems.



Chapter b
EVOLUTIONARY FAUNAS AND

THE DISTRIBUTION OF PALEQZOIC
MARINE COMMUNITIES IN SPACE AND TIME

JoJOHN SEPKOSKI, Jdroand ARNOLD | MILLER

Department of the Geophysical Sciences, University of Chicago

INTRODUCTION

The concept of evolutionary faunas and floras provides a useful vehicle for
describing and analyzing major changes in the composition of the Earth’s
biotas through time (Sepkoski, 1981a; Niklas et al., this volume). Much of
the variation in the global marine biota through the whole of the Phanero-
zoic can be swnmarized in terms of just three major evolutionary faunas: a
Cambrian Fauna, consisting largely of trilobites, inarticulate brachiopods,
monoplacopherans, hyolithids, and eocrinoids; a later Paleozoic Fauna, com-
posed primarily of articulate brachiopods, crinoids, corals, and stenolaemate
bryozoans; and a Mesozoic-Cenozoic, or “Modern,” Fauna, consisting mostly
of gastropods, bivalves, bony fishes, malacestracan crustaceans, and echinoids
(see also Sepkoski, 1981b; Sepkoski and Sheehan, 1933, Ausich and Bottjer,
this volume; Bambach, this velume). As illustrated in Figure 1, all of these
faunas originated early in the Phanerozoic but then diversified at differsnt
rates, with each fauna attaining a successively higher maximum diversity and
appearing to displace the fauna before it (Sepkosk:, 1979; Kitchell and Carr,
this volume). The Cambrian Fauna, which had the lowest diversity, expanded
rapidly during the Cambrian Period but then slowly declined following the

® 1985 by Princeton University Press
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FFigure 1, The diversity of unimal fumilics in the oceans through the Phanerozoie, with
the three global evolutionary faunas delincated. The uppermost curve shows the total
number of animal families that have been described from each stage of the Phanerozoic
marine fossil rccord. The stippled area represents the contribution to total diversity
made by families of rarely fossilized soft-bodied and lightly sclerotized animals, The
fields below the stippled area show the diversities of the three evolutionary faunas: the
Cambrian Fauna (“¢’), Paleozoic Fauna (*Pz”"), and Modern Fauna {“*Md"”) The prin-
cipal classes In cach fauna are listed within the fields in the order of their importance
(L.e., maximum diversity). This figure 1s sioular to Figure 6 1n Sepkoski (1979), but the
evolutionary faunes are delineated by their actuel diversities rather than by prejections
of [actor loadings. Data are from Sepkoski (1982).

onset of the Ordovician. The Paleczoic Fauna, with a familial diversity three
tunes greater than that of the Cambrian, diversified during the Ordovician
Period and dominated the marine biota until its massive decline during the
Late Permian mass extinctions. Finally, the Modern Fauna, with a maximum
familial diversity nearly twice that of the Paleozoic Fauna, increased in diver-
sity slowly from the Cambrian to the Permian Periods and then rapidly rose
to dominance after the Permian extinctions; it has remained the dominant
marine fauna to the present.

These broad patterns are derived from data on marine diversity swimmed
over the entire world and therefore do not immediately relale to changes
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occurring in any particular ecological community or local environmental
setting. However, there have been several suggestions that a parallel rela-
tionship did in fact exist hetween turnover in global evolutionary faunas and
distributional changes in local benthic communities. Berry (1972, 1974), for
example, found that trilobite-rich communities, characteristic of the Cam-
brian Fauna, became restricted to offshore environments with expansion of
the typically Paleozoic brachiopod-rich communities during the Qrdovician.
Bretsky (1968, 1969} chserved that mollusc-rich assemblages, broadly sug-
gestive of Mesozoic-Cenozeic communities, were concentrated in nearshore
environments through the Paleczoic Era, while brachiopod-rich communities
were concentrated primarily offshore. Recently, Sepkoski and Sheehan
(1983) analyzed more than 100 Cambrian and Ordovician level-bottom
communities and concluded that representatives of the three evolutionary
Taunas were indeed segregated into different portions of the shelf environ-
ment during the early part of the Paleozoic Era,

In this chapter, we present a further analysis of the composition and distri-
bution of marine communities' during the Paleozoic Bra. We wish to docu-
ment that:

1. there is a definite correspondence between the development of glohal
evolutionary faunas and the evolution of marine benthic communities
throughout the Paleozoic Era;

2. the development cf evolutionary faunas was characterized by strong
spatic-temporal patterns, with faunal transitions taking place diachron-
ously across shelf environments;

3. the originations and expansions of evolutionary faunas probably re-
flected evelutionary processes occurring continuously in local environ-
ments and were not necessarily direct by-products of large-scale environ-
mental perturbations such as those presumably associated with mass ex-
tinctions

In the first part of this chapter we discuss the nature of and problems associ-
ated with data on Paleozoic benthic communities. We then present results of
a Q-mode factor analysis of these data and consider how these relate to global
evolutionary faunas. Finally, we conclude with some brief considerations of
problems in community evolution and palecenvironmental reconstruction.

' The term “community” is used throughout this chapter to mean the assemblage of

organisms that lived together in a particular place or were fossilized together in a particu-
i lacies. No organizational properties are necessarily implied. Mostly, we use “com-
muanities™ as eperational units of sampling of the biotz in a particular environment.
Similnly, we use the lerm “community cvolution™ to mean simply evolutionary change
- the composition of the biota in a particular eavironment and do not imply any special
evalutiomuy processes unless explicitly stated otherwise
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PALEGZOIC COMMUNITY DATA

The analytic design for this study of Paleozeic communities was simple In
conception but became complicated in executicn. Basicaily, we endeavored
to collect information on a large number of Paleozeie level-bottom communi-
ties, then search for statistical patterns of faunal variation among these com-
munitics, and finally investigate how these patterns relate to the distribution
of the communities in space and time, Many of the details of the analysis
follow the procedurcs used by Sepkoski and Sheehan (1983),

Qur initial data base consisted of information on the age, scdimentary envi-
ronment, and faunal composition of more than 300 comununities, gleaned
largely from the published literature (see Appendix). Actually, these “com-
munities” represented a diverse array of paleoccologic communities and as-
semblages as well as biostratigraphic faunules and bicfacies, all of which
shared the quality of being samples of the total fossil content of some re-
stricted  stratigraphic and environmental interval. The assortment of faunal
units was collected in order to obtain as broad an environmental and tempo-
ral sampling as possibie. This sampling was limited to North America (exclu-
sive of Acadia), however, so that large-scale provincial overprints on local eco-
logical variation would be minimized. In zssembling the data base, we began
with the set of Cambre-Ordovician communities compiled by Sepkoski and
Sheehan (1983) and then added approximately 200 more faunal units of Situ-
rian through Permiun age.

A simplified representation of the distribution of the communities in space
and time is given by the “time-environment diagram’ in Figure 2. Each num-
bered box in this diagram shows the age (vertical dimension) znd approximate
environment (horizontal dimension) of a single analyzed community. The en-
vironmental framework utilized in this figure 15 a very simple shelf-slope gra-
dient, caricatured at the top of Figurc 2. This framework is, of course, a great
oversimplification of the actual environmental situations of the communities,
reducing the complex nature of marine benthic environments to the simple
dimensions of depth and distance from shore. It ignores differences between

Figure 2. A “time-environment diagram™ showing the temporal and environmental
distribution of communiles analyzed in this study. Fach stippled box represenis one
community. Tts vertical placement in the diagram indicates the community’s age, and its
horizontal position indicates the community’s approximate cnvironmental range. (The
environmental framework is illustrated by the simple shelf-slope model at the top of the
diagram.) The timescale is shown in the column to the right of the diagram, with systems
and series of the Paleozoic Era delincated. (Note that this column is not sealed to abso-
lute time.) The hterature sources of the information on the communitics me listed
by commnmunity number in the appendix Lo Chis paper
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carbonate and terrigenous environments, soft and finm substrates, hyper- and
hyposaline conditions, epeinc and ocean-facing seas. and tropical and tem-
perate climatic settings. Thus, the diagram provides only a first approxima-
tien of the environmental differences among the communities and represents
ne more than a starting point for interpretation of faunal variation among
them.

The positioning of communities in the time-environment diagram involved a
combination of nigorous guidelines and educated guesses. In general, we at-
tempted to use lithclogic, and not paleontologie, indicators in making envi-
rorunental decisions, and we relied heavily (although critically) upon the in-
terpretations of the primary authors of the community data, Communitics
from very shallow-water facies with features such as desiceation cracks, flaser
bedding, and stromatolites were placed along the righthand margin of the
time-cnvirenment diagram. Communities from deepwater black shales and/or
turbidite sequences were placed along the lefthand margin. (This positioning
involved some uncertainty, since it is not always clear whether a black shale
reflects deposition in a deepwater basin or a shallow-water lagoon; see Heckel,
1977y Commurities from environments close to wavebase were placed near
the center of the shelf gradient. (Thus, this gradient is not precisely linear
with respect to depth or distance from shore) Environments in the central
position include offshore shoals and delta-(ront sands and are represented by
the equivalents of Ziegler et al’s (1968) Pentamerus Community and
Boucot’s (1975) Benthic Assemblage 3. To the right of the center we placed
communities from deita platforms, nearshore lagoons, etc., and to the left,
communities from deeper water, open-sheif facies, Obviously, there is consid-
crable uncertainty in cur placement of many communities in Figure 2, espe-
cially since lithologic and other paleoenvironmental information is often
scant or ambiguous in the paleontologic literature

We were not able to obtain a complelely even coverage of environments
throughout the Paleozoic Era. As shown in Figure 2, outer shelf and slope en-
vironments are poorly represented, especlally in the Carboniferous and Perm-
ian, whereas inner to mid shelf environmnents are often densely represcnted.
This problem reduces the resclution of the data set and may impede recogni-
tion of regular patterns of faunal variation; however, there 1s no reason to be-
lieve that this difficulty should lead to the recognition of non-existent
trends. Similarly, we do not believe that there are systematic biases in the
proportions of carbonate vs. terrigenous, open-ocean vs. cratonic, or tropical
vs. temperate facies through the data set. Thus, trends in faunal composition
among the sampled communities should reflect evolutionary patlerns and not
long-term environmental changes.

The faunal compositions of the communitics were compared te one another
by examining the imporlances (that is, internal diversitiesy of the orders
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within them. Orders were chosen as an appropriate tzxonomic level for
analysis because they are neither too restricted with respect to time nor too
widely distributed with respect to environment. Most lower taxa have geo-
logic durations that are considerably shorter than the length of the Paleozoic
Era so that znalyses based on them tend to cluster communities by age rather
than cnvironment. On the other hand, taxa above the ordinal level often have
environmental ranges that encompass the entire sheif so that analyses based
on them tend to miss significant changes in the compositions of certain kinds
of communities over the course of time

Ordinal importances were measured by counting the number of genera with-
in each order in each community. This metric permits us to see where each
order was attaining its maximum, or minimum, diversity through the Paleo-
zoic. It also reflects to some extent the ccological dominence of the orders
within the communities since the richness of subtaxa (species, genera, etc.)
within higher taxa correlate with the relative abundances of those subtaxa in
many communities. (That is, communities with similar relative abundances
of species aiso tend to have similar diversities of species within higher taxa.)
An cxample of this correlation 1s illustrated by the scattergram in Figure 3.
This figure shows the relationship between statistical similarities computed
for ordinal importances and for species abundances in & data set on molluscan
species sampled at 37 stations in shallow water off St, Croix (Miller, 1981;
Miller and Bambach, 1981). The similarilies were computed by first con-
structing two data arrays, one of the number of species within each order at
each sampling station and the other of the number of individuals within each
species at the same stations. Between-station similarity matrices were calcu-
lated for each array using the Cosine 8 Coefficient (or “CoefTicient of Propor-
tional Similarity”) of Imbrie and Purdy (1962), and the two similarity matri-
ces were plotted and correlated, using the “matrix correlation” technique of
Sneath and Sokal (1973:280 ff) The correlation coefficient for the two simi-
larity matrices is 0.592 which, although not high, is sufficient for multivariate
analyses to provide comparable ordinaticns of stations for both the species
abundances and the ordinal importances.

In the analysis of Paleozoic comimunities, genera rather than species had to
be counted because of incensistencies in the delineation of fossil species
ameng the communities and because the genus is commonly used as the op-
erational taxenomic unit in palececclogic studies. Even with this concession,
several exceptions to the use of genera and orders had to be made:

I. No mictolossils were counted. Only a few researchers reutinely include
both micro- and macrofossils 1 their faunal lists, and thus inclusion of
scatlered microfossils in our data set would have induced artificial sam-
pling varintion, For operational purposes, we defined a microfossil as any
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Figure 3. Scatter plot showing the relationship between similarity coefficients comput-
ed for the abundance of individuals within species (x-axis) and for the diversity of spec-
cics within orders (y-axis). The data are from a census of dead motluscan shells at 37 sta-
tiens along a shallow-water depth gradient ofl the ceast ol St. Croix, U.S, Virgin Islands
(Miller, 1981). Cosine 8 simitarity coefficients (Imbrie and Purdy, 1962) were computed
for all 666 pairs ol stations based first on the abundance of individuals within species
and then on the diversity (richness) of species within orders. The scatter plot shows these
two sets of cosflicients plotted against each other, with mulliple overlapping points
denoted by numbers and letters (A = 10 points, B = 11, etc.). The product-moment
correlation for the two sets is 0.592, indicating the two types of data reflect basically
similar patterns in the environmental distributions of the melluscs,

taxon with adult individuals smalier than 5 mm 11 maximum dimension.
This criterion excluded all conodonts and radiclarians and most ostracodes
(except leperditicopids) and foraminifers (except fusulinids and a few
other subgroups).

2. Some classes and subclasses were used instead of orders s variables. Some
kinds of fossils are so seldomly identified to the ordinal level that any at-
lempt to tabulate their diversity within orders was impractical. For such
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groups, we counted the number of identified taxa within the class or sub-
class. Affected taxa include the Hexactinellida, Demospongia, Scapho-
poda, Nautiloidea, Ammonocidea, Hyolitha, Crinoidea, Eocrinoidea, and
Echinoidea (see Table 1).

3. Crinoids were treated as a speciai variable. Most published faunal lists mere-
ly note the presence of “crincid debris,” or the like, without any identifi-
cation of the groups present. Some launal lists do include large numbers of
crinoid taxa, however, as a result of unique preservation and/or special
effort by the workers. In such cases, we tabulated the number of identified
orders within the Crincidea (as opposed to the mere presence of Crinoidea)
in an attempl to prevent the affected communities {rom behaving as
statistical outliers. This arbitrary compromise undoubtedly underestimates
the importance of crinoids in Paleozoic communities, but it does seem to
minimize nonbiclogical variation resuiting from preservation or sampling.

A total of 80 orders and substituted higher taxa were present within our ini-
tial data sct. However, because of the limitations of the computer programs
available to us, we had to reduce this number to 50 (Table 1). We therefore
eliminated those orders that occurred in fewer than 10 conumunities This
manipulation resulted in some communities (particularly those in the Lower
and Middle Cambrian) losing a considerable portion of their generic diversity;
we therefore chose to remove all communities that Jost more than a third of
their generz. This resulted in a final data set that consisted of counts of gen-
era within 50 orders distributed among 280 communities.

Patterns of faunal variation among the communities were investigated using
Q-mode factor analysis with Varimax rotation. This multivariate statistical
technique has three main uses, as outlined by Joreskog et al. (1976:88):

(1) To find the minimum number. ,.of “end-member” assemblages of
which the observed objects {communities, m this case] muay be con-
sidered combinations.

(2) To specify the compesitions of the end-members in relaticn to the. . .
constituents [that is, orders] .

(3) Teo describe each object in terms of the end-members; that is, to “un-
mix” the objects into their end-member components.

In terms of the present study, the analytic properties of Q-mode factor analy-
sis permitted us first to test whether three end-members, or “community
lypes,” arc adcquate for describing the basic composition of most Paleozoic
Marine communities; then to assess how the taxonomic compositions of these
end-members are related to the three global evolutionary faunas; and finally
to mvestipate how the end-members are distributed in space and time. All
computuations in this analysis weie performed with the CABIAC computer
progion of IClovan and Tmbric (1971)
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Table 1. Taxa used in the factor analysis of Paleozoic marine communities.
The 50 orders and higher taxa actually used as variahles are listed

in italics

PROTOZOA
Cl. Rhizopodea
Foraminferida

PORIFERA
Cl. Hexactinellida
Cl. Demospongia
Cl. Sclerospongia
Stromatoporoidea

COELENTERATA
Cl. Scyphozea
Conulariida
Cl. Anthozea
Tabulata
Rugosa

MOLLUSCA

Cl. Monoplacophora
Cyrtonellida

Cl. Gastropoda
Bellerophontida
Archaeogastropoda
Mesogastropoda

Cl. Scaphopoda

CL Bivalvia
Nuculoida
My Hiloida
Arcoida
Prerioida
Modiomorphoida
Trigonioida
Veneroida
Pholadomyoida

Cl Cephalopoda
Nautiloidea
Ammonoidea

Cl. Cricoconarida
Tentaculitide
Dacryoeonarida

Cl. Hyolitha

ANNELIDA
Cl. Polychaeta
Serpulimorpha

ARTHROPODA

Cl. Trilebita
Agnostida
Prychopariida
Proetida
Phacopida

Cl. Ostracoda
Leperditicopida

BRYOZOA
CL Stenolaemata
Cyclostomata
Cystoporgta
Trepostomata
Cryptostomata

BRACHIOPODA

Cl Inarticuiata
Lingulida
Acrotretida

Cl. Articulata
Orthida
Strophorenide
Pentamerida
Rhynchonellida
Spiriferida
Atrypida
Terebratulida

ECHINODERMATA
Cl. Crinoidea
Cl. Cysroidea
Cl. Eocrinoidea
ClL Echinoidea

HEMICHORDATA
Cl. Graptolithina
Dendroidea
Graptoloidea
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FACTOR ANALYSIS OF PALEOZOIC COMMUNITY DATA

EIGENVALUES

The data set on Paleozeic communities proved to be very heterogeneous, as
might be expected from the diverse array of faunal units and sampling tech-
niques represented in the data, the arbitrary decisions made when scoring the
variables, and the inherent variability of faunal distributions in the complex
array of sampled environments. The data appear far from random, however,
as seen by the character of the eigenvalues, scores, and loadings resulting from
the factor analysis. The magnitudes of the eigenvalues from the first 10 unro-
tated factors {or “principal vectors”) are illustrated in the “‘scree graph’ in
Figure 4. This graph was constructed by taking the relative eigenvalue (that is,

1.
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Figure 4. A scree graph showing the relationship between eigenvalues and factor ranks
in the Q-mode factor analysis of Paleozoic community data. The relative eigenvalues for
the first ten unrotated factors are plotted on a logarithmic axis against the ranks of their
1especlive fuctors. The lines [itted to the points show a change in tate of decay of the
cipenvalues between the lirst three lactors and the following seven The first three
tactars topether account for 54 .4% of the community data,
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proportion of encompassed data) associated with each factor and plotting it
logarithmically against the factor’s rank. Such plots permit rapid visual assess-
ment of how the amount of data encompassed by each factor declines as
more factors are extracted in the analysis; this, in turn, permits easy identifi-
cation of changes in the rate of decline which may signal changes in the kind
of information encompassed by the factors (see Sepkoski, 1981a).

In Figure 4 the rate of decline seems to change markedly after three factors,
as indicated by interpretive lines fitted to the eigenvalues. The first three
factors, encompassing 54.4% of the data, exhibit a rapid decline in eigenval-
ues as opposed to the more gradual and continual decline of eigenvalues asso-
clated with factors 4 through 10. A very similar pattern emerged when the
entire data set was logarithmically transformed; the first three factors, encom-
passing 53.5% of the data, displayed a steep decline in eigenvalues whereas
the higher-numbered factors had a much more gradual decline (with a small
break between factors 7 and 8). This structure suggesis that the three largest
factors in the data set are incorporating a different and perhaps more general
kind of information than are the minor, higher-numbered factors.

TAXONOMIC COMPOSITION OF FACTORS

The ordinal-level compositions of the first three factors, following varimax ro-
tation and rearrangement into stratigraphic sequence, are shown by the factor
scores in Table 2. As evident, the compositions of the factors for the Paleo-
zoic community data closely parallel the class-level compositions of the evolu-
tionary faunas (Figure 1). Factor 1, which accounts for 13.4% of the data, is
dominated by members of the Cambrian Fauna, including trilobites (Ptycho-
pariida, Phacopida, Agnostida, and Proetida), inarticulate brachiopeds (Lingu-
lida and Acrotretida), monoplacophorans (Cyrtonellida), eocrinoids, and hyo-
lithids. The only order that is ““misclassified” on this factor is the Graptoloi-
dea; its moderate score on Factor 1 results from the preservation of grapto-
lites with trilobites and inarticulate brachiopods in deepwater environments
during the Ordovician (see below). The moderate score of the Phacopida on
Factor 2, on the other hand, reflects the common occurrence of these trilo-
bites with members of the Paleozoic evolutionary fauna (especially orthid
brachiopods) in shelf environments of the Ordovician through Devonian.

Facter 2 is the largest of the three rotated factors, accounting for 26 .4% of
the data. It receives high scores only from members of the Paleozoic evolu-
tionary fauna. The five highest scores all come from orders of articulate bra-
chiopods: the Strophomenida, Spiriferida, Orthida, Atrypida, and Rhyncho-
nellids; pentamerids and terebratulids (not listed in Table 2} also have their
highest scores on this factor. The substantial scores of orthids and pentamer-
ids on Factor 1 reflect the high diversities of these brachiopods during the
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Table 2, Sorted scores for the first three rotated factors in the Q-mode
analysis of Paleozoic community data. Only scores with absolute
values greater than 0.04 are listed (Lower scores are of negligible
importance in the factor structure.) Relative eigenvalues for the
factors are given at the bottom of the tabie. (Note that the
absolute order of the factors has been altered to parallel their
temporal sequence.}

_FACTORS
FAXA ! 3 a
Ptychopariida 91 =07 —
Lingulida .20 - .04
Phacopida A2 .10 =
Acrotretida 12 — 04
Agnostida .10 — =
Graptoloidea 09 = —
Proetida 06 — 05
Cyrtonellida .06 — -
Eocrinoidea .04 — -
Hyolitha .04 — —
Strophomenida - 70 .06
Spiriferida -08 51 —
Orthida 24 27 -08
Atrypida - A7 -04
Rhynchonellida - A7 06
Rugosa — 16 -
Crinoidea — 14 —
Cryptostomata — 12 10
Tabulata — A1 —
Pentamerida 06 07 -04
Archaeogastropoda 04 -08 74
Pierioida -05 07 37
Nuculoida — — 32
Bellerophontida — -.04 24
Mesogastropoda — — 18
Nautiloidea .06 - 17
Veneroida — - A1
Scaphepoda = - 10
Pholadomyocida - - .09
Maodiomorphoida — — .08
Trepostomata — 07 .08
Arcoida - - 05
Serpulimorpha - = 05
Trigonioida — — 05
LIGENVALULS 13.4% 26 4% 14.6%
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Ordovician Period when the Cambrian evolutionary fauna was still moder-
ately impertant. Other typically Paleozoic taxa with substantial scores on
Factor 2 include rugose and tabuiate anthozoans, cryptostome bryozoans (al-
so trepostonme bryozoans, listed under Factor 3), and crinoids.

The third factor, which encompasses 14.6% of the data, receives high scores
mostly from members of the Modern Fauna. These include orders of gastro-
pods (Archaeogastropoda, Bellerophontida, and Mesogastropoda), bivalves
{Pterioida, Nuculoida, Veneroida, Pholadomyocida, Modiomorphoida, Ar-
coida, and Trigonioida), and scaphopods. Nautiloids also have their highest
score on Factor 3, even though as cephalopods they are best treated as mem-
bers of the Paleozoic Fauna (Figure 1). This “misclassification” primarily re-
flects the occurrence of diverse nautiloids in shallow-water, gastropod-rich
communities in the Lower Ordovician, Similarly, the moderate scores of the
benthic Trepostomata (stenolaemate bryozoans) and Serpulimorpha (poly-
chaetes) on Factor 3 indicate further associations of some elements of the
Puleozoic and Modern evolutionary faunas in shallow-water compunities

of the later Paleozoic Era (see below).

DISTRIBUTION OF FACTORS IN SPACE AND TIME

The statistical sorting of the Cambrian, Paleozoic, and Modern evolutionary
faunas onto scparate factors would not be surprising if the analyzed commu-
nities covered the whole of the Phanerozoic, the sorting would then merely
reflect the sequential dominance of the faunas through time. But the data an-
alyzed here pre-date the rise to dominance of the Modern Fauna (Figure 1)
Therefore the segregation of this fauna onto a distinct factor must indicate
that it was separated from the Paleozoic Fauna in space as well as time

This conclusion can be demonstrated guite clearly by contouring the factor
loadings on the time-environment disgram, as shown in Figure 5. Each panel
in this figure represents a simplified version of the time-environment diagram
in Figure 2. with the box for each community having been replaced by a dot
located at the box’s center. The contours have magnitudes of 0.33 and (.67,
with stippling covering the area within the higher contour. Pricr to contour-
ing, the communality of each community on the thiee-factor soluticn was re-
stored to unity and the absolute values of its loadings were transformed to
sum to 1.0. This manipulation in effect eliminates the variability not encom-
passed by the [irst three factors and thus clarifies which of the general factors
are most important in each community

The contoured loadings show that Factor | is the most temporally restricted
of the three factors. It receives unifernly high loadings from all Cambrian
points in our data set, reflecting the dominance of trilobites and inarticulute
brachiopeds in nearly all Cambrian communitics regardless of envitonment.

FACTOR 3:

FACTOR 2:

FACTOR ¥

QUTER SHELF

SLOPE

IMRER- SHE

SLOPE  COUTER SHELF

IHEER SHELF

WOPE OUTER SHELF

IER SHE L

PALEQZOIC COMMUNITY EVOLUTION

@]

=15 =

Figure 5. Contoured time-environment diagrams showing the loadings of the communities on the first three rotated factors. The dots

which represent the communities

. have been placed at the centers of the boxes illustrated in Figure 2. The contours have values of 0.33 and

0.67, with the .supphng cov.ering areas within the 0.67 contour. The contours show that the communities with high loadings on the factors
are segregated jnto well-defined fields in euch tume-environment diagram, indicating non-random distributions of the taxenomic orders in

space and time. See text for further explanation
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This dominance was relinquished during the Ordovician with the rise of the
Pzleozoic and Modern Faunas. The distribution of loadings on Factor 1 shows
that this turnover had a regular spatial pattern. In the Lower Ordovician, com
munities from most shell environments in the data set still load highly on
Factor 1; the several very nearshore communities, however, display only mod-
erate to low loadings, reflecting the partial changeover to mollusc-dominated
communities in these environments (represented 1 part by Boucot’s [1983]
Ecologic-Evolutionary Unit III). Through the Middle Ordovician, communi-
ties with high loadings on Factor 1 become progressively restricted to deeper,
mare offshere environments, so that by the top of the Ordovician only com-
munities from ocutermost shell, slope, and basinal environments continue to
load heavily. This pattern reflects the diachronous onshore-offshore replace-
ment of the Cambrian evolutionary fauna during the Ordovician radiations,
discussed by Berry {1972, 1974) and Sepkoski and Sheehan (1983) (see also
Lockley, 1983); it is this environmental constriction which may be largely re-
sponsible lor the slow decline in diversity of that Fauna after the close of the
Cambrian Period (see Figure 1).

The apparent persistence of high loadings on Factor 1 in “slope™ environ-
ments beyond the Ordovician may be more an artifact of the methodology
than a reality of the data, All post-Ordovician deepwater (“slope’) communi-
ties have low communalities (i.e. are poorly fit) in the three-factor solution.
The one Carboniferous point that loads highly on Factor | is a low-diversity
community with several genera of inarticulate brachiopods, whereas the Silu-
rian and Devonian points are mostly graptolite assemblages with scattered
sponges, cricoconarids, proetids, and articulate and inarticulate brachicpods
These latter communities load highly on Factor 1 only because graptolites co-
ocecur with trilobites and inarticulate brachiopods in the better-fitted deep-
water communities of the Ordovician. Still, the representation in Figure 5
may not be entirely wrong, There is some evidence, especially in European
sections, that trilobites, warticulate brachiopods, and cven hyolithids main-
tained their highest diversities or grearest abundances in outer shelf, slope,
and basinal facies throughcut the Silurizn and Devonian Periods (Marr and
Nicholson, 1888, Elles, 1939; McKerrow, 1978: Goldring and Langenstrassen,
1979; Mikulic and Watkins, 1981} This suggests that scme remnants of the
Cambrian Fauna did indeed persist as a unit in deepwater environments be-
yond the Ordovician

Factor 2, which encompasses many elements of the Paleozeic evolutionary
fauna, receives high loadings from mid to outer shelf communities ol the Silu-
rian through Permian (Figure 5) This factor dominates more communities in
the data set than do eilther of the other two, However, the dominance of this

factor is not evenly distributed In time, In addition to the obvious dearth of

high loadings in the Cambrian and Ordevician, there appemrs (o be a trend
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toward fewer high loadings in the Carboniferous and Permian; 53% ol sam-
pled Carboniferous shelf communities and only 33% of Permian shelf com-
munilies have high loadings on Faclor 2 in coentrast to the 70% of Siluro-
Devonian shelf communities with their highest loadings on this tactor. Al
though Lhis statistical pattern may partially reflect the uneven sampiing of
shelf environments in the upper Paleoroic, it seems mostly to correspond to
the slow decline of brachiopod-bryozean-pelmatozean communities and ex-
pansion of bivalve-gastropod assemblages in the Carboniferous and Permian,
noted by Boucot (1983) in his Ecologic-Evolutionary Unit VIII. Note, how-
ever, that Figure 5 indicates that this change did not involve a gradual, even
trunsformation of all shelf communities; rather, the late Paleozoic change in
community compositions appears to have involved an onshore-offshore con-
traction (albeit irregular) of brachiopod-rich communities, just as the previous
Ordovician turnover involved an onshore-offshore contraction of trilobite-rich
communities,

The relatively small number ol high ioadings that Factor 2 receives from
shelf communities in the Ordovician is somewhat anomalous. In their analysis
of Cambro-Ordovician communities, Sepkoski and Sheehan (1983) obtained a
factor similar in composition to Factor 2 here which received high loadings
fremy Middle and Upper Ordovician communities in mid to outer shelf envi-
ronments; they interpreted this factor as encompassing the brachiopod-rich
communities of the Paleozoic evolutionary fauna which expanded diachron-
ously across the shelf at the expense of the Cambrian-type trilobite-rich com-
munities (clearly seen in Factor 1 here). The small number of Ordovician
communities that load highly on Factor 2 in the present study seems fo re-
flect the somewhat transitional nature of Middle and Upper Ordovicien bra-
chioped-rich communities. Facter 2 is dominated by strophomenid and spirit-
erid brachicpods (Table 2), reflecting the great diversity of these two groups
n mid to upper Palzozoic communities. Ordovician brachiopod-rich commu-
nities, however, are dominated by orthids and contain virtually no spiriferids
{excluding atrypids [rom this group). This difference, along with the moder-
ate score thal orthids contribute to Factor 1, causes Factor 2 to receive rela-
tively low loadings from the Ordovician brachiopod-rich communities in the
three-factor solution,

The small number of deepwater, “slope” communities with high loadings on
Factor 2 also seems somewhat ancmalous, particularly in cempariscn with
Factar 1. The several post-Ordovician deepwater points in our data set consti-
tute a heterogencous sel of low-diversity assemblages with various inarticulate
brachiopods, articulale brachiopeds (especially rhynchonellids and stropho-
menids). bivalves (especially praecardioids and ptericids), cephalepods,
hexactinellid sponges, cricoconarids, and graptolites, us discussed above, The
heterogencity ol these assemblapes prohably reilects in large parl a variable
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admixing of benthic and pelagic organisms (including organisms attached to
floating algae; see Watkins and Berry, 1977): variable removal of calcareous
fossils by post-mortem dissolution may also be important. All of the post-
Ordovician deepwater communities have low communalities in the three-
factor solution and, because of their generally low diversities (which causes
the presence or absence of a single species to affect 4 community’s overall
composition greatly), they have maximum loadings scattered over all three
factors. These problems are evident in the factor analysis only in Silurian and
younger deepwater communities because both deepwater benthic and pelagic
organisms {other than graptolites) were largely derived from the same Cam-
brian evoluticnary fauna during the Cambrian and Ordovician Periods (see for
example Robisen, 1972; Bergstrom, 1973; Tavlor, 1977)

The third lactor, which is dominated by molluscan orders, receives high
loadings from communities in nearshore environments throughout the post-
Cambrian portion of the Paleozoic Era (Figure 5). As suggested above, the
domain of this factor is completely contemporaneous with that of Facter
2, indicating a significant environmental segregation of early members of the
Modern evolutionary fauna from most elements of the Paleozoic Fauna. The
oldest communities that have moderate loadings on Factor 3 are assemblages
with gastropods, nautiloids, orthids, and trilobites from very shallow-water
facies in the lower Ordovician; these communities alse have moderate load-
ings ¢n Factor 1, reflecting a gradation with the underlying Cambrian Fauna.
Above the Lower Ordovician, Factor 3 dominates inner shelf communities, re-
flecting the disappearance of most trilobites and orthids and the diversifica-
tion of bivalves in inner shelf envirenments. (The small number of Devonian
communities with high loadings on Factor 3 and the excursion of Factor 2 in-
10 Inner shelf communities in the Upper Devonian result from z general pau-
city of archaeogastropods described from these communities in North Amer-
ica and may represent an artifact of sampling.} In the upper Paleozoic there
appears to be a significant, if somewhat irregular, expansion of Factor 3 into
mid shelf environments, corresponding to the slight offshore contraction of
brachiopod-rich communities as well as to the further diversification of gas-
tropods and bivalves and increasing abundance of scaphopods and echinoids
in shallow-water environments.

The spatial and temporal domain of Factor 3 13 much the same as Bretsky's
(1968, 1969) “Linguloid-molluscan association” which he recognized in near-
shore facies throughout much of the Paleozoic Era (see also Anderson, 1971,
Boucot, 1975; McKerrow, 1978; Steele-Petrovic, 1979). Several refinements
can be made to Bretsky’s scheme on the basis of the factor analysis:

1. The very shallow-water assemblages dominated by Lingule with occasional
other non-mollusecan taxa (c.g. leperditicopid ostracodes and rhynchonellid
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brachiopods) are compositionally distinet from adjacent molluscan com-
munities. (The low-diversity lingulid assemblages tend to have their highest
loadings on either Factor I or Faclor 2, depending on the relative diversity
of articulate brachiopods.)

2. The nearshore molluscan communities are not static through the Paleozoic
Era but rather become increasingly widespread in shallow-water environ-
ments and expand somewhat into offshore environments in the Carbonif-
erous and Permizn, paralleling the late Paleozoic drversification of families
seen In the global Modern Fauna (Figure 1).

The offshore expansion of molluscan communities might best be considered =
statistical trend rather than an orderly pattern, as indicated by the irregulari-
ties in the contours for Factor 3. These irnregularities probably reflect both in-
accuracies in the positioning of communities in the time-environment diagram
and real complexities in the distribution of Paleozoic melluscs (especially as
related to their affinities for hyper- and hyposaline environments), as well as
intergradations between nearshore molluscrich assemblages and more off-
shore brachiopod-rich assemblages (reflected in the comparatively wide areas
between the (.33 and 0,67 contours for Factor 3 in some systems), The irreg-
ufarity in the distribution of Factor 3 is made all the more evident by the ap-
parent slowness of the offshore expansion of the Paleozoic molluses. This
contrasts with the comparatively repid offshere restriction of the Cambrian
Fauna (Factor 1) during the Ordovician; this onshore-offshore change took
only several tens of million years to complete and is therefore reflected in
only a few communities in our sample, greatly limiting the potential for irreg-
ularity in the contours. The molluscan communities took hundreds of million
vears to expand and evidently expanded at slightly different rates in different
nearshore environments.

“MINOR” FACTORS

The Modern evolutionary fauna, as represented by Factor 3, appears to be rel-
atively homogeneous in terms of taxonomic composition at the ordinal level;
mosl of the change within it between the Ordovician and Permian invelves ad-
dition and diversification of higher taxa. This is not true of the more offshore
Paleozoic evolutionary fauna, which underwent considerably more turnover
at low taxonomic levels during the same time interval (cf. Bretsky and Lo-
renz, 1970, 1971). Some of this turnover is reflected in factor analyses based
on more than three principal vectors. For example, a seven-factor solution
(warranted by the small break in eigenvalues between the seventh and eighth
principal vectors) produces four “minor” factors, sach of which accounts for
approxinlely 5% ol the data following rotation. (The total proportion of
data encompassed by 1he seven-fuctor solution is approximately 70%.) Three
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of the minor factors encompass stratigraphic variaticn within the Paleozoic
Fauna. These are:

1. a factor receiving high scores from orthid and atrypid brachiopods and
phacopd trilobites and differentiating Middle and Upper Ordovician shelf
assemblages from the preceding Cambrian-type shelf communities of the
Lower Ordovician (ef. Boucot’s [1983] Ecologic-Evolutionary Unit V),

2. a factor contrasting the diversity of rugosans, tabulates, spiriferids, and
rhynchonellids with that of strophomenids and pterioids and distinguish-
ing mid to outer shelf communities of the Silurian through Middle Devon-
ian from those preceding (cf. Boucot’s Ecologic-Evolutionary Unit VI);

3. a factor contrasting the diversity of strophomenids, crinoids, and crypto-
stome and trepostome bryozoans with that of spiriferid brachiopods and
largely distinguishing Upper Carbeniferous and Permian offshore shelf
communities from those of the Devenian (cf. Boucot’s Ecologic-Evolution-
ary Unit VIII).

The fourth minor factor contrasts the diversity of pterioid and modiomor-
phoid hivalves and rhynchoneltid brachiopods with that of archacogastropods
and serves largely to differentiate inner shelf communities of the Middle and
Upper Devonian from the more ¢ffshore brachiopod-rich communities of the
Paleozeic Fauna; this final factor may be reflecting more the vagaries of sam-
pling {as previously noted) than the realities of faunal turnover on the Paleo-
zoic shelf.

All of these minor faclors, however, seem to be merely “variaticns upon
themes™ within the data set. Even after rotation, the seven-factor solution re-
tains three major factors that are almost identical to those in the three-factor
solution. Thus, the three major community types seem to embody the major
themes in faunal distribution on the Paleozoic shelf, just as the three evolu-
tionary faunas embody the principal themes in faunal diversity in the Phaner-
OZOIC OCEENS.

DISCUSSION

The principal conclusions that can be drawn from the factor analysis of Paleo-
zoic level-bottom communities are summarized in the three points below:

I. The three global evolutionary faunas of the Phanerczoic oceans are clearly
manifested in local community compositions. The first three factors in the
analysis separately encompass trilobite-rich, brachiopod-rich, and mollusc-
rich communities.

2. These three community types, and hence the evolutionary faunas they re-
flect, occupied different environments during the post-Cambrian portion
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of the Paleozoic Era, with mollusc-rich communities concentrated in near-
shore environments, brachiopod-rich communities in more offshore shelf
environments, and trilobite-rich communities in deepwater environments
{particularly during the Ordovician),

3. Changes in dominance of the global evolutionary faunas involved onshore-
offshore expansion of new community types, as seen during the Ordovi-
cian Period when surviving elements of the Cambrian Fauna became re-
stricted to deepwater environments by expansion of the Paleozoic and
Modern Faunas, and as seen again in the later Paleozoic Era when the Pa-
leozoic Fauna slowly became restricted to middle and outer shelf environ-
ments by onshore expansion of the Modern Fauna,

These three points are embodied in the summary diagram in Figure 6. This
final time-environment diagram shows the relaticnships among the three ma-
jor community types in space and time as inferred from the contoured factor
loadings in Figure 5. Again, each community type reflects a different evolu-
tionary fauna: trilobite-rich communities constitute the Cambrian Fauna, (ar-
ticulate) brachiopod-rich communities constitute the Paleozoic Fauna, and
molluse-rich communities constitute the Modern Fauna. The stippling of the
boundaries between the ficlds emphasizes the intergradation of the various
community types as reflected in the factor analysis. Finally, the inclusion of
ranges of several dominent taxa in very shallow and deep environments signi-
fies that not all communities are easily or accurately represented by this sim-
ple three-fauna scheme.

Figure 6 and its underlying analysis provide simply a geometric Tepresenta-
ticn of the distribution of evolutionary faunas in space and time; they do not
indicate necessary causes for this distribution. However, the existence of an
environmental geometry does limit the possible spectrum of causes. The fact
that contemperaneous evolutionary faunas inhabited different marine envi-
ronments suggests that environmental factors formed the template or assem-
bly and development of the faunas (see also Sepkoski and Sheehan, 1983). On
the other hand, the long timescales involved in the cnshore-offshore changes
in the faunas, taking tens to hundreds of million years, imply that it was not
progressive change in the physical environment that governed the success of
the faunas; we are aware, for example, of no aspect of the physical environ-
ment that changed monotonically from the Ordovician to the Permian and
could reasonably have caused the oifshore expansion of the mollusc-rich com-
munities. In the same vein, the gradual, if somewhat irregular, nature of the
onshore-offshore changes suggests that major episedic events, such as mass ex-
iinctions, were not governing influences, at least not over the course of the
entire Paleozoic Era (see also Kitchell and Carr, this volume). Large-scale
episodic changes should  have  produced abrupt, stepwise expansions or
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contractions in the environmental boundaries between the evolutionary
faunas and more dramatic turnovers within the faunas. Therefore we con-
clude that persistent or mildly fluctuating features of the physical environ-
ment, and biological responses to these features, were responsible for the
assembly and expansion of the evolutionary faunas.

The appearance of both the Paleozoic and the Modern evolutionary fauna in
the nearshore zone suggests that there is something unique about shallow-
water environments that promotes the crigin of evolutionary novelties or the
assembly of novel canmmunily types. The most distinctive ecological features
of shallow-water, nearshore environments are the frequent disturbunces and
the stressful or rgorous ambient conditions (Brongersma-Sunders, 1957,
Sunders, 1968; Valentine, 1973). Several authiirs lave arpued recently that
biological respunses to persistent stress and disturbance miy he conducive in
the leng run, to the evolution of novel wxu snd communities, Their ArEu-
ments are summarized very briefly below:

|. Walentine and Jublonski (1983 ) ind Jublonski and Buttier [ 1983) hiyve liy-
pothesized that nearshore species, which are frequently widely dispersed
but eisentinlly panmictic as 4 result of their plinkloteophie larval stage,
iy oceasionally produce small peripheral fsolutes thar undergo generic
revolutions, or transiliencey (Templeton PR, wilich lead to rapid shifis
i morphology. or physiology, These processes may promote the ippear-
ance of evelulionary novelties in pearshore regions, whereds vicarianee
events, clinal speciation, ete., which alTect offshore species that reproduce
by direct development, will tend to produce ecological vicars rather than
unique or novel adaptive types.

2. Sepkoski and Shechan (1983) have speculated that frequent defaunation

and recolonization in disturbed, nearshore areus migiit aid the establish-
ment of new species which normally would not be able 1o invade stable
comumunities and thus would be Hable to rapid extinction as a consequence
of small populalion sizes. Frequent recolonization might also induce con-
stant . recombination of estublished species, eventually leading 1o the
chunce assembly of new cemmmnunity ty pes composed ol species that are
well ndupted to fTuctualing resources snd e masimally co-adapted {or
Umutually accommodated™) o each other. These qualities might permit
such novel, nearshire communities o persist samewhat [enger than off-
shore communities and (o expand slowly, through g combination of eco-
logical cfficiency, extinction resistance, and competitive superiority of
many ol their constituent species.

3. Steele-Petrovie’ (1979) has argued that siress and disturbance in nearshore

environments require unigue adaptations for efficient utilization of fluc-
tuating resources: Consequently. such aduptations might make nearshore
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taxa (especially filter-feeding bivalves) physiologically more efficient than,
and therefore competitively superior to, offshore taxa (especially articu-
late brachiopods); offshore replacement may be slow, however, because of
the difficulty that competiters, even superior competitors, have in invad-
ing stable, diverse communities (MacArthur, 1972). (Steele-Petrovic™s argu-
ment is supported by the cbservation that the initial habitat of the near-
shore molluscan fauna—somewhat hypersaline, stromatolitic carbonate
lithotopes of the earliest Ordovician or even latest Cambrian—seem not 1o
have heen densely inhabited during the Cambrian [Garrett, 1970; Kepper,
1974: Mazzullo and Friedman, 1977]; thus, molluscan communities be-
came established in an essentially vacant environment which required a pe-
culiar suile of adaptations that members of the Cambrian Fauna never
achieved.)

We are not in a position at present to differentiate among these three hypoth-
eses for the nearshore origin of evolutionary faunas. However, in view of the
complexity of ecological interactions in nearshore communities and the long
timescales involved in faunal turnover, we suspect all may have an element of
truth.

In addition to providing some insight into substantive issues concerning the
evolution of global faunas, the factor analysis of Paleozoic communities also
suggests some methodelogical problems involved in the paleoecclogic recon-
struction of ancient environments, Sedimentary environments and their con-
tained animal communities are frequently interpreted in part on the basis of
“taxonomic uniformitarianism.” As Dodd and Stanton (1981:17) note, this
approach involves “‘strict substantive applicaticn of the principle of uniformi-
tarianism, that is, the ecology of present organisms is the key to past organ-
isms.” The analysis presented here, however, supports the oft-voiced concern
that mean environmental preferences of the members of various higher taxa
can shift in time. Distributions of trilobites or inarticulate brachicpods in the
Upper Ordovician may not reflect the same environmental constraints as in
the Cambrian, znd abundances of molluscs in Permian facies inay mean some-
thing quite different from abundances m Ordovician facies. In view of the
progressive changes in the environmental distributions of major community
types through the Paleozoic Era, we urge care in comparing temporally dis-
tunt sedimentary facies on the basis of their contained faunas

SUMMARY AND CONCLUSIONS

1. There is a strong correspondence between global evelutionaty launas
and local marine communities, with tilobite-rich, bracliopod-rich, and
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moliusc-rich communities, corresponding to the Cambrian, Paleozoic, and
Medern Faunes, occupying different portions of the shelf environl’nent
through the Paleozoic Era. Changes in dominance among the evolutionary
faunas appears to have corresponded to onshore-offshore expansions of
the respective community types.

2. Temporal changes in the environmental distributions of the community
types occurred independently of either progressive change or large-scale
episodic fluctuations in the global physical environment through the Paleo-
zoic Era. Instead, the faunal changes appear to have resulted from assem-
bly of novel communities in nearshore areas and, perhaps, from subse-
quent competitive replacement of offshore taxa; however, precise mechan-
isms for these changes remain to be clarified.

3. Uncritical use of taxonomic uniformitarianism in the reconstruction of pa-
leoenvironments may lead to inaccurate results unless habitat shifts among
members of higher taxa are accommodated.

4. Censiderably more work is required in compiling cemmunity data, refining
present environumental interpretations, and analyzing patterns and rates of
change in faunal distributions before we will have a precise description of
habitat shifts through time or a reasonable understanding of the processes
governing the appearance and expansion of global evolutionary faunas
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APPENDIX
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PALEQZOIC COMMUNITIES ANALYZED IN THIS STUDY
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2. (Italicized numbers indicate the several communities left off the figure be-
cause of space limitations.) The literature references listed for each set of
communities are the sources of the faunal lists that were analyzed, Note that
the numbering and information sources for communities 5 to 102 are identi-
cal to those in Sepkoski and Sheehan (1983).
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Chapter 6

CLASSES AND ADAPTIVE VARIETY:
THE ECOLOGY OF DIVERSIFICATION IN
MARINE FAUNAS THROUGH THE PHANEROZOIC

RICHARD K. BAMBACH

Department of Geological Sciences, Virgima Polytechnic Institute
and State University, Blacksburg

PATTERNS OF DIVERSITY CHANGE

Step-like, rather than gradual or continuous, increase in diversity character-
izes the history of the marine biosphere (Sepkoski ct al., 1981). The pattern
is one of low initial diversity in the Cambrian Period, higher but not persis-
tently increasing diversity through the rest of the Paleozoic Era, a drop in
diversity at the Paleozoic-Mesozoic boundary, incieasing diversity through
the Mesozoic Era and into the Cenozoic Era and a higher level of diversity
turing the Late Cenoczele than at any previous time. A variety of comprehen-
sive studies on diversity, each using a different data scurce, reflect this pat-
tern (Figure 1)

Four aspects of this pattern demonstrate that a relationship exists beiween
diversity change in the marine biosphere and change in the ecologic structure
ol the fauna:

I. "The relationship between the turnover of diversity deminance by various
marine classes and the steps in total diversity increase noted by Sepkoski
{(1981) has major ccolegic ramifications (see also Sepkoski and Sheehan,
1983 Bumbach, 1983; Sepkoski and Miller, this volume). The Cambrian
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fauna (Figure 2—first five classes at the top left, dominated by Trilobita)
was comprised primarily of sedentary or creeping epifaunal surface
depesit feeders, grazers or suspension [eeders. The replacing fauna that
dominated the rest of the Paleozoic included organisms with a broad range
of solitary and colonisl epifaunal habits (Anthozoa, Bryozoea, Brachio-
poda, and Crinoidea and the other classes on the top row of Figure 2).
Tiering above the substratum was added to the structure of the marine
ecosystem by these epifaunal groups (Ausich and Bottjer, this volume) just
as the Cephalopoda, Polychaeta, Bivalvia and Gastropoda added tropic var-
iety and the increased utilization of shallow infaunal ecospace. The more
diverse fauna of the Mesozoic and Cenozoic (the second row of Figure 2)
includes classes with highly varied life styles ranging from deep infaunal to
active nektonic habits. These classes alse display a full spectrum of trophic
activities including a dramatic elaboration of predatory specializations.
The general increase in adaptive variety with each change of faunal domi-
nance suggests that ecosystemn organization has changed as diversity has in-
creased.

2. As discussed by Valentine (1969, 1973, 1980}, the number of higher level
taxa (phyla and classes) has not increased despite turnover in faunal domi-
nance and increase in diversity during the Phanerozoic (Figure 3). The to-
tal number of classes remained at about 50 througheout the Phanerozoic.
The number of classes with very high diversity (over 30 families) also
stayed nearly constant. During the same span of time the number of small
ciasses (fewer than 5 families) steadily declined, as did the number of new
classes originating in each time interval. The latter decrease was particular-
ly great in the Mesozoic and Cenozoic although diversity reached all time
high levels. Increases in diversity, especially in the Mesozoic and Cenozoic,
were accommodated primarily within existing class level taxa.

3. The increase in species richness within habitats noted by Bambach (1977)
and implicit in the trace fossil data of Seitacher (1974) and Crimes (1974)
shows that diversity increase through the Phanerozorc includes packing
more species into communities. Increase in diversity is net achieved simply
by forming more numerous ecclogic or biogeographic units, although that
also may occur.

4. Adaptive variety within communities has increased with the increase in
species richness of communities (Bambach, 1983). Increased species pack-

ing within communities has been accempanied by a broader utilization of

ecospace, not by packing more species inte the same realized eccspace.
The ecologic structure of marine communities has been altered as diversity
has increased

These four phenomena indicate that the ecologic structure of the marine
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biosphere has changed as diversity has changed. This has influenced the bic-
sphere at all levels from the interaction of species within communities to the
overall utilization of ecospace by the entire marine fauna. These changes in
ecologic properties occurred without increasing the number of diverse class-
level taxa, The ecologic change in the marine fauna must be related 1o turn-
over in dominant taxa and change within those taxa.

This paper examines the changes in adaptive variety of the dominant class-
level taxa through the Phanerozoic and develops the argument that there is a
relationship between change in adaptive variety and change in diversity, The
subject of the study is the pattern of increasing, constant and waning diver-
sity observed within class and ordinal level clades. These patterns are com-
pared with the adaptive variety represented by the members of each ciade.
Distinctive structural features that each taxcn utilizes in achieving its range of
life habits are noted, as is the role these features play in expanding the adap-
tive range of those taxa that increase in diversity,

The following empirical study of the style of diversification within subordi-
nal to class level taxa reveals that a link exists at cne level or another between
the increase of diversity and the evolution of new structural attributes that
permit greater adaptive variety. The evolutionary fate of low level taxa (spe-
cies, genera and families) may best be described in stochastic terms because
there are so many variables that can influence their success through time,
most of which can not be specified because of the veil of time and diagenesis.
Diversity change in the total biosphere is best described with generalized
mathematical models because it is the summation of so many separate clade
histories (Raup et al., 1973; Gould et al., 1977; Raup, 1977; Sepkoski, 1978,
1979; Carr and Kitchell, 1980; Kitchell and Carr, this volume; Walker, this
voluine). However, deterministic explanation, relating structural properties of
oiganisms to their adaptive variety and ecologic success, can be applied to the
study of ordinal and class level diversity history. Stanley et al. (1981) and
Thomas and Foin (1982) have also raised questions concerning purely sto-
chastic methods of the study of diversity. As pointed out by Schopf (1979),
stochastic and deterministic viewpoints each have appropriate applications,
depending on the level of analysis under study

ANALYTIC SCHEME

11" there is no strong relationship between diversification and ecologic proper-
Ites ol organisms we should find that some classes that contain taxa that de-
velop new muodes of life and invade new ecospace may still decline in diversity
whereas other classes that contain taxa that remain structurally unchanged
dtud do ot invade new habitats will increase in diversity nonetheless. If, on
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A. Trace ol divaruay [Sailechae, 19741

B. Spacios/myr. [Roug, 1978

C. Species richness (Bambach, 1977k

Figure 1. Five compilaticns of marine diversity through the Phanerozoic

A, Variety of trace fossils in flysch deposits (tabulated by Seilucher, 1974),

B. Estimate of relative species variety on a worldwide basis (Raup, 1976)

C  Median species richness within communities (Bambach, 1977).

D). Total generic diversity reported in the Treatise on Invertehrate Paleontology
{Raup, 1978).

E. Family diversity from various sources (Sepkoski, 1981)

Figure after Scpkoski et al. (1981}

Figure 2. (Facing page). Diversity of families within classes of marine animals. Classes
arranged in order of earliest time of maximum diversity to iliustrate the turnover in
diversity dominance through Phanerozoic time, pC refers to Vendian time, P to the
Palcozoic Era; M the Mesezoic Era and ¢ the Cenozoic Era. The third row contains those
cluss lovel taxa with little total familial diversity ar a poor fossil record. Figure modified
from Sepkoski (1981). Compilation inctudes only families with a fossil record and omits
recent families with no fossil record. This figure serves as source for Figures 4, 6, 8, 9,
13, 18, 23 and 27.
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CLASS LEVIEL TAXA

| T T
NUMBER OF FAMILIES TOTAL | SMALL |
IN CLASS DIVERSE [cLassEs| TOTAL | NEW
CLASSES CLASSES
5-9 10-19 20-29 30+ |CLASSES||-4fam |
CENOZOIC 5 1_7___5 l 7 24 24 | 48 |_ 2
sEsozoc T2 T2 1 8 | 7 | 19 [ 29 |48 | 2 |
L PALECZOIC | 6 | 3 4 | & 19 | 33 |_52 6 |
M.PALEOZOIC | 8 | 10 | 4 | 7 | 29 | 37 | 66 | 28
£ PaLEOZOIC | 4 | 2 | 7 44 | 51 | 4l
| PRE-CAMBRIAN | | T T
Fienre 3, The number of cliss level toxa for different segments al the PhJ:‘III:II.:--?IJIl
mLIu];;[-:d by number of Tapiilies within clasees. Right hond LI."J.IIIIITI- [Mew .~_I.|:.-u-:.:i
sivey the number of elisses onginting during each Hime segmens E. Pajeotoic includes

the Combrien and Farly Dedovician, M. Falenéole ncludes Mid Ordovician throueh
|‘1._--.....n.|un wnd L. Baleopaic includes the Carboniferous and Peemian Figure from Ham-
bach, 1983,

the other hand, diversification is refated to ecologic factors, then -only those
classes that include taxa that acquire new structures that permit then? to
invade additional adaptive zones should increase in diversity through time.
This paper exgminegs these possibilities,

The .uznruny subject of this paper is the diversity history of classes. This
avoids the problem of taxonomic decisions interfering with .tl1e.5w.r:;£|1i|un.u[
the relitionship between diversity withina group and its i:l.-mﬂgll'_"'ﬂ”'ﬂ:v'- The
diversity historics of elasses are phylogeneticilly independent ol Ei.j-_!l other
For exz-lmple, the decline of the Trilobita was not because organisms arcse
from trilobites that were removed from the class Trilobita and called new
classes. Trilobites really did decline and Malacostraca really have diversified
since the Cambrian. The Malacostraca are not the modified descendents of
trilobites representing continued high diversity within that lineage group.
Therefore, it is reasonable to compare classes and their ecologic vanety and it
is possible to relate their diversity histories to the range of ecospace they ex-
ploit without fearing that we have lost members from some classes and erect-
ed others just because of the methodology of taxonomy. .

At lower taxonomic levels the develcpment of features that perr-mt the ex-
ploitation of new ecospace usually does lead to the designation of new taxa
for those organisms with the new features. For example, the ﬂa.tte[-nng of
the test and shilt in position of the periproct in the irregular echmm@s per-
mits them to live infaunally whereas the regular echinoids are epifaunal
These modifications are among those that have justilied ciecting two super-
orders for the irregular echinoids, separating them taxcenomically from the
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other echinoids (which are also assigned to several other orders and superor-
ders). These groupings within classes make it possibie to identify the particu-
lar lower taxa that contribute to the diversity changes of a class and docu-
ment the relaticnship those taxa have to the spectrum of ecospace utilization
by the whole class.

In thisstudy the term ecospace is used for the theoretical ecclogic hypervol-
ume occupied by a group of organisms. Dimensions of this theoretical hyper-
volume are general features such as mode of life and feeding type. Organisms
with a wide variety of modes of life and feeding types exploit more ecospace
then those with more limited habits, For example, bivalve moliusks, whick in-
clude epifaunal and infaunal, mobile and sedentary, and deposit feeding as
well as suspension feeding forms, expioit more ecospace than articulate bra-
chiopods, which are all epifaunal, sedentary, suspension feeders.

This study examines patterns of total diversity for various taxa rather than
changes in diversity within geographic areas or habitats. One of the major
conclusions that can be drawn from the results reported in this paper is that
diversity change at intermediate taxonomic levels is related to change in utili-
zation of ecospace rather than just to change in geographic arez inhabited by
a group. For example, bivalve mollusks have increased in diversity because of
the development of deep infaunal modes of life, not because they have
expanded their habitat range from nearshore shelf environments until they
have even invaded the deep sea. The bivalve families present in the deep sea,
however, ate all represented in shelf environments and many were present in
shelf settings in the Paleozoic.

Examination of Figure 2 reveals that there are several consistent forms to
family diversity in classes through the Phanerozoic. Those groups in the bot-
tem row of Figure 2 are classes with either poor representation in the fossil
record or only low diversity or short duration. They are represented by
“dots” or “lines” only. The record is cbscure as Lo their complete diversity
history. The classes in the top two rows of Figure 2 have four basic forms. (1)
bottom-heavy, either with or without a later ““tail,” (2) irregular or fluctuat-
ing, ranging from irregular to “dumbbell” shaped, (3) relatively smooth and
even column, and (4) top-heavy, often with a rather long narrow early shaft.
Few class leve] clades have a diamond or symmetrical form of expansion and
contraction. The four common forms for these clades represent: (1) for bot-
tam heavy clades an early, rapid diversification followed by unrecovered loss
i diversity even though a few forms may hang on for a long tune creating the
“tail,” (2) for irreguiar shaped clades a rapid diversification followed by diver-
sily contractions and expansions that recover some or ali of the earlier diver-
sity, (3) for even columng an early diversification foilowed by maintenance of
diversity without much fuctuation, and (4) for top-heavy clades a large ex-
pansien inorelebively ecent peologic time, often after a lengthy interval of
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relatively low diversity for the group. The 16 clades at the left of the top row
of Figure 2 are “bottomn-heavy,” the next six after the Blasteidea are irregular,
the Blastoidea and the five cn the right hand side of the top row are cven cal-
umns and all clades in the second row, except the Reptilia, are “top-Leavy”

The following sections examine these various clades, grouped into phyium
groupings and also subdivided into subclasses, orders or suborders. The goal is
to establish whether changes in diversity of class level clades arc related to
particular included taxa and, if so, to see if there are ecologic reasons for
those taxa to diversily. Therefore, the ecologic properties of the constituent
taxa will also be noted

The data used in the following sections were drawn from a variety of
sources. The puipose of the study 1s to identify pattern rather than to deter-
mine the exact number of currently known taxa. Because all of the sourcesare
comprehensive reviews the data are adequate even though some are out of
date for curreni detailed taxonomy. For example, the original volume of the
Treatise on Invertebrate Paleontology on the Coelenterata from 1956 was
used for data on all corals (Figure 7) rather than the new revision (1981) be-
cause the original work includes the Scleractinia which have not been revised
in the new work. The interest here is in comparing the time of occurrence and
proporticnal diversity of all three groups. In 1956 the Treatise reported 333
genera of Rugosa and 108 genera of Tabulata. It lists 770 genera of Rugosa
and 334 genera of Tabulata in 1981. Despite much valuable new information
accumultated in the past quarter century, there has been no drastic change in
preportional diversity among the major taxa.

Diversity within taxa below the class Jevel is given using various taxonomic
levels. Cenera are used in nine examples, families in six, and superfamilies in
one case. Although this breaks frem consistent use of family diversity it does
not obscure the relative fluctuations in diversity within groups. In fact, one
benefit of using different levels of taxonomic resolution is the demonstration
of the similarity of diversity change at all sczles of taxonomic resolution. The
croportional variation between generic and familial diversity fluctuation is
relatively small in most cases.

1. PORIFERA (Figures 4 and 3)

All classes of the Porifera originated in the Vendian or Cambrian (Figure 4).
The Sclerospongia reached their peak of family diversity during the Middle
Paleozoic (Silurian and Devonlan), whereas the Demospongia, Calcarea and
Hexactinellida did not achieve their maximum diversity levels until the Meso-
zoic. The Demospongia and Hexactinellida have maintained their high diver-
sity levels through the Cenozoic

The Sclerospongia secrete a massive calceous skeleton with the living
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PORIFERA

Sclerospongia
Demospongia
Hexactinellida

Calcarea

Figure 4. Family diversity in classes of Porifera. Derived from Figure 2.

lissue confined to a thin external veneer (Wendt in Hartment et al., 1980).
They were the capping crganisms in many middle Paleozoic reef structures,
avergrowing the tabulate and rugose corals as the reef built up into agitated
near-surface waters. Their diversity decline parallels the collapse of the mid-
Paleozoic reef ecosystern (Heckel, 1974), but they have been able 1o persist
in @ variety of scttings, although not as cormmunity dominants. Today they
are members of cryptic and deeper water communities in modern scleractin-
ian-deminated reefs, The sponge classes that have diversity increase later than
e Sclerospongia are a1l characterized by a three-dimensional elaboration of
iiving tissue with the skeleton serving as a supporting mesh-like framework
rather than only as a foundation underneath the living sponge. The propor-
tion of living material to inorganic skeleton is considerably greater, toc.

In cach class of the sponges other than the Sclerospongia there is an order or
proup ol orders that originate in the Vendian or Cambrian and persist through
(he Paleesoic or through the entire Phanerozoic without much apparent

chiange 1y diversity (the Heteractineltida in the class Calcarea, Demospongia
will siiple megascleres lackimg tetiaxons and regional differentiation of
phicement ol megaselere types (the onders Haploscelerida, Hadromerida

aned Thalichondiiay and Hexactmellida without Tused spieules {the orders
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Figure 5. Family diversity within orders of Porifera as reported in the Treqtise on In-
vertebrate Paleontology (Part E, 1953).

Lyssacinosida, Reticulosida and Amphidiscosida (Figure 5). This apparent
lack of diversity change may be at least partly an artifact of the fossil record
because the skeletons of the sponge groups in question easily disarticulate
after death unless the organism is rapidly buried; they are not easily pre-
served, However, the groups of Demospengia that have spicule types segre-
gated into particular regions of the sponge and those with complex sPicule
forms such as tetraxons do show diversification through the Mesozoic and
Cenozoic. This grouping also includes the largest and most structurally diverse
order of living Demosponges, the Poecilosclerida (Bergquist, 1978) Because
the sponges in this group are also capable ol disaggregation after death and
yet show a markedly different time of crigin and a different diversity pattern
(matched by the recent fauna) than the other groups of spenges witf} unfuse?l
spicules, it is likely that the clade shapes for these groups do reflect their
general pattern of diversity history even though the patterns may be some-
what degraded by preservational biases. The group of Demospongia with
simple megascleres, the Hexactinellida with unfused spicules and the Heter-
actinellida all seemed to have had an carly Paleozoic origin and (hen simply
maintained their diversity afterwards al approximulely that early Paleozoic
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level. These groups are responsible for the long interval of low diversity in the
Hexactinellida, Calcarea and, in part, the Bemospongia (Figure 4) but do not
contribute to the later expansion of diversity in those classes.

The sponges that have the most influence on diversity increase are the Lith-
istida, Hexactinosida, Lynchniscosida, and Pharetronida (Figure 5). In all
cases they have skeletons of interlocking or fused materials and therefore
they have the most complete fossil record among the sponges, The Lithistida
are a polyphyletic group (Finks, 1967; Hartman in Hartman et al,, 1980) but
are kept as an order because they all bear multi-branched silicecus spicules
called desmas. Several lineages of lithistids arose in the Cambro-Ordovician
end maintained their initial diversity into the late Paleozoic at which time
they became extinct but were replaced by cther lineages, most of which have
more complex (tetraxon) spicules and complex spicular relatienships includ-
ing firm linkage of desmas. It is these more recently evolved groups plus sev-
cial groups that do not originate until the Mesozoic that undergo diversity ex-
pansion in the Mesozoic. In the Hexactinellida it is the two orders with fused
spicules (Hexactinosida and Lychniscosida) that create the Mesozoic diversity
increase in that class (and the Lychniscosida originate only in the Mesozoic).
Among the Calcarea it 1s the development of the Sphinctozoa in the Carbon-
t'erous and the radiation of the Inozoa during the Mesozoic that create the di-
versity expansion in that class. These are the rigid Pharetronida. Those Demo-
spongia with a more regular degree of spicular organization and more com-
plex spicular structure also contribute to the diversity expansion of that class.
They did not arise until the late Paleozoic and have increased in diversity dur-
g the Mesozoic and Cenozoic. They include the orders Poecilosclerida,
Astrophorida, Spirophorida and Homosclerophorida.

In each class of the sponges some groups were established in the early
Paleosoic. They maintained their diversity through the rest of the Paleozoic
hut it is only newly developed groups with fused, rigid skeletons or more
vomplex spicules or spicular organization that contribute to the Late Paleo-
/e and Mesozoic diversity expansions in each class of the Porifera. The
Sclerospongia, the class that had its diversity peak the earliest, has remained a
parl ol the marine fauna but never expanded in diversity after the sponges
with (hree-dimensional development of living tissue and higher biomass to
sheletal proportions began to diversify, Because of their strength and erect
prowth forms, sponges with interlocking or fused skeletons or forms with
camplex spleulur organization or structuze have been able to invade a variety
ul fbitals for which the other sponges were not suited. Those other sponges
have beenable to centinue 1ife in the settings that they initially inhabited and
ey sl mannain ther forner diversity,
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2 COLLENTERATA (Figures 6, 7, and 8)

Among the Coelenternta, the Hydrozoa, .'Su}.r'pﬂllll’.l.:.l nnd .‘x:."-{‘.l'.1| n:\f::n}f‘c
groups originated in the Late Precambuman. ."'-I'-llh':?.i.'-f da net L.up.rlf.-:r m.ll-.t e
early Paleozoic (Figure 6} Both the Hydrozoa and h\;jv'[]lll.'-fu._' m.umm[u ra-
ther conitant (amily diversity throughout the Phanerozoic. The modest in-
crease in each class is probably related to the somewhat better record of rare-
ly mreserved srganisms in yaunger rocks, Although poor preservaliun ‘f' ”j:.:'w
g-:-|;-:r.1lh non-skeletal organisms may have obsoured theu‘l complate .-_1|I.-:|.-;|n-
p;u.::.'nz-[:m cun happen for any such organisis: see also r.l!s.u.n.s:unn of sponges
ahove and worim-like phvla below). 1t is Interesting that major hudges m ”TE
diversity curves do not appear at the times of fortunate preservation of *::xlall-
hodied -:-l'g.mi:snn« {Jagerstitten) such as the Middle '[_Zu:nL‘!r:;uE {Hila_ucjs. Sh:.m:*!l.
Late Carboniferous (Francis Creek Shale) ar Lute Jurassic {.':.u_lunl.l-..-u?:1 Lirfie-
stone), Such deposits can reveal groups for which the r_.E.u'Jl{‘I';.ﬂ [oragil |u-,'u.r_r_]
may ool reflecs actun) diversity (see Trilobitoides and Frm.nu]?-.l.a i the I'vl.-.u-
LEil.".{..'.]1I'I'I'!iF!EI‘| on hottem colwmn ol Figure 2), The only ene.ol tiese deposils
with a visible effect for the Coelenterata is the small bulge for the Scyphozoa
in the middle of the Mesozoic caused by the Solenhoefen. . o
The Anthozoa have a different diversity pattern, Their fossil record is rich
because the corals have readily preserved skeletons. "l.“he. Anthozoa _lost
diversity at the close of the Paleozoic and diversified again in the Mesozoic,

COELENTERATA

Scyphozoa
Hydroconozoa
Anthozoa
Escumasia

“Protomedusae
“pPetalonamae”
Hydrozeca

a8

Figure 6, Family diversity in classes of Coglenterata. Derived Trom Faure 2
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reaching a family diversity in the Cenozoic equal to but not exceeding their
Paleozoic maximum (Figure 6). The Ordovician diversity expansion of the
Anthezoa is the result of the origin and diversification of both the Tabulata
and Rugesa and the diversity collapse refiects the extinction of these two sub-
classes of corals (Figure 7). The recovery of Paleozoic levels of diversity re-
sulted from the diversification of the modern subclass of corals, the Scler-
actinia. Figure 7 iilustrates that the diversity of genera of Scleractinia in the
Cretaceous and again in the Cenozeic is about that of the Paleozoic maximum
of the Tabulata and Rugesa combined, just as their Familial diversities are sim-
ilar (Figure 6),

The Scleractinia have replaced the Paleozoic corals and they equal but do
not exceed them in diversity. The Scleractinia differ from Paieozoic corals in
several ways but they have not deveioped anyv strucrural attributes that per-
mit them to live in any envitonments that Paleozoic corals did not also inhah-
il. The fauna that interacts with the Scleractinia is markedly different from
the Paleozoic launa, however, and the new features of the Scleractinia such as
the ability to firmly cement or attach the entire base of large colonies (be-
cause of the coerosarc and its skeletal secrelions) and the apparent more ra-
pidl growth rates (ascribied to both their less massive, more porous and open
skeletal structure and the physiclogical preperties of hermatypic corals) may
hive been necessary (o permit the second full diversification of the group in
i Mesproie,

Figure 8 illustrates the generic diversity of the orders of the Tabulatz and of
suborders of the Rugosa grouped by time of origin (pre- and post-Middle Silu-
liun) and growth habit (predominantly solitary versus compound or mixed
compound and solitary). All tabulates were compound (colonial). The diver-
sily of the Tabulata declined severely in the Late Devonian at which time the
Surcinulida and Heliolitida became extinct and the Favositida dropped to

Takuin
Mugonn
Scleractinia

Fe St

pe

Figire 4 Generie diversity within the otders of corals as reported in the Treatise on
fversehrite Pafeoniofony (Pa B 1956),
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Figure 8. Generic diversity within orders of the Tabulata and virly o Ih'!‘l_:l'-l: t1rl'_-'ll:'-i'.|l1lrl1l'
groups of orders of the Rugosa as reported in tha Tn-'arr_.-:cf- an n'JI'-'f'Jl'-'.'H.ﬂ-t_ .I-'.f_.'-'-.'luu.!.:' rui_
(Part F, Supplement 2, 1981). Solitary form groups ol the !t-.l_r..u.l-;: -1r|_|.rn-'.-.l||u.‘|l1|u:| LI:
the Late Silurian are the Streptelasmatina (Middie F.‘J.=-.‘.u';1c:|-:|n‘—MuJ-lI:- F!u.'_.-'un"un "
Metriophylina (Middle Ordovician—Late Permian), and Lycophyllina (Early Sﬂll{lrl-in‘—
Late Devonian). Compound or mixed solitary and.com.pound groups of t_h(.e u]g:n:;;
originating prior to the Late Siluriac are the Cystlphlhd‘a (Maddle O[.dO\Tlcmn]\I.d?“e
Devonian), Calostylina (Middle Devonian), Arachnophyllina @arly Sllunan—h1u_
Devonian), Ketophvlina (Late Ordovician—Late Late C.arbgnlferous), Pten9p ¥ mg
(Early Silurian—Late Devonjan), Columnarina (M;ddle Slh’man»L.ate Devonian), amf
Cyathophyilina (Early Silurian—Late Early Carboniferous). The so.htary form Broups o
the Rugosa originating after the Middle Silurian are the S‘c.ereolasmgt?yla (Early Dev?nlén—
Late Permizn), Plerophyllina (Late Silurian—Late Permian}, Caniniina (.Early Farly Car-
boniferous—Late Permian), Aulophyllina (Late Devonian—Early Permian) an‘d Hetero-
corallia (Middle Devonian—Early Late Carboniferous). The compounq or m.lxec_l corm-
pound and solitary form groups of the Rugosa originating a.fter the Middle S.l}unan aie
the Lithostrotionina {(Early Early Carboniferous—Late Permian) and Lonsdaleiina (Early

Early Carboniferous—Late Permian)
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about 25% of their former diversity. Only the Auloporida, in which the coral-
lites are at least proximally recumbent and often cemented to the substratum
and in which the corallum is composed of separate or anastomaosing but part-
ly separated corallites, maintain their earlier Devonian diversity into the Late
Paleozoic. Among the Rugosa all the subworders that originated in or prior to
the Middle Silurian also suffered a collapse in diversity in the Late Devonian,
The Rugosa as & whole (Figure 7) do not show this sharp change hecause two
suborders that originated in the Late Siluran and Early Devonian plus one
suborder starting in the Late Dévonian and three new suborders first appedr-
ing in the Early Eurly Carhonilerous all diversify in the Carbuniferous. The
whole clade declines in diversity only when several of these late-originating
ind Jate-diversifying suborders decrease in diversity in the Late Carbonifer-
OUs.

Prior to the Late Devonian-Early Carboniferous replacement of diverse
suborders in the Rugesa the suborders with predominantly solitary coralla
had been less than half as diverse as those suborders comprised of colonial
ar mixed colonial and solitary forms. After the Late Devonian-Early Carbon-
iftrous turnover the newly diversified suborders of predominantly solitary
lorm had three to four times greater generic diversity than the suborders
containing compound and mixed compound and solitary forms. The Late
Carboniferous decrease in diversity in the Rugosa occurred in predominantly
sulitary-form suborders but they remained almost as diverse as the compound-
form suborders as late as the Late Permian just prior to the extinction of all
Rugosa,

The major diversity change in the Paleozoic corals occurred in the Late De-
voniun, All the types of massive compound corals, both tabulate and TUgose,
declined severely at that time, as did the older suborders of solitary rugosans
The Tabulata never recovered although the group with the firmest attachment
polential and the least massive colony form (the Auloporida) maintained
their former diversity, The Rugosa recovered their former diversity as newly
teveloped taxa diversified in the Carboniferous but the compound taxa never
trached haif the diversity of pre-Late Devonian compound Rugosa. These fea-
tiies all relate to the disappearance of coral-dominated recf systems in the
Late Devonian (Heckel, 1974). Coral diversity only returned to Middle Paleo-

ale levels with the development of Scleractinian reef systems in the Meso-
FALIS

U LOMHOMIORATE PIIYLA (Iipure 9

[here aie thice tophopere-hearing phyla, the solitary Brachiopoda (classes [n-
wticulita and - Artenlata), the colonial Bryoroa {closses Stenaloenatn,
Covinnolemats ond Phyvlactolaemata, the latter with no (o] record ) and (he
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LOPHOPHORATE PHYLA

Stenclaemata
Gymnolaemata
Phoronida

Inarticulata
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Figure 9, Fumily diversity in classes ol the lophophoraie phyla Brachiopoda (Inartu);u-
lala abnd Articulata), Bryovoa (Stenolaemata and Gymnolaemata) and Phoronida. De-

rived {Tom Figure 2.

Phoronida (Figure 9). The two classes of Brachiopoda d?ver.sifiC(.l most gxten-
sively in the Paleozoic with the Inarticulata reaching th@lr d.wer.sny maximum
in the Cambrian znd the Articulata maintaining high diversity from the OIrdo-
vician to Permian. Both groups persist inte the Recent but at reduc.cd dlve.r-
sity. The two classes of Bryozoa with an extensive fgssﬂ_record originate in
the Ordovician. The Stenolaemata maintain a high diversity through the P-a-
leozoic, collapse at the end of the Permian and rediversify to near Paleomlc.t
levels in the Mesozoic and Cenozoic. The Gymnolaemata iqcrease euormoqﬂy
in diversity in the Cretaceous and Cenozoic. The Phoromd.a arg so[t_ bedied
and only have a very poor Cenoxzole record. The diversity histories of each.of
the skeletal classes of lophophorates iflustrate features that reflect cl.mng1.ng
diversity within varicus orders and suborders rather than coherent diversity

change across whole classes,

A. Brachiopoda (Figures 10 and 11), The Inarticulata diversified intg {ive
orders (Lingulida. Acrotretida, Obolellida, Palernida and Kutorginida) 11.1 the
Carly Cambriun. Three ol these orders became extinet by the Middle
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Figure 10. Generic diversity within orders of Brachicpoda. Alter Treatise on fnverie-
brate Paleontology (Part H, 1963).

Ordovician whereas the Lingulide {including infaunal forms) and the Acro-
treidda (attached forms), after a modest Ordovician Increase in gencric diver-
sity. declined slightly and then remuined at nearly constant low levels of
diversity thereafter. They have neither expanded nor declined much for 400
million years (if they had declined very much they would have become ex.
tmet). The Articulata are represented in the Cambrian by two orders (Qrlhida
and Pentamerida). These diversify in the Ordovician, as do the newly crigi-
nirled Strophomenida, to establish the generz) high level ol articulate brachio-
pod diversity for the rest of the Paleczuic. These three orders are not respon-
sible for maintaining that diversity, however. The Orthida contract in diver-
sity after the Ordovician and the Pentanierida become extingt by the end ol
the Devonian, Of these three dominant Farly Paleozoic orders, oniy the
slrophomenida increase in diversily in the later Paleozoic. The maintenance
ol high avticulate brachiopod diversity threugh the Middle and Late Peleoroic
e result of the diversification of (hree new orders, the Rhynchonellida, Spi-
vitenda, and Terebratulidy,

Discossions by Willlans and Rowel (1965) and Wilifams and Hurst (1977)
potnt aul morphologieal and developmental relationships that can be used to
sty pronpmye the Ovhida witl the Pentaimerida and grouping the Rhyn-
chionellidas Spootenda and Terehraiulida tepeiher for purposes ol examining
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on the pedicle valve and often with ather, sometimes bizarre, feqatures
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geniculated valves with trails. The Oldhaminidina are a small group of Late
Paleozoic brachiopods with weird irregular sheils.

Figure 11 illustrates the diversity histories of the three groupings of articu-
late brachiopods discussed above. The Orthida and Pentamerida have parallel
histories. Both reach high diversity in the Ordovician and both decline in di-
versity in the Middle Paleozoic. Within the strophomenids, the Strophomen-
idina diversify in the Ordevician and contract in diversity in the Middle Paleo-
Zoic. The Chonetiding simply persist at moderate diversity from the Silurian
through the Carboniferous without much diversity change, The Produetidina,
however, increase the total diversity of the Strophomenida considerahly

heir bizarre forms and varied structures permiitted them to oceupy many fife
habits that were not open to the more conservative and restricied range of
matrphologies present in the Strophomenidina and Chonetiding, The Produc-
tidina not only recovered the diversity last as the strophomeniding dwindled
but diversified more than earlier, less variedl strophomienids. The Rhynchonel-
lida, Spiriferida and Terebratulida maintained and even increased the diversity
of pedunculate brachiopods established by the Orthidy and Pentamerida. Tt is
interesting that these three orders have features that are not possessed by the
earlier diversified pedunculate orders. The Spiriferida diversified the most and
also had the widest range of shell morphologles and lophophare supports: In-
deed, it is the Spiriferida with their broad range of marphoiogies adapled to
varjous substrats (Copper, 1966, 1967) that add diversity to the Middle
Paleouoic articulates as a whole. The Rhynchonellida and Terehratulids omnly
supply enough new diversity to regain that lost by the decline of the Orthida
and Pentamerida.

The earliest forms to develop in each group in Figure 11 {the Orthida, the
Strophomenidinz and the Rhynchonellida) also persist the longest. In the case
of the Rhynchonellida, Spiriferida and Terebratulida it is also of intecest that
two of these orders survive to the Recent whereas all other orders of the Ar-
ticulata are extinct (the difficult group Thecideidina is included in the Tere-
bratuiida in this paper). It is in this group of orders that the support for the
feeding organ, the lophophere, is most developed and it is in these orders that
the pedicle insertion and attachment is elaborated. This style of pedicle is
strong (Thayer, 1975), capable of varied growth and function (Richardson,
[981), including active positioning of the animal in currents in some forms
(LaBarbery, 1977). A last peint is that the preportional changes in diversity

within groups are similar at the generic (Figure 10) and familial (Figure 11)
levels.

i lrvozoa (Figure 12) The diversity history of the Stenolaemata is one
el diversification by several groups during the Paleozoic, extinction of most
ol themr at the end ol the Paleozoic, and recovery of diversity during the
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age assigned 1o the Cyclostomata. Schopf (1977) argues that most bryozoan
genera cited as having long geologic histories actually do net persist as
claimed. He cites studies by Brood in 1972 and 1975 {not seen by me) that
seriously guestion whether several of the other genera of Paleczoic cvele-
stomes have the characteristics universally found in Mesozoic and Cenozoic
Cyclostomata. It appears that the Cyclostomata of the Mesczoic and Ceno-
zolc may be a newly developed Mesozoic group and not one with a long Pale-
ozoic history, I there are any true Paleozoic Cyclostomata they are restricted
to only a few genera and they do not seem to possess the porous walls charac-
teristic of the diverse post-Paleozoic families of the order. Therefore, it seems
as Il there is a nearly complete turnover in the Stenclaemata at the end of
the Paleozoic. The variety of orders present in the Paleozoic is replaced by
the single order Cyclestomata in the Mesozoic and Cenozoic. That order di-
versifies in the Mesozeic and achieves a diversity equivalent to but not signifi-
cantly exceeding all the Paleozoic Stenolzemata combined.

The morphologies of the zoaria of the orders of Stenolaemata arc varied, Al
groups contain botlh encrusting and erect forms, The Trepostemata had long
tubular zocecia and constructed massive zoaria. There were no interzooecial
connections within the skeleton although f(ie growing surface tissues were
highly integrated across the colony surface. The Cryptostomata had much
shorter zooecia in most instances but also had ne skeletally internal interzo-
oecizl connections. The growth forms of the Cryptostomata include the elab-
orate frondescent and meshwork structures of the fenesteilids. The internal
communication between sooc¢cia permitted by the porous wall of the Meso-
zoic and Cenozoic Cyclostomata permits living tissue to remain functioning in
the interior of the colony. a fealure not possible in Trepostomata, nor one for
which the Cryptostomata are designed. However the basic tubular nature of
the cyclostome zooecia and the growth habils of the zoaria are similar to 1l
Paleozoic Stenclaemata and the Cyclostomata a
life habits thun Paleozoic forms.

The Gyminolaemata contains two orders, the Ctenostomata and the Cheilo-
stomata, The Ctenostomata are represented in the fossil record by from two
(o six genera in each Period from the Ordovician to the Neogene, They are
the only Paleozoic Gymnolaemata and their low but relatively constant diver-
sity forins the long narrow part of the Gymnolaemala clade in Figure 9. The
Cheilestomata originate possibly in the Jurassic and diversity explosively in
the Cretaceous (Figure 12). The Cheilostomata have numerous distinctive fea-
(wes The zooid is reoriented so that the feceding polypide is exiruded

iough an orifice in the side rather than at the end of the zovecium. This
presents o wide range of new g

1e
ppear to occupy no different

nd dilferent mechanisms of caleifying the open
side of the zooid. Colony growth forms, shapes and life sites are of great vari-
ety Another featue is e exireme vaniety ol polymorphisin that includes
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aviculariz and vibracula among protective devices and a range of brood cham-
bers. etc. While anatomically still obviously bryozos, the Cheilostomata are
quite different skeletally from both Paleozoic Gymnolafemata and all Steng-
laemata. This new form of organization was exploited in the post-Paleozoic
diversity expansion of the Bryozoa.

4, VARIOUS NON-SKELETAL PHYLA

The fossil record, imperfect at best, is obviously at its poorest with regard’ to
soft-bodied unskeletonized organisms. More than half the class. lev&zl ta;:;a, have
such a poor fossil record that we can do little more than .rcca.yrnl.TI:llurl p..jjr.n_u;r,-
(Figure 2, hottom row). If it were not for the ;[Ji:utucﬂl:s! ey.lm;s i Il~|p;
usual preservation such as the Burgess Shate (Middle Cam.h.ncfni, ’511.151:1:.-
Shale (Middle Devonian), Francis Creek Shale (Upper Carboniferous) bthTn

lofen .L|I1'|E'.sr_t_111.-: (Late Jurassic) called laperstitten, maodt of these j!.f'!-.'lllzpf
would huve no fossil record at all, Despite these severe problems thiere are
: tentative ohservations Lo make. !

m:'z.:s::ful|:; :.J.-rnrn phyla that are most diverse luda;.-. there 15 no |cc<_ud]=.nr
free h-.'mg;h Platyhelminthes and only a minuscule one fior the Numulud.t..]‘.nut
ihe Annelida does have asignificant record. The Polychaeta, a dmr]lr‘li]nl P ;n.c
in modern benthic environments, has a long history extending !‘l:ll..r; n.l Eln
Vendian (Figure 2, top row, fifth from the right}. 'lh!.‘} dn“.'.rﬁ.lul:'d.J.r. TIVE:
Cambrian and Ordovician and have maintained that high Famitial diversily

rest of the Phanerozoic. _

thr%i%?ii;ttr};zts with the fossil record of some of the other worm-hk:: groups,
which are not divecze today dand which show no suggﬂstima. ol any Iug.1.|:r.]-|r|ulj
diversity. The fossil record of the Sipunculoidea, \.L‘lut:ELI:lE‘E'll. huh:ur.id-il. :JrI”
Clhaetognatha is each that ol 2 single family enenfhng.trn:n ( url_'u}mttni.hl 1:
Recent, Although therr records are sparse indesd, it-1% I[1lﬂr€'1.ulil‘|_E.Lf: fate l.]Id,
none of the post Palenzoiwc lugerstatien re-.'.c'.m?] 4 great diversity of these
groups anid they are not present in Early PHJﬁU:f'iJI.L lagerstatien T

Yeveral proups hint at higher prior diversity than thewy “"_"‘"’. ;?[M:-&-ﬁ.— |~
Burgess Shale (Middle Cambrian) has & diverse .ng:mhlag::. {ﬁ.! Trlzpu.uilu, u.-l
examnple. The fossil record also reveals that several very distinet g:c‘:_up_wl. n.mj-
extinct, existed at times inthe past and contributed ||:_ |:n.m!. levels ol fm.s_sng,.
Hulticigenin (Conway Merris; 1977) and {}pﬂb.";l'r{l; {‘r‘r]ut[lngln_n_ .l 'Zla.'_‘-}.lr:.;.:n
the Burgess Shile and Tulfimonstrum {rom the Francis Creek Shafe (Tohnson
and Ricﬁardson, 1960) are delightful bizarre examples. .

The conclusion the record suggests is that the polychaete annelids have been
the most diverse group of larger soft-bodied organisms thr.ough().ut t‘he Ph’u-
nerozoic. There has been a significant diversity of other, quile vurl)cd forms l\
well, This diversity seems 1o have been nuintained tlhough the Phancrosoic
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by a Cambrian diversification of many groups that then declined and per-
sisted (Pegonophora, Priapulida} or became extinct (Hallucigenia) as other
groups onginated and thereby maintained the former total diversity. Most
groups which enter the record in the Middle and Late Paleozoic do not seem
to have increased in diversity dramatically at any later time il the evidence
from later lagerstatten 1s correct. We have no information about the Platyhel-
minthes and very little about the Nematoda, All we can do is assume they
have had a similar pattern of relatively constant diversity. Because many of
the members of those two phyla are parasitic we can further assume that the
component of their diversity related to parasitic habits parallels the origins
and diversification of the organisms they parasitize. Tt is most unlikely that
their diversity was higher when the diversity of potential hosts was lower. The
soft bodied groups have apparently contributed a relatively constant propor-
tional amount of diversity to the biosphere through the entire Phanerozoic

5. MOLLUSCA (I'igure 13)

The Mollusca is one of the most diverse of all phyla and has been significant
threughout the Phanerozoic. It contains several classes that diversified in the
Cambrian and Early Ordovician and are unimportant or extinct today (Mono-
placophera, Hyolitha, and Rostreconchia), three classes that have had high
diversity since the Ordovician (Cephaiopoda, Bivalvia, and Gastropoda) and
two small classes that have persisted with little diversity change since the Qr-
dovician (Scaphopoda and Polyplacophora). The Aplacophora lack a fossil
record

The classes that diversified in the Cambrian and early Ordovician each
possess features that suggest a rather limited range of life habits. The living
Monoplacophora are sluggish, apparently surface deposit feeding or grazing
deep sea organisms. Early Paleozoic forms were similar in feeding habits but
lived in a variely of environments. Because of their untorted anatomy they re-
tain an anatomical bilateral symmetry that channels them only into the “lim-
pet-like™ style of life. The Hyolitha had long conical shells with opercula. It
sees that they remained relatively immobile on the sca floor and were ap-
parently suspension feeders or possibly passive surface deposit feeders. The
Rostroconchia were infaunal or semi-infaunal, Caleified shell extended across
the dorsal commissure and the animals were therefore immobile suspension
[ceders despite their superficial resemblance to the Bivalvia. The two classes
that have persisted with low but nearly constant diversity since the Ordovi-
cian e also rather yestricted in form and life habits, The Scaphopoda are
slugeish burrowing infaunal deposit feeders with a slightly curved tapering
tabe-shaped shell. The Pelyplacopiiona are creeping grazing organisms adapted
prinmarily Tor Lile attached finely (o rocks, Theil diveisity history may not be
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Figure 13 Tamily diversity in classes of Mollusca, Derived frem Figure 2

completely represented in the fossil record because the shell of cight plaques
hecomes disarticulated after death and the record of the Polyplacophora 1s
probably poorer than any other molluscan ciass.

The three highly diverse molluscan classes each illustrate factors that are
importanl in maintaining or increasing diversity. The Cephalepoda have fluc-
tuated widely in diversity and display a succession of groups that have suc-
ceeded each other in diversity dominance, The Bivalvia and Gastropoda both
contain groups that have maintained diversity with little change and have in-
creased in diversity by developing new groups that have invaded new habitats,

A. Cephalopoda {Figure 14). The Cephalopoda display the preatest degree ol
diversity fluctuation of any class. They originated in the Cambrian and first
diversified in the Ordovician when seven new orders were added to the single
one extending up from the Cambrian, Figure 14 ilustrates the diversity his-
tory of the subclasses of the Cephalopoda. The Nautiloidea are subdivided in-
to primarily non-coiled forms (the orders Ellesmerocerida, Orthocerida, Asco-
cerida, Oncocerida, Discocerida, and Bactritoidea [which often are viewed as a
separate subcluss] ) and the primarily coiled forms (the orders Tarphycerida,
Barrandeocerida, and Nautilida). The subclasses Endocerida and Actinocerida
along with the six orders of non-coiled Nautiloidea all diversified greatly in
the Ordovician and dwindled in diversity in the later Paleozoic, and all were
extinct by the end of the Triassic The coiled Nautiloidea alse became eslab-
lished in the Ordovician. They have fluctuated somewhat in diversity but not
nearly as widely as the other shelled cephalopods. They have also peisisted
throughout the entire post-Cambrian intervel. The Ammonoiden originated in
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. Figure 14. Generic diversity within subelusses of the Cephalopoda. Subelass Nauti-
loida is subdivided into non-coifed {orthoconic, cyrtocenic and brevionic) forms and Ful-
ly cuiled forms Compiled from Treatise on fnvertebraie Paleonrology (Puri K, 1964)

the Devenian and experienced several rapid expansions and collapses of diver-
sity unlil becoming extinet at the end of the Cretaceous. The Coleoidea arigi-
nated in the Middle Paleozoic and have expanded in diversity during the Me-
sozoic and Cenozoic, The precise diversity history of the Coleoidea is difficult
to trace because many of them (the squids and octopuses) are non-skeletal

The overall diversity history of the Cephalopeda is one of maintenance of
the diversity established in the Ordovician but through a relay of replace-
ment of one suile of morphologies by another. The Ordovician expansion of
diversity in the Cephalopoda was by primarily non-coiled forms. Teichert
(1967} has pointed out that most major features in cephaloped cvelution
seenn Lo he responses to the need for buoyancy control in these nektonic and
nekte-benthic organisms, The early diversified cephalopod groups used endo-
siphvmeulie deposits (Bndoceratoidea,  Actinoceratoidea, Orthoceratida,
Oncoceratida, and - Discoceratida), cameral  deposits  (Actinoceratoidea,



218 BAMBACH

Orthoceratida) and various restrictions on shell growth to form brevicones
(Ascocerida and Oncocerida) to aid in buovancy control and shell orienta-
tien. The development of ceiling placed the body chammber and the center of
gravity of the organism underneath the buoyant chambers and relieved the
need for elaborate counterweight structures, The secretion of fluids and their
removal from the shell chambers by the siphuncle to control precise buoy-
ancy response has continued, however (Ward et al.. 1981 and refercnces
therein). The coiled Nautiloidea maintained a relatively stable diversity as the
non-coiled forms declined and they remained fairly diverse long after the non-
coiled forms were all extinct, With the development of the Ammoncidea,
which also are usually fully coiled in form, the pattern of septal growth be-
came complex. The folded septal form in ammonites had several conse-
quences such as strengthening the shell. Ammonites diversified in the Devo-
nian (Anarcestida, Clymenida, and Goniatitida} and achieved, with the coiled
Nautiloidea, diversity similar to the variety of Ordovician Cephalopoda. The
ammonites dwindled in the late Paleozoic and almoest became extinct but a
new group, the Ceratitida, diversified in the Triassic. The collapse and expan-
sion pattern occurred twice more, with the collapse of the Ceratitida at the
end of the Triassic and expansion of the Ammeonitida in the Furassic and the
dwindling of the Ammonitida in the Cretaceous and expansion of the Lyto-
cerida and Phyllocerida. Major changes in septal morphology characterize the
major new ammonite groups and the Lytoceratida alse included the hetero-
morph ammonites whereas most others had been planispirally coiled. The ex-
tinction of the Ammonoidea reduced cephaloped diversity (Figure 13} but
the Coleoidea have apparently diversified during the Mesozoic and Cenozoic
until there are 33 lving families (Sepkoski, personal communication). This is
equivalent to the average familial diversity of the shelled cephalepoda from
the Ordovician to the Cretaceous. The Celeowdea are anatomically different
{rom the shelled cephalopods, as represented by living Nautifus, in lacking a
large external buoyant shell, in having a well developed eye with a lens rather
than the simple, optically less precise “pin-hole™ eye of Nawutius, in having
suckers and hooks on the tentacles, and in having only two rather than four
gills.

The diversity history of the cephalopods is one of diversity maintenance
through replacement. The non-coiled shelled forms were replaced by coiled
forms. These coiled forms may have expanded in depth range through shell
strengthening features such as folded septa but essentially they remamed nek-
tonic or nekto-benthic predators as their predecessors had been, Today the di-
verse cephalopods are shell-less, efficient swimmers with advanced eyes and
arm structures but they, too, are essentially nekionic and neklo-benthic pred-
ators. With all the changes in shell form, buoyancy control and anatomy the
cephaiopods have remained channeled into one general maode of Tife and have
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not invaded new ecospace. They have maintained but have not expanded the
diversity they established in the Ordovician when they first developed the
range of life habits they still command.

B. Bivelvig [ Figures 15 and 16). The Bivalvia have had two episodes of diver-
sification. This is masked when the class as a whole is considered (Figure 14)
Figure 15 illustrates the diversity history of the subclasses of the Bivalvia. The
Bivalvia originated in the Cambrian znd all subclasses were established by the
Middle to Late Ordovician. All but the Heterodenta diversified to near their
present diversity by the Silurian and have maintained that level of diversity
ever since. The superfamily level used in Figure 15 is a very high taxonomic
level and has relatively low reselution bul the same conclusion is reached with
family leve] data as shown in Figure 16. The only groups of bivalves that con-
tain siphonate forms are the Palacotaxodontz and the Heterodonta. The Pa-
lacotaxodonta with siphons are deposit feeding bivalves with a different mode
of mantle fusion than occurs in the Heterodonta, They are the principal si-
phonate forms in the Middle and Late Paleozoic and remain at that level of
diversily today. Therefore the increase in familial diversity in the Bivalvia in
the Mesozoic and Cenozoic s a result of the diversification of the siphonate
Heterodonta, The bivalves of the Middle Paleozoic had developed the full
range of shallow infaunal, endo- and epibyssate, and epifaunal life habits that
the living non-siphonate forms have today (Stanley, 1968, 1977; Bambach,
1971). These non-siphonate bivalves had hecome as diverse as they are now.
The development of full mantle fusion and siphons in the Heterodonta en-
abled them to burrow more efficiently and permitted the invasion of eco-
space previcusly closed to Lhe bivalves. Because of the improved ability to
maintain contact with the overlying water mass for respiratory and feeding
purposes provided by siphons (Stanley, 1968, 1970, 1977), they could live in
unstable substrates such as beach sands that had previcusly been unavailable
as well as burrow to depths previously unobtainable. Tt is the siphonate het-
erodont bivalves that create the diversity expansion of the bivalves in the
Mesozoic and Cenczoic, The other groups, including the non-siphonate het-
erodonts, simply maintain the level of diversity first achieved in the Qrdovi-
cian and Silurian

C. Gastropoda [Figure 17). The Gastropoda are another very diverse class
which increased diversity dramatically in the Mesozoic and Cenozoic. The ma-
juority of marine gastropods are in the subclass Prosobranchia Figure 17 illus-
frates the diversity history of the Prosobranchia. The Archaeogastropoda have
a fong Paleozeic history with little diversity {luctuation and they maintain
that diversity thieugh the Mesovoic and Cenozoic with only modest increase,
primandy e the superfamily Trochacea which originates in the Mesozoic, By
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far the largest share of Mesozoic and Cenozoic diversily increase occurs in the
Caenogastropoda, The Caenogastropoda originate in the Ordovician but have
a modest Paleozoic history. Only 3 or 4 genera are assigned to the Cacnogas-
tropoda during any one epoch of the Ordovician through Devonian and 20
genera or less for each penod of the Late Paleozoic. In the Mesozoic the Ca-
nogastropoda begin to diversify and in the Cretaczous and Cenozoic they ex-
pand explosively

The Archaeogasiropoda have aspidobranch gills (with the filaments arranged
on bolh sides of the axis) and complex, multi-toothed radulae. They are all
grazers or raspers, primarily on firm substrata. The Cacncgastropoda have
pectinibranch gills (filaments cu only one side ol the axis) and radulze with
fewer teeth. The altered gill structure permits a free left-right flow of water
across the mantle cavity and the development of ciliated cleaning tracts.
These features plus the development of siphons permit the Cacnogastropoda
te inhabit soft substrates and even burrow. The raduiar teeth, while foewer in
number, are developed in various ways (0 penmil predatory feeding, including
pé boring as well as more conservative rasping funciions. In some forms the teeth
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even become long and needle-like and are associated with poison glands.
These features have permitted the Caenogastropoda to invade new ecospace,
both in the sense of physical environments and by developing new trophic ha-
bits, The great Mesozoic-Cenozoic diversity increase in the gastropods is the
result of the diversification of the Caenogastropoda as they underwent their
adaptive radiation into ccospace previcusly not occupied by the Archacogas-
tropoda. Several aspects of this diversification are touched on by Vermeif
(1977} in a discussion of the Mesozoic marine revolution and by Taylor et al,
(1980} in a discussion of food specialization and the evolution of predatory
prosobranch gastropods.

& ARTHROPODA (Figure 18},

Arthropeda have been among the dominant organisms in marine faunas from
the earliest Phanerozoic. Because of their multiple-part skeleton and because
of the tendency in some groups to have little if any calcification, the quality
of the fossil record ol arthropods varies from class to class. The evidence from
lagerstitten, however, and comparison of diversity of fossil groups with living
forms suggest that in general the classes with high fossil diversity faithlully re-
cord the patlern of marine arthropod diversity. The only clear exception 1s
the “Trilobitoidea™ whose diversity in the Burgess Shale fauna (Middie Cam-
brian) is far greater than recorded through the rest of their range. Five classes:
the Trilobita, Merostomata, Ostracoda, Malacostraca, and Cirripedia, contrib-
ute the moest diversity to the marine arthropod record and are discussed sepa-
rately below,

A, Trilobita (Figure 19), The Trilobita was the first metazoan class to
achieve high diversity. The trilobites aie overwhelmingly the most diverse
Cambrian group, Concealed within the apparent general expansion and con-
traction of the class without much fluctuation (Figure 18) is a replacement
sequence of orders and suborders with a variety of diversity histories (clade
shapes) (Figure 19). All of the groups that criginated in the Early Cambrian
were extinet by the end of the Ordovician whereas those originating later all
persisted at least through the Middie Devonian.

Three of the groups that had Early Cambrian origins were morphologically
conservative, The Redlichiida had relatively large semicircular cephalons,
commonly with genal spines, numerous thoracic segments, commenly with
their ends produced as spines giving the outline of the thorax a serrated ap-
pearance, and small pygidia. Enrollment would not have produced a good op-
position of cephalon and pygidium. The Corynexcchiida retained the large,
semicircular cephalon with genal spines. the thorax was restricted to S to 1
segments, but spinose terminations were still common whereas the pygidium
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was large and rounded. The Ptychopariina, a suborder of the Ptychopariida.
generuily retained the large semicircular cephalon, a relatively large thorax,
often with spinese terminations to the segments, and a relatively small pygid-
ium. The glabella waos relatively sunple and generalized in all three of these
groups, also. The Redlichiida were the most diverse Early Cambrian group but
became extinct by the Late Cambrian, whereas the other two groups
expanded in diversity in the Middle Cambrian. In the Late Cambrian the Pty-
chopariina reached the greatest diversity of any trilebite group but dwindled
in the Ordovician. The fourth trilobite group to origmate in the Barly Cam-
brian was the crder Agnostida. They were small forms with symimetrical ceph-
alon and pygidium and are thought to have been, at least in part, planktonic
(or nektonic). The agnostids reached maximum dwersity in the Middle Cam-
brian and declined rapidly in the Middle and Late Ordovician,

The other ptychoparid suborders besides the Ptychopariina are the Asa-
nhina, HMluenina, Harpina, and Trinucleina, These groups plus the orders Pro-
etida and Phacopida diversified in the Ordovician so that, taken together,
they maintzined the level of diversity achieved by the class in the Middle
Cambrian and nearly that of the Late Cambrian maximum. These groups dis-
play a range of morphologies quite different {rom the dominant Cambrian
forms. These include smooth, non-spinose thoracic segments, equal size ceph-
alon and pygidium with precise oppesition in enrollment, enlarged glabellas,
schizochroal eyes, and enlarged fringes on the cephalon with various struc-
tures such as rows of pits. Two other orders, the Lichida and Odontopleurida
persist through the Silurian and Devenian as well. They, too, have unusual
marphiologic {eatures, bizarre spines being the most distinetive.

The trilobites had a diversity history in which generalized, conservative
forms with small pygidia and numerous segments (Rediichiida) were replaced
during the Cambrian by generalized forms with some development of the py-
gidium (Corynexochida) or reduction in thoracic segiments (Ptychopariina)
These forms were in turn replaced in the Ordovician by a variety of groups
with widely varied morphologies. These groups persisted until the end of the
Devonian and one survived until the Late Paleozoic Interestingly. the longest
surviving group, the Proetids, fluctuated rather little in diversity and never di-
versified as much as the shorter lived Redlichiida, Ptychopariina. other Pty-
choparids or Phacopida. The Proetida simply maintained a rather constant
modest diversity from the Late Cambrian to the Permian.

B, Merostomata [Figure 20),  The diversity history of the Merostomata is coni-
posed of a succession of four different groups (Figure 20) The subclass Xi-
phosura contains the orders Aglaspida and Xiphosurida (subdivided into the
suborders Synxiphosurina and Limulina). They are all forms with a relatively
large prosoma with small chelicers and a series of elatively undifferentiated
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Figure 20. Generic diversity within orders of the Merostomata. Xiphosurida sepurated
into suborders Synxiphosuring and Limulina, Compiled from Treative on fnvertebrate
Paleontology (Part P, 1955).

walking legs, an opisthosoma with 9 to 12 segments and a spike-like long
telson. The fourth group is the subclass Furypterida, characterized by a
moderate sized prosoma with chelicera (sometimes quite large), a series of
walking legs of which the last pair is commenly transformed into swimming
paddles, an elengate body of twelve segments commonly subdivided into a
seven-segimented preabdomen and a five-segmented postabdemen, and a vari-
able shaped telson, The Aglaspida, Synxiphosurina and Limulina form a se-
quence ol diversity replacement without increase through the Phanerozcic.
They appear to have all been primarily benthic and inhabited nearshore but
primarily marine habitats, The Euryptenda are known from facies that rep-
resent brackish envirenments. They clearly developed nektonic as well as
benthic habits. This group of Merostomata is the one that entered new eco-
space and it is the source of the higher diversity of the Merostomata in the
Middle Paleozoic

C. Ostrgcoda (Figure 21). The diversity history of the ostracods resembles
(hat of the Anthozoa and the Stenolaemata (Figure 2 and, as in those groups,
It 15 produced by a diversity replacement of one suite by another group rather
than a decline and rediversificalion within one or more of the constituent
groups. The Puleozoie diversitication of the ostracods includes representatives
ol all Tive orders, thiee o which become extinet by the end of the Permian.
Altliough one Paleozole suborder besides the Podocopina has persisted to the
Kecent amd two new suborders have originated in the post-Paleozoic, the
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bulk of the Mesozoic-Cenozoic rediversification of the Ostracoda is confined
to two superfamilies (the Cytheracea and the Cytheridacea) in the suborder
Podccopina. Although these two superfamilies have some Paleozoic repre-
sentatives there are only five genera of Cytheracea prior to the Late Carboni-
ferous and only two pre-Late Carboniferous genera of Cytheridacea. Of the
%96 genera of Ostracoda 421 belong to these two superfamilies, Those two
superfamilies of the Podocopina creule the post-Paleozoic diversity increase
that returns Ostracoda diversity to its Paleozoic level.

D. Malacostraca { Figure 22)  The diversity history of the Malacostraca ap-
pears to be one of almost continual diversification threugl the Phanerozoic
with an increased rate of diversification in the Mesozoic and Cenoczoic (Figure
18). More detailed analysis reveals that this pattern i1s produced by the suc-
cessive addition of groups that diversify and then maintain a constant diver-
sity (Figure 22). All arthropods are subject te disarticulation and disintegra-
tion after death. In Figure 22 the number of living genera in each category are
listed for comparison with the number of fossil genera in the Late Cenozoic
In each case there are about four times as many living genera as there are Late
Cenozolc fossil forms. The rather constant proportion of fossilized to extant
genera suggests that the diversity pattern of the fossil record represents actual
changes and ratios of diversity even though it only reveals a part of the total
absolute diversity.

The Phyllocarida diversified in the Cambrian and then persisted with some
fluctuation to the Recent. They disappear from the fossil record in the Early
Mesczoeic but four living genera are known. The low diversity of living Phyllo-
carids and the fact that they never achieve high diversity, even in lagerstitten,
suggests that they never had very high diversity but their consisten!t presence

All cther orders
and suborders
Podocoping

P 10 garsra
pC
Figure 21. Generie diversity ol the suborder Podocoping contrasted (o the rest of the

Ostracoda, Compiled Trom the Treatise on Inverteivate Paleontology (Pat 0, 1961}
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Figure 22, Generic diversity of groups within the Malacostraca. Compiled trom the
Treatise on fnvertebrate Paleontology (Patt R, 1966)

i the Paleczoic record suggests that they had somewhat Tugher diversity then
than later.

The subclass Eumalacostraca criginates in the Middle Devonian. It contains
the superorders Focarida (Middle Devonian-Permian), Syncarida (Early Car-
beniferous-Recent), Peracarida (Permian-Recent) and Eucarida (Permian-
Recent), The diverse order Decapoda is in the Fucarida but will be considered
separately. All Eumalacostraca excluding the Decapoda maintain 2z modest
but nearly constant diversity from the Devonian to the Recent. The later Pa-
leozoie diversity increase in the Malacostraca as a whole results from the addi-
tion of these groups to the continuing Phyllocarida.

The Decapoda first appeared in the Permian. In Figure 22 the Decapoda are
treated in twe groups: all Decapoda except the infraorder Brachyurs, and the
Brachyura (crabs). The Pecapoda, excluding Brachyura, diversified in the first
fall” of the Mesozoic, reached a maximum fossil diversity in the Jurassic, and
Lhave maintained a high but not increasing diversity since then. The Brachyura
otiginate in the larly Jurassic and diversify greatly in the Cretaceous and
Cenozoie, The diversity increase of the Malacostraca through the post-
Palevsoic is cieated by (he diversification of firsi the nen-brachyuran Deca-
podaand then the Brachyur,

The Phyllocarida me Malacostraca with a bivalved carapace. They are
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primarily benthic detritus feeders although some are also nektonic. Eocarida
were shrimp-like Malacostraca with a carapace that was not fused to the tho-
racic segments They seem to have been primarily benthic scavengers and de-
tritus feeders (they lacked chelae). The Syncarida lack a carapace. The living
Syncarida are predominantly freshwater forms though some Paleozeic forms
were marine. Small syncarids enter the interstitial habitat in coarser sedi-
ments. The Peracarida have the first thoracic segment fused to the carapace.
They have a variety of life habits. Some are pelagic, most are benthic. Para-
sitic and carnivorous trophic habits arc found in the Peracarida but most ben-
thic forms are detritus feeders. The Decapoda have developed highly special-
ized appendages with three pairs of maxillipeds and five pairs of locomotory
pereiopods (hence Decapodz) of which one or more pairs end in chelae, These
featurcs plus others permit the Decapoda to burrow deeply, swim and act as
powerful predators on heavy shelled prey. [n the Brachyura the whole form
of the body has been altered with the abdomen shortened and turned under
the carapace, which has become widened and shortened. Chelae are mvarizbly
present on the first pereiopods of the Brachyurs,

In the development of high diversity in the Malacostraca it seems that the
development of chelae and other modified appendages that permit both a va-
riety of feeding activities and the development of varied life habits were of
great importance, Paleozoic Malacostraca were primarily benthic shallow de-
tritus feeders, scavengers and filter feeders. They developed a modest diver-
sity in the Cambrian (the Phyllocarida} and added some to their overall diver-
sity in the later Paleozoic as varied Eumalacostiracan groups originated, but
did not diversify much. These other groups also were primarily epifaunal and
shallow infaunal deposit feeders and low level predators and filter feeders.
They have persisted up to the Recent but their diversity remains medest in
the living fauna. The origin of the Decapoda with their highly varied trophic
and life habits caused the major addition to Malacostracan diversity. This oc-
curred in two steps as the shrimp and lobster-like Decapoca invaded new eco-
space and diversified in the Early and Middle Mesozoic and then the Brachy-
ura, the crabs, with an entirely different body form, style of locomotion, and
broad range of feeding activities diversified in the Cretaceous and Cenozoic
This diversification was also associated with the diversification of the bivalves
and gastropods, the prey animals of the crabs, The addition of diversity in the
Malacostraca during the Mesozoic and Cenozoic was the result of both the in-
vasion of new ecospace and the development of new opportunities for special-
ization. The first was a result of the development of the decapod limb sc-
quence, the second was 2 co-evolutionary response to the congomitant mol-
luscan diversification.

E. Cirripedia. The barnacles that diversily in (he Mesozoic and Cenozoic
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(Figure 18) are the non-pedunculate, fully cemented, skeletonized groups
such as the Balanomorpha (Late Cretaceous Lo Recent) (Stanley and Newmar:,
1980; Newman and Stanley, 1981), all of which enter the fossil record only in
the Mesozoic, and one family (also new in the Mesozoic) of the pedunculate
barnacles. The Paleozoic barnacles are either boring forms, which have main-
tained a low diversity since the Carboniferous, or the pecunculate (“‘goose-
neck™) barnacles which enter the record in the Silurian. The scarcity of Paleo-
20ic pedunculate barnacle fossils may be a preservational problem of disartic-
ulation of the plates after death.

7. ECHINODERMATA (Figure 23).

The Echinodermata are exceptional for their Early Paleozoic class-level vari-
ety. Their later Phanerozoic history also illustrates a shift in diversity from
less mobile to more mobile forms.

One of the distinctive features of the Farly Paleozoic fauna is the great vari-
ety of small but distinctive classes of echinoderms. The classes that originated
in the Cambrian (Helicoplacoidea, Edrioasteroidea, Eocrinoidea, Stylophora,
Hemestelea, Homiostelea, Ctenocystoidea, “Cycloidea,” “Cymaoidea,” and
Holothuroidea) are all bizarre forms with irregular or simply circular (radial)
growth patterns in comparison to the typical regular pentaradiate symmetry
and regular plate arrangements of the diverse classes (Crinoidea, Blastoidea,
Stelleroidea, and Echinoidea) of the later Phanerczoic. These Cambrian
classes usually have a large number of thecal plates which are arranged irregu-
larly, in radial symmetry or even in spiral form. Only five of the ten Cambrian
groups extend into the Ordovician and all but the Holothuroidea were extinct
by the Late Carboniferous. The worm-like Holcthuroidea are known from the
Burgess Shale (Middie Cambrian) and from dermal ossicles throughout the
Phanerozoic but their precise diversity history is otherwise obscure, as is usual
for primarily soft-bodied organisms Their non-skeletonized nature sets them
off from most of the other cchinoderms.

Actuaily, a crinoid is also known from five specimens from the Burgess
Shale of Middle Cambrian age (Sprinkle, 1973). It has an irreguiarly plated
cup, and is attached by irregularly plated holdfasts rather than a stem. This
organism has been placed in a separate subclass, the Echmatocrinea. This cri-
noid, although it has arms and a differentiation of calyx and tegmen, has
muny features that resemble the other Cambrian echinoderm groups. The di-
versification of the Crinoidea did not begin until the stem and regular plate
artangement had developed in the Ordovician.

[ the Ordovician another wave of new classes appeared. These included
bath forms with radial or iregular symmetry and numerous plates reminis-
cent ol the types enginating in the Cambrian and the first forms of each of
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Figurc 23, Family diversity in classes of the Echinodermata. Derived from Figure 2.

the highly symmetrical, typically pentaradiate, highly diverse classes with reg-
ular plate arrangements. The “archaic” groups without pentaradiate symime-
try or with irregular or numercus plates include the Ophiocystoidea, Cyclo-
cystoidea, Cystoidea, and Paracrinoidea. Of these classes only the Cystoidea
became very diverse and all were extinct by the end of the Devenian,

In the Ordovician the stemmed Crinoidea diversified and the Stelleroidea
and Echinoidea first appeared. Two small classes, the Edrioblastoidea and Par-
ablastoidea, also put in an appearance. They resemble the Blastoidea, al-
though true blastoids do not appear until the Silurian, These more diverse
groups are all much more regularly organized in growth pattern than the Cam-
brian classes and usually display strong pentaradiate symmetry. The Crinoides
and Blastoidea were finnly attached, stemmed forms with arms or brachioles
forming an efficient {iltering system for feeding. The Steilercidea and Echi-
noidea were mobile epifavnal or shallow infaunal predators, deposit feeders,
grazers and filter feeders.

The diversity history of the echinoderms in the Early Palecozic was the re-
placement of a variety of small classes, of irregular or simple radial symmetry,
by classes with more regular growth forms and meoere highly developed struc-
tures for locomotion or for attachment and filter feeding. As these various
new groups established the structural features that permitted them to invade
new ecospace they diversified, both recovering the diversity of the declining
earlier groups and adding to the total diversity of the phylum.

A, Crinoidea (Figure 24). The Crinoidea diversified in (he Ordovician, re-
mained diverse through the rest ol the Paleozoie, collapsed in diversity at the
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end of the Permian and recovered some diversity in the Mesozoic although
they did not return to their former high diversity (Figure 23). The diversity
history of groups within the class is shown in Figure 24. Three subclasses (the
Camerata, Inadunata and Flexibilia) appeared in the Ordovician, Each had
reached high diversity by the Silurian and each persisted at that level of diver-
sity until the decline in the Permian, Figure 24 is a tabulation of genera
whereas the clade in Figure 23 is for families. The Carboniferous expansion in
the Inadunata is the result of an elaboration of genera within the same aver-
age number of families as were present in the Middle Paleozoic, This could be
an artifact of taxonomic practice by specialists on the Carboniferous Inadun-
ata but it is probably a real diversity expansion at the generic level, possibly
related to a response by these attached benthic organisms to the disappear-
ance of reef-building organisms at the end of the Devonian from the physical
setting that both types of crganisms inhabited.

All Mesozoic and Cenozoic crinoids are members of a subclass, the Articu-
iata, that originated in the Triassic. This group diversified during the Mesozoic
and has maintained that diversity through the Cenozoic. The Articulata have
several features that distinguish them frem Paleczoic crinoids, the most im-
portant of which is the plate and muscle articulation of the arms. This per-
mits not only a variety ol adjustments in displaying the filtration fan of arms
and pinnules but has also permitted the Comatulida to abandon the use of 2
stemn for attachment and to become mobile, using cirri and arms for locomo-
tion, The Articulata have stalked forms, most of which are now restricted to
bathyal depths. These were the most diverse Mesozoic fossil forms. Tt i3 inter-
esting that the apparent decline in diversity of stalked Articulata may simply

Articulata
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reflect the shift of these forms to deeper water hahitats whose facies are just
poorly represented, especially in the youngest geologic record for which there
has not been sufficient time for uplift to produce extensive exposures of
deeper water facies. The diversity of living stalked Articulata (24 genera) is
nearly that of the Late Jurassic (30 genera). Pelagic Articulata also developed
in the Mesozoic diversification of the group but they became extinct at the
end of the Cretaceous, The mobile, unattached Comatulida scem to have di-
versified in the Jurassic and then maintained their diversity at rather constant
level through the Cretaceous and Cenozoic, Here again we should note that
the proportional diversity history for a group may be correct but the abso-
lute diversity may be poorly represented in the record, There are 146 living
genera of Comatulida but no more than 10 genera are present in the fossil
record al any one time. The Comatulida are noterious for their rapid disinte-
gration after death (Liddell, 1975) and many live in habitats with relatively
strong currents, Therefore their fossil record is scanty. The general pattern
of crinoid diversification in the Mesozoic is one of moderate diversification
but not to levels achieved in the Paleozoic if the fossil record is to be taken at
face value, This Is probably a cortect propertional view because Paleozoic di-
versity is undoubtedly not fully represented cither. However, the number of
known living crineid genera does match the number of Carbonilercus crinoid
genera. The diversity recovery of the Mesozoic-Cenozoic ¢crincids may have
matched Paleozoic levels of diversity, but it certainly hasn't exceeded them
Modern crinoids are benthic suspension feeders, just as Paleozoic crinoids
were,

B Stellervidea (Figure 25, The diversity of the Stelleroidea has been main-
tained without much fluctuation since they diversified in the Ordovician (Fig-
ure 23). This is borne out by an analysis of the diversity history of the orders
within the class although this view also reveals that the diversity mainlenance
has becn achieved in different ways by the two subclasses of the Stelleroidea
(Figure 25). The Astcroidea have had continuous mainienance of all orders as
the method of keeping diversity relatively constant whereas the Ophiuroidea
have had a replacement of two diverse orders by a third. The replacement of
diverse orders in the Ophiuroidea also incorporated a shift from slow-moving
or shallow-burrowing suspension feeders (Stenurida and Oegophiurida) to
groups with modified arms coiled upwards as a liltering net (Phyrnophiurida,
the “basket-stars”) or with arm articulation capable of providing rapid mo-
tion and mobility (the Ophiurida) so that the organisms could adopt preds-
tory as well as suspension feeding habits, Although there are a few Palcozoic
Ophiurida they had incomgpletely developed radial shield plates on (he body
disc and had not yel achieved the integrated armored structure that character-
izes all post-Paleozoic Ophiurida
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Figure 25. Vamily diversity within the orders of the Stelieroides, Compiled trom the
Treatise on fnvertebrate Paleontology (Part U, 1966)

C. Lehinoidea { Figure 26).  The Echinoidea are a clear case in which the de.
velopment of particular festures permitted diversification because new eco-
space was opened up to them. The clade shape of the whole class has a long
Paleoroic slem of low diversity and then a mushrooming of diversity in the
Mesozeic and Cenozoic (Figure 23). The diversity histories of the orders
and superorders of the Echinoidea reveal that the overall pattern of the class
is @ combination of diversity maintenance with replacement in one subclass
(Perischocehinoidea) and diversity expansion in a sccond, new, subclass
(Luechinoidea) (Figure 26)

All Paleoreic echinoids belong to the four orders of the Perischoechinoidea
These orders fad different numbers of interambulacral plate columns than
the two that clunacierize the Fuechinoiden, Some had tigid and some had
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Figure 26, Family diversity of orders of the subclass Perischocchnoidea and the super-
orders of the subclass Euechinoidea. Compiled [rom the Treatise on Invertebrate Paleon-

tology (Part U, 1966).

flexible tests. All had some type of simple jaw (lantern) structure but only
the Cidaroidea had a rudimentary begmning of a perignathic girdle, All were
apparently epifaunal, sluggish to sedentary herbivores. Only the Cidarcida
survived into the Mesozoic and Cenozoic. The total number of Paleozoic
genera of Perischoechinoidea listed in the Treatise on Invertebrate Paleontol-
ogy {Durham et al., 1966) is 43, of which only & are Cidaroida. There are 54
genera of Mesozoic and Cenczoic Cidaroida. The Perischoechinoidea have
maintained a relatively constant low diversity with the Cidaroida expanding
10 recover, but not exceed, the diversity losl by the extinction of the exclu-
sively Paleozoic orders. .
The Euechinoidea have diversified widely in the Mesozoic and Cenozoic
Two of the superorders of Euchinoidea are comprised of regular sea urchins
that retain pentaradial symmetry, the Diadematacea and the Echinacea. The
Diadematacea arc much mere mobile than the Cidaroida, have a lully devel-
oped perignathic girdle unlike the Cidaroida, but retain a similar jaw structu re
{aulodent lantern). They are primarily herbivorous epifaunal forms. They di-
versified in the Triassic and Jurassic and have retained but not expanded thei
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Middle Mesozoic diversity, The Echinacea have developed several modifica-
tions to the lantern and have a well developed perignathic girdle. They have
also developed selid spines. The Echinacea have carnivorous as well as herbiv-
orous feeding habits. Some have developed the ability to bore into rocky sub-
strates. Some of them cover themselves with available debris during daylight
These are habits that exploit more dimensions of the hypervolume of eco-
space than either the Perischoechinoidea or Diadematacea exploited. The
Fchinacez also diversified in the Early Mesozoic and then maintained their
Jurassic levels of diversity through the Cretaceous and Cenozoic. The family
diversity of the Echinacea has been maintained at about twice that of the Dia-
dematacea since the Jurassic and there are ahout four times 43 many genera of
Echinacea (195) as Diadematacea (56).

The other two superorders of the Euechinoidea are the Gnathestomata and
the Atelostomata, both irregular echinoid groups with bilateral rather than
pentaradial symmetry, Both groups have exploited ecospace previously un-
available (o echinoids. This has been possible because of the change of the po-
sition of the periproct (anal opening) to outside the oculogenital ring and
modifications in the form of the test, spines, tube feet pattern, znd the feed-
ing system. The Gnathostomata retain the lantern but have highly modified
test forms which include the “sand dellars.” They include active burrowing
in mobile sandy substrates and suspension and deposit feeding in their diverse
modes of life. The Atelostornata have lost the jaw structure (lantern) and
have developed a varicty of modifications to the form of the test. This group
includes the heart urching. Many are deposit feeders, most are infaunal, and
some are capable of burrewing and maintaining themselves up to five test
lengths below the sediment surface. The Gnathostomata first appear in the
Jurassic and they have continued to diversify through the Cretaceous and
Cenozoic. The Atelostomata diversified during the Mesozoic and have main-
tained their Cretaceous diversity level through the Cenozoic.

The diversification of the Echinoidez in the Mesozoic clearly correlates with
iheir invasion of new ecospace. The modest additionsl diversity of the more
mobile Diadematecea with better jaw articulation over the Cidaroida was sur-
passed by the much greater diversification in the Echinacea that had devel-
cped new trophic abilitics as well as the ability to live in different habitats
(wave-swept rocky shorelines, for sxample). Even this diversification was
matched by each of the two groups of irregular echinoids that invaded the in-
faunal habitat, one group emphasizing features to enhance active shallow bur-
towing in unstable shifting substrates, the other being channeled toward de-
posil feeding at a variely of depths within the substratum. All in all there are
AO7 genera of Qiregular echinoids listed in the Treatise and 251 genera of regular
forms. The development of new groups with structures that permitted changes
in leedimg, moebility, and life site enabied the Echinoidea to add diversity in
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the Mesozoic and Cenozoic. The forms that remained essentially like the Pale-
ozoic forms simply maintzined similar levels of diversity to those achieved in
the Paleozoic

8. CHORDATA AND RELATED PHYLA (Figure 27)

The various invertebrate groups allicd with the Chordata plus the classes of
the Chordata form a sequence of replacement and increase in diversity that
also reflects change in the utilization of ccospace. The earliest organisms with
chordate affinities to diversify were the Conoedentophorida, which were ap-
parently nektoric or planktcnic for the most part, and the colenial Grapto-
lithina, also primarily with planktonic habits. The Conodontophorida were
enigmatic organisms but the phosphatic composition and growth patierns of
conodonts suggest chordate atfinities. According to the Treatise on Inverte-
brate Paleonrology (Part W, Supplement 2, 1981:W114), these organisms
originated in the Laie Precambrian, reached maximum diversity in the Ordo-
vician, remained moderately diverse through the rest of the Paleozoic, and be-
came extinct in the Triassic, Data in the newly published revision of the con-
odonts in the Treatise on Invertebrate Paleontology (Part W, Supplement 2,
1981) now make familial diversity in the Ordovician three times as greal as
at any time after the Silurian. The Graptelithina also originated in the Cam-
brian, diversified in the Ordovician and collapsed after the Silurian. Ptero-
branchia, Urochordata, and Cephalochordata are all soft bodied and have a
peor fossil record. The first chordates were the Agnatha, the jawless fish
They are known from fragmentary bony materials in Ordovician rocks. The
Agnatha diversified in the Silurian, then dropped to Jow levels of diversity
alter the Devonian but persist to the Recent. The Placodern were the first
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[igure 27. Tamily diversity in classes of the Chordata and related phyly, Devved from
Iigure 2
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tw-bearing chordates. They included o divarse assartmaent of Devonian {orms
with heavy beny anmor on the skull and part of the thorax, The Placodermi
".n.:ualm.u.‘ extinctin the Early Carbioniferais The Chondeicheiives, the eartilup.
mous fishes, originaled i the Devonian, diversificd in the Carboniferous, con-
tracted in diversity ot the end of the Paleopoic and diversified apain in the
Mesoraic and Cenoroic. The Outeichitlyes, the hony Hshes, u-.-|g||ﬁ:|:u:l in the
I[._u[:' Silurtan, They persisied without uch diversification (although several
tnezges were present) until the Mesagzoic when they began a diversification
that incressed edormously i the Ceneenie.

The general pattern of the diversity history of the chordates and allied
roups m the Puledzoic |5 an Ordovician diversification of several primiirily
planktonic groups (Consdontophorida and Graptolithimg ), the decline of
thsse eroups, and the diversitication of Juwless and annored Fsh { Agnatha
and Placodermi) in the Silorian and Devonian, Thise twa groups ther lTL'I_'ji[I'_'
at |I|u_¢:|:| of the Devonmn and the Chondrichthyes, the -:\'ll.ul-.-l;'k:.' cartiligi-
oy Hshes, diversify s the Osteichthyes persist ot low levels of ;Irx-'unil_:,.
This is another case of diversity replacement But it ls alsis clear thot the seo-
space occupied was aiso enlarging. All the groups were plankicnic or nek-
fonic, but they varied trophically, The feeding habits of conodonts are un-
known. Graptolites were suspension feeders. Agnatha could have been both
suspension feeders and deposit feeders, and they and their successors were
obviously nektonic. Placodermi, Chondrichthyes, and Osteichthyes were all
predators, although some may have been herbivorous,

The diversification of marine vertebrates beyond Paleozoic levels appears to
have been related to the invasion of new ecospace and to co-evolution in re-
sponse Lo the diversification of marine invertebrares, The Mesoziic-Conazaic
tiversity history of the marine Chordyta connprised o new diversifeation ol
the Chondrichthiyes, a massive diversification of the Osteichthyes, 1 modes
diversification of marine reptiles in the Mesozoic with o decline inthe Cenugoie,
and 3 diversification of marine mammats in the Cenozoic. The Chondedclithyes
lecovered and surpassed their Paleosoie leval of diversity. The Qsteichthyes
have had the mast dramatic Cenozoie diversification af én'-. groug, The R-L:L‘-
tilla and Mammulia seem Lo represent o diversity ru;l;wﬁrnc:ﬁ :;dl#illi.!rll_'u. .

The Mesozoic-Cenozoie diversification in the Chendrich thves took place in
groops that did not develop until the Mesbeaic. The |||-:_|-;j.-:|.|| shirhs are pri-
mirily members of the suborders Galeoidens and Squalaidey, buth of which
avigiated I the Mesozoic. These groups have a different jaw arficolution and
e witied tecth than the Palegeaic shark-like fishes. ;I'I'lzf skates and rays
(order Butotden) fisst appeared o the Jurassic. Whereas the new suborders of
shatks bave diversified to replace hot not exceed Paleozoic diversity leviels
the diversification of the skires and rays has-added to the totnl diversity ul
Hie Clhondiichihves, The Butoides ame prawarly bettam living tvpes witl; l
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very flat bedy, dersally directed eyes, ventrally placed gills and immense
pectoral and pelvic fins. Although some Paleozoic sharks (Hybodontoidea)
developed low, crushing or pavement teeth that effectively crushed shells of
benthic invertebrates (Boyd and Newell, 1972). the skates and rays developed
dental batteries highly specialized for this type of diet. It was the more com-
plete exploitaticn of the nekio-benthic habitat with marine invertebrates as
prev that permitted diversification of the Chondrichthyes beyond Paleozoic
levels. The expansion of diversity by suitable food organisms, especially moi-
lusks and crabs, was probably the factor that opened this dimension of eco-
space for greater exploilation than before.

The huge diversification of the Osteichthyes is apparently related to two fac-
tors. For one, the Paleozoic history of the group is principally in freshwater
facies. The Osteichthyes originated in the Devonian but few forms invaded
marine environments until Mesozoic time. The principal diversification of the
Osteichthyes in the Paleozoic wasin non-marine settings. The second factor was
the origin of the Teleostei. These fish seem tc have originated in the marine
environment {Romer, 1966) from some of the relatively rare marine Holostei.
The Teleostei create the massive Cenozoic diversification of the Osteichthyes.
The Teleoste: have a different jaw articulation and placement of teeth than
the other bony fish. Their diversification also reflects the wide range of eco-
space they occupy. Telecsis are herbivores as well as scavengers and carni-
vores. They have an exceedingly wide range of body sizes and forms. It may
be that the beny ray support for the thin fin tissues permits a rigid, functional
fin at smaller sizes than can cccur in the fleshy fins of Chondrichthyans. The
fully ossified bones may also permit full swimming and other body support
functions that are not as easily achicved by more flexible cartilagincus struc-
tures at small bedy sizes. The Osteichthyes have invaded a far greater range of
ecospace than the Chendrichthyes and they have become far more diverse.

The Reptilia invaded the sea in the Triassic. A variety of forms, mesasaurs,
ichthyesaurs, plesiosaurs and the like, are found in Mesozoic marine rocks.
Most, except for the turtles, disappeared by the end of the Cretaceous. The
marine mammals appear in the Early Cenozoic. The whales, porpoises, and
seals have diversified in the Cenozecic and recovered the diversity that alr-
breathing forms had achieved 1n the Mesozoic.

DISCUSSION

INTERPRETATION OF DATA

The four basic clade shapes of classes mentioned abuve, (1) bottom-heavy, (2)
irregular, or fluctuating, (3) relatively smooth even column, and (4) top-heavy,
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are alsn predominant at the suborder, order, and superorder levels, The hot
lom-heavy clades are those that diversify widely early in their history and
.1I||.=|| dwindle, either 1o extinetion or with some members persisting ;,-nd-lr.:rm-
g o rélatvely smooth column or tudl post-dating the peak c:-hr' diversity.
Eighty percent of the battom-heavy clades appedr in the Lower E‘alurrxu.ic
(Cambrian  through Devanian), Only the Lyvchniscosida (Hexaotinellida),
‘.'fru-:" (post-Paleozpic) Cyclostomara (Stenolaemara); sealked Articilata
(Crinoidea ), and marine Reptilia {Chordata) display beltom-heaty clade form
iy the Mesozaic und Cenozoic. The irregular o Muctusting clude .\-']I.'Lj'"_'-ﬁ at the
class level (Cephalopodn, Articulnta [Brachiopoda) , Crinoides and the like)
ill represent replacement sequences of different included taxa, ‘The renlpce-
ment af the tabulate and rugose corals by the sclersetingans and the r:_-iﬂuuc-
ment of non-coiled cephalopods by cofled nautiloids and ammonites 1hat
were in turn replaced by the dibranchiate cephalopods are examples. Such re-
placement sequences are found throughout the Phanerozoic from the turn-
iver within the Trilohita in the Early Paleozoic Lo the turnover within the
Rugosa in the Late Paléozoic 1o the turnover of the Ophiuridy in the Meso
zoic. The maintenance of diversity without much fluctuation cregies the rely-
1?»-&11« 51_1m<uzln column clade shape. Clades of this type, with the BTOILpS par
5]5?.]!'.15:1 for aver 200 million years without much change in diversity, are pres-
Bl dn every phylun, The surprising thing about these clades is -lh;n IHTIRY
have ather low diversity, The long “tals™ on many boltam-heawy l_'IildE-ﬁ
H.n.u'léculﬂru_ Monaoplacophora, Agnatha) also represant relotively u1-|1.'.||1,'i|1u
diversity lor those few representatives of these eroups that survive {ha décline
I early diversity of the bulk of the clade. The tep-heavy clades are those
1..=;|:|r]| have diversified in relatively recent times, primarily the Mesoroic and
fﬁfnnm‘]lu The clade shope itsell has little importance in this case. It probahly
Just sipnifies that not enough time has elapsed sinee the zrowy s dn-..-nil'f-:ﬂ
to reveal the fate that awaits it All diverse clades were tap-heavy: in uppear
ance tor fiftv o one hundred and Gty million years dlier diversification. of
the geoup began
. The interesting facet of top-heavy class level clades (middle row of Figure 2)
ls? that in every case they can be resolved into some included taxa that are
stmply maintuiming diversity relatively unchanged and others thar are contb:
Utirge the inereased diversity. Usually it isonly ooe of these invluded tsxa In g
cluss that is diversifying. Tn ull cases of large diversity mcrease in the Mesoroic
dril Eleneae 8 newly developed structural feature vr featurey s presant i1|.
the diversifying tuxon to permit it to expand its feading ar habital x-::rif.';\r-
Cutiliee wore deospage) -
The relishility of clade shapes as representing real fluctuation in diversity
cian be guestioned beeause the fossil record s incomplete al best, However
the complete suite of data sepports the contention thai these clade shupe;
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represent true patterns of diversity change even though they do not give an
absolute numerical accounting of diversity. The fossil record of well skeleton-
ized groups is apparently quite good even if the proportion of lightly skele-
tonized or soft-bodied forms in the fossil record is poor. Schopf (1975} re-
ports on the proportion of living genera in several habitats occurring as identi-
fiable remains in Recent sediment samples and as fossils. Remains of 75% of
living genera that might be expected to produce fossils because they have
heavily mineralized skeletons were found in recent sediment samples associ-
ated with living specimens and all of those robustly skeletonized genera pres-
ent in the sediment samples actually have a fossil record. This contrasts with
the living genera that were expected to yield few fossils, Remains of only 16%
of these genera appearcd in the sediment samples. Of these few genera, about
two thirds had a fossi! record but they represented eonly about 10% of the
lightly skeletonized portion of the fauna. Approximately one third of all the
genera studied were expected to yield no fossils and they did not. All of the
bivalve and gastropod genera and two thirds of the brachyuran genera were
represented in the fossil record. Alse, the five polyplacophoran, three cirripe-
dian, two echinoid and the single articulate brachiopod genera were also rep-
resented in the fossil record. The fossil record of the Bivalvia, Gastropoda,
Brachiopoda, skeletonized Anthozos, Stenolaemata, Gymnolaemata, Echi-
noidea and other easily preserved groups is clearly quite good. Their diversity
historics are reasonably well represented by the fossil record. Tt 18 most un-
likely that the different diversity patterns observed in these groups would be
produced simply by preservational biases,

There are undeniable biases in preservation of less well-skeletonized forms,
but the general pattern of diversity change actually seems to be represented
in the record for most of those groups, too. The argument to support this is
twotold. First, the presence of lagerstatten gives us a chance to census local
diversity of less easily preserved taxa at various times. Surprisimgly, although
some groups do show conspicuous bulges at the times of lagerstdtien forma-
tion (see Trilobitomorpha and Priapulida in Middle Cambrian on bottom row
of Figure 2), most less well-preserved groups do not reveal large diversity fluc-
tuations at such times. If these groups had been more diverse and common in
the past, one would expect that lagerstatten would regularly recerd this vari-
ety in contrast to the nommal geologie recerd, The second point is comparisen
of proportiens of living forms in different taxa with their proportional repre-
sentation in the fossil record. Such data can be compared in Figures 22, 24
and 25, In all cases the number of living taxa is considerably greater than the
number recorded at any past time. However, in the case of the Stelleroidea
and the Malacostraca, the proportional representation of the various groups is
comparable in the fossil record and the Recenl. The proportions of different
Articulata (Crinoidea) arc not accurately represented, however. Among (he
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pootly-skeletonized groups it appears that many are represented reasonably
well, with forms diverse now, such as Polychzetes, better documented than
less diverse groups although some, such as the Platyhelminthes and Nemato-
dg, are not (see discussion above). Therefore, although there are some distor-
tions, a majority of even the poorly-preserved taxa seem to have a realistic
pattern of their diversity history documented in the fossil record. If the var-
ous individual patterns of well-skeietonized taxa and of a majority of less
well-preserved taxa are correct, then the sum of all is also going tc be a cor-
rect reflection of total diversity change.

The proportional range of diversity change can be different at different tax-
onomic levels. Valentine (1969) has observed that diversity has not increased

at or shove the order fovel since the Early Paleozoie, Valentine (1969 also
nuled that i some groups, such as the brachivpods. the ratio of eenara t
Feipralice  of sisede] - 5 o ] L i ] 3 .

milies stuyed about constan {diversity Tluctusted by the sume proportion

il each taxonomic level) but that for some ather groups the propartion of
genern to fanulies increased as they diversifiod in the Medoroic and Cennznic

In the data reported here some comparisons can be made, too. For corals-
{Anthozoa), brachiopods, bryozos, cephalopods and ostracods the ratio of
genery to families seems to be similar in the Mesozoic-Cenozoic and in the Pa-
leczoic, whereas the ratio of genera to [amilies in the gastropods and malacos-
tracans appears greater in the Mesozoic-Cenozoic than in the Paleozoic. Al-
though the data are not compiled here for 4l groups 50 no claim is made that

a relationship hiud been established, it is interesting that the ratio o genera to
I'.||*.||||:?.n.||'.-_:e;;:e~. in the two groups that develop 2 hroader tange of jrophic
habils, Diversity increase (as different from diversity replacement) alone is

not respansible for increase in the ratio of genera ro families. This is dernon-
strated by the Bryozoa (Figure 12). The ratio ol Gymnolaemata to Stenolae-
mata at the family and generic levels is about the same as are the ratios be-
tween Mesozoic-Cenozoic Stenolaemata and Paleczoic Stenolaemata at both
generic and family levels.

There ‘is no consistent taxononic fevel that reveals most clearly the pattern
of diversity change in a class. This is because diversity Muctuations scem to
!:-x.‘ associtled with organisms with similar basie structural patterns rather than
with any particulsr level of the taxonoemic hietarchy. Taxonomic practice
g variety of griteria, not just those factors assnciated with diversity u:]d
diversity clinge. Taxonomic hieturehies have been srected imlr;n.'ur.lenl.!x' fon
u_.ull gor baxon, W, Therelore we Tind thut the Mesozodc-Cenozaic Jju'ur-
sity replacenient in the Ostracoda occurs primarily in one suborder {(and pre-
Ll‘mnimmtly in just two superfamilies), whereus the diversity expansion in the
Lchinoidea oceurs in Tour superorders comprising an entire subclass. Several
()‘HfL‘Ih within o class vy he grouped together to illustrale patterns of diver-
sty clinge because they have similar diversity histories even theugh they are
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not taxonomically related in a recognized single taxonomic subdivision. Ex-
amples of this are the groupings used here in analyzing the Rugosa (Figure 8),
articulate Brachiopoda (Figure 11), and Cephalopoda (Figure 14). This does
not make the analysis either arbitrary or subjective, however. The various
groupings used all have consistent features that were fundamental in deter-
mining how the organisms functioned and succeeded in the environment. The
purpose of the study is to discover if such a relationship is consistently pres-
ent in organisms with similar diversity histories. Because their previously de-
veloped taxonomic subdivisions were not created using such criteria (nor
should taxonomy be based on features of primarily ecologic significance) 1t
should not be expected that clades at any particular taxenomic level should
reveal the basic patterning of diversity change demonstrated by the compila-
t2on used here.

THE ECOLOGIC RULES OF DIVERSIFICATION

The thesis of this study is that an ecclogic relationship to diversification ex-
ists, The results suggest that increase in diversity (the addition of diversity be-
vond that previously attzined) is achieved only by organisms that develop
features that permit them to utilize more ecospace (the multidimensionzl hy-
pervolume of ecologic resources such as food, mode of life, behavior, physio-
logic tolerance of ambient conditions, etc.). Several other factors associated
with the diversity patterns recognized here also emerge. Diversity replacement
sequences, in which new groups diversify and recover the diversity once at-
tained by & precursor group, seem Lo be composed of groups in which new
modifications arise that permit greater strength, more rapid growth or more
precise or specific activity in each successively diversifying group. In these
cases, however, the general range of ecospace utilized by the sequence of re-
placing taxa remains unchanged. The groups that maintain diversity without
much fluctuation through long intervals of time, often at rather low levels of
diversity, are apparently less subject to {or influenced by} the perturbations
and vicissitudes that cause extinctions. It is tempting to use words such as
“improvement” and “progress” in such a discussion but T shall try to avoid
these and other philosophically difficult concepts. This discussion will at-
tempt simply to relate the observations that link diversity change to ecospace
utilization,

Diversity expansion first occurred in the Vendian-Cambrian (first five clades
of top row and left half of bottom row of Figure 2). This diversification was
related to the origins of the majer metazoan phyla and the initial exploitation
of ecospace by multicelled animals. At this time all new groups were invading
previcusly unexploited ecospace Valentine (1973, 1980, 1081}, Stanley
{1976}, and Sepkosk: (1978) have discussed this radiation and diversilication
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g.hlt'nsu-'u.lj-; Most classes had low diversity, The few that attained more than
r"n.tlru families were epifaunal or very shallow burrowing infaunal forms (Figure
28), Omly u Few classes diversified 1 eich of the epifaunal modes of life. Most
pelagic and most infaunal ecospace was still vicanl, o
A segond ?!”"iﬁdf-‘ ol diversity increase occurred in the Ordovician (most of
1-'1{1 row and first five clades ot left of middle row of Figure 2), Aspects of this
|‘:LII.‘=‘E of diversilication are discussed by Sepkoski (1979, 19%] ]I Sepkaski ur]ui
Sheehan 1_]*}31'11 and Sepkoski and Miller (this volume). This -l.:li'vE:-‘.iI:i-:ut'-:Jn
[eatured .J ull elaboration of the vanety of epifaunal modes of life fJ.I'Id Stjimu
Ln-.'rea'ie. in the variety of pelugic and shallow infaunal modes of life (Figure
I¥). Colonial growth ferms (Anthozea, Bryozos, and Graprolithing), varied
znnr.|JI||_rJug|'c:4 sceommodating ar enhuncing survival on different lilihﬁ"fﬂé'l
{articulate: Brachiopoda, Bivalvia, Castropods, and Ostracoda), cris.u! r.l-muls
-':I\:Fundmg up from the hottam with efficient filtration L':.ns{Crvfllmtrm;:m
L[ITJIIJ{iL'H}, predatars (Cephalopoda, Stelleroidea), and aetive rw-ktmvc 1':_1'1-'1-:
(Lephalopoda, Chordata) first appear in shundanice at this time. {]':Ean:i;J;I:-.
?KF'[”“!”H previously little utilized dimensions of ecospace uunrril-'-:lw Lh{I'
Ir!L‘r&.‘ESEi‘f diversity of the Middle dnd Late Paleozoic wheregs {he Iuﬂlﬂ; that
diversified in the Cambrian either dwindle of sanply maintam thej ('arrl:n‘ull
level of diversity, I - o |
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Figure 29. Modes of life common among the diverse classes el Ordovician te Permian
marine mammals. From Bambach (1983).

The third episode of diversity expansion began in the Middle Mesozoic and
has extended into the Cenozoic (middle row of Figure 2). This has brought
about a marked increase in diversity at ali levels from the biosphere down to
the local community (Figure 1), Although 2 number of classes that were di-
verse in the Paleozoic and suffered severe diversity loss in the Permo-Triassic
extinction recover some or all of their Paleczoic diversity in the Mesozoic and
Cenczoic (Crinoidea, Ostracoda, Stenolaemata, and Anthozoa, for example),
this re-diversification does not contribute to the increase in diversity of the
last 150 million years. The same situation pertains for the lower level taxa
that became diverse in the Paleozoic that are included within the classes that
have diversified further in the Mesozoic and Cenczoic. The additional diver
sity of the Mesozoic snd Cenozoic hos hea produced by pewly developed
groups that have occupied ecospace not utilized by Puleozoic leprisentatives
of their classes. Major expansion of inlsunal habits (Thayer, 1983)and pre
datory feeding habits (Vermeij, 1977) ocour with the diversification of the
Mesozeic and Cenozoic (Figure 30).

Diversity expansion in the Mesozoic-Cenozoic occurred within several classes
of the Porifera, the Gymnolaemata, Bivalvia, Gastropoda, Malacosiracy,
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Figure 30. Modes of iife common among the diverse classes of Mesozoic and Ceno-
zoic marine animals. From Bambach {1983).

Echinoidea, Batoidea, Teleostei, and the Reptilia and Maminalia. Expansion
of diversity within classes of the Porifera has occurred in orders that either
developed rigid skeletal organization (Lithistids, Hexuctinosida. Lychnisco.
sida and Pharetronida) or schieved a level uf spiculur CrEanFalion with
different apicule tvpes in difTerent regions of 1he sponge (Poectlosclerida) or
possessing letraxons (Astrophorida, Spiropharida, and others). These varied
spanges have heen ahle to enter a varety of habitats mor fully exploited hy
carlier differentiated sponge types. Expansion in diversity m the Brvozon o
cutrod enfitely within the Chellostomats with their radicilly different deval-
opment of zooids, zooecia and zoaria permitting them to produce a seemingly
infinite variety of growth forms and live abundantly in a broad spectrum of
physical habitals. Withirn the Mollusca, diversity increase has been concen-
tiated in the adaptive radiation of two groups, the siphonate heterodont bi-
valves with their ability to live as deep infauna and on or in unstabie, shifting
substrates, and the Caenogastropoeda with their novel gill structere and modi-
lied radular organization which permit both life in a variety of habitats and
the development of a wide range of (eeding habits. It is these two groups of
mulfusks (hat have exploited new ecospace and diversified further while the
ather molluscan groups, including the otier groups of the Bivalvia and Gas-
tropada, simply maintain prior levels of diversity (and also remain channeled
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into the same regions of ecospace they have always occupied). The Arthro-
poda have contributed te the Mesoroic-Cenozoic increase in marine diversity
nrimarily by the expansion of the Decapoda with their development of speci-
alized chelae, walking and swimming pereiopods that permitted them to sue-
cessfully develop a wide variety of iife habits. The Brachyura, with their abili-
ties to prey upen the widely diversifying mollusks, have contributed the most
to the increase in diversity by the Deczpoda. All other groups of marine ar-
thropods have simply maintained prior diversity except the Cirripedia in
which cemented, fully calcified forms diversified as they invaded intertidal
habitats, among others. The only class of the Echinodermata to add to marine
diversity in the Mesozoic and Cenozoic is the Echinoidea. Diversity expansicn
in the Echinoides is confined to the subclass Euechinoidea. The four superor-
ders of the Euchinoidea each possess structural features that have permitted
them to invade new ecospace and diversify. These featuies are added mobility
in the Diadematacea, a more developed Jantern providing a variety of new
feeding habits in the Echinaces, and test shape alieration and feeding appara-
tus change that permitted both infaunal life styles in many habitats and new
feeding habits in the Gnathostomata and Atelostomata. The Batoidea, with
jaws, teeth and body fonm providing opportunities for predation on benthic
shelled invertebrates, the Teleostei, with Lheir highly varied fin, boedy and jaw
forms permitting a vast spectrum of life styles, and the marine tetrapods
(Reptilia and Mammalia) with their different physiology and lmb and jaw
forms which permit them to grow to enormous size, among other things, are
the groups of the Chordata that participale in the Mesozoic-Cenozoic expan-
sion of diversity. The increased utilization of ecospace by the groups that add
to diversity in the Mesczoic and Cenozoic 1s shown by the presence of diverse
classes in all infaunai and pelagic modes of life (Figure 30).

The sequences of diversity replacement or recovery all scem to be associated
with the origin and diversification of groups that have more efficient or pre-
cise methods of adapting te the requirements for life in the ecospace also oc-
cupied by their precursor groups. The renewed success of a c¢lass as new
groups with such features develop may be an expression of co-evoluticnary
response. The decline of precursor groups may have been for a variety of rea-
sons but re-diversification does not seem to take place unless a new form de-
velops that can be successful in the changed biosphere in which other new
groups have alse developed. Formerly successful (diverse) groups that have
declined in diversity do not expand for a second time. The Scleractinia have
2 capacity for cementation, a lower ratio of mineralized skeleton to polyp
mass and, in the hermatypic corals, a physiologic system not present in either
the Tabulata or Rugosa, Within the Strophomenida, the Productiding
possessed a greater range of wvarious shelf forms and spine arrays (hal
aided in maintaining the life position in varlous envitonnients than did the
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Strophomenidina. Among pedunculate articulate brachiopods the Terebratu-
lida, Spiriferida, and Rhynchoneilida had altered pedicle insertion and pedicle
foramena, as weil as calcified supports for the lophophore, lacking in the
Orthida and Peniamerida. The Cyclostomata have internal zooecial connec-
tions not present in any Paleozoic orders of the Stenolaemata. The Cephalo-
poda display a change from straight and curved, but not coiled, to coiled
forms (with altered septa, too) to shell-less forms with well developed eyes
The Trilobita have much greater morphelogic variety in Ordovician and later
dominant groups than in Cambrian dominants. Arm mobility and other fea-
tures are present in diverse Mesozoic and Cenozoic Crinoidea {Articulata) and
Ophiuroides (Ophiurida) that were not developed in Paleozoic representatives
of these classes. The arm and pinnule arrangement in Paleozoic Crinoides is a
more precisely arranged and displayed filtration fan than the asymmetrical
arms of Eocrinoidea, any of the carpoids, or the Cystoidea.

It would be overly simplistic to expect thal change in ccospace always in-
sures increase in diversity, The important point is that diversity does nat in-
crease without increase in utilization of ecospace. In the cases of diversity re-
placement sequences the replacing groups often do exploit sonie new aspect
of ecospace. Intratentacular budding and more secure cemnentation have ex-
panded the range of forms that scleractinians achieve compared to Paleozoic
corals. Comatulid crinoids are free-living and mobile whereas all Paleozoic
crinoids were attached forms. The reason these changes do noet lead to in-
creased diversity for the replacing groups is probably related to co-evolution
of the entire fauna. Relatively small changes in effective ecospace utilization
may not provide significant opportunily for diversification because of limita-
tions imposed by the other members of the fauna, As faunas change some
groups may centract in some ecospace dimensions while gaining in others.
For example, it is likely that both expansion of hioturbation from new in-
faunal groups, creating greater instability in soft substrata, and increased
predation have created new problems for organisms with epifaunal, sedentary
modes of life. Solitary corals are now less diverse than in the Paleozoic and
stratificd assemblages of attached crinoids no longer inhabit shelf enviren-
ments zs they did in the Paleczoic. The success of any group will be related to
the balance of interactions influencing the group within the context of the
whole fauna.

Diversification is not a continuous process although evolution and evolu-
lionary turnover in Faunas operates constantly, Diversity within a group in-
creases during what are traditionally celled adaptive radiations, usually short-
ly alter the development of new structures that permit invasion of new eco-
space o the recovery of lormerly inhabited ecospace. The rate of diversity in-
crease forany group (whether for a group adding new diversity or for 4 group
diversilymg (o replace prior diversity achieved within a class) is usually
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relatively rapid during an adaptive radiation compared to the length of time
the group persists after diversifying. Examples of adaptive radiations in the
marine biosphere include: the Jurassic expansion of varicus Porifera with
rigid skeletons (Figure 5); the Ordovician appearance of 21l groups of Tabu-
lata (Figure 8), the Early Carboniferous replacement within the Rugosa (Fig-
ure 8}, and the Jurassic diversification of the Scleractinia (Figure 7); the
Ordovician diversification of the Orthida, Strophomenidina, and Pentamerida
and the Devonian diversification of the Spinferida (Figure 10); the Ordo-
viclan expansion of all Stenolaemata and the Cretacecus diversification of the
Cheilostomata (Figure 12); the Ordovician establishment of the Cephalopoda
and the various later expansions of the Ammonidea (Figure 14); the Late
Mesozoic expansion of the Cuenogastropoda (Figure 17); the Cambrian ex-
pansion of the Trilobita and the establishment of replacing groups in the
Ordovician (Figure 19); the Ordovician diversification of the Eurypterida
{Figure 20); the Early Mesozoic expansion of the non-brachyuran Decapoda
and the Cretaceous-Early Cenozoic expansion of the Brachyura (Figure 22),
the Stlurjan diversification of the Camarata and the Jurassic diversification of
the Articulata (Crinoidea) (Figure 24); the Ordovician diversification of the
Stelleroidea (Figure 25); the Middle Mesozoic diversification of the Euechin-
oidea (Figure 26); and the Ordovician diversification of Conodontoforida and
Graptolithina, Late Devonizn diversification of the Chondrichthyes, Mesozoic
and Cenozoic diversification of the Teleostei and the Mesozoic diversification
of the marine Reptilia and Cenozoic diversification of the marine Mammalia
{(Figure 27)

After intervals of adaptive radiz(ion a group either maintains the new diver-
sity or declines in diversity. Often some members of a group that declines in
diversity will persist, maintaining a fow but relatively constant diversity for a
long interval. During these long intervals of diversity maintenance {ut high or
low diversity) the group is in a dynamic balance in which ex:inctions and
originetions of constituent taxa are nearly equal. Apparently the evolution of
new structures that alter the ecologic relationships of s group is the phenom-
enon that upscts the balance and penmits diversification (originalions exceed
extinctions) until a new balance is reached. Although it is difficult to prove
conclusively that such long term stability of diversity represents equilibrium
or a more complex situation (Mark and Flessa, 1977}, the data presented in
this paper suggest that there is an ecologic influence on patterns of diversifi-
cation and that diversification does indeed occur in pulses interspersed with
long intervals with little diversity change. Sepkoski (1978, 1979, 19813, Can
and Kitchell (1980), Kitchell and Carr {this volume) and references therein
discuss the mathematical aspects of diversity dynamics.
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RELATIONSHIPS TO PHANEROZOIC DIVERSITY PATTERNS

As identified by Valentine (1970}, Bambach (1977), Sepkoski (1981), and
Sepkoski et al. (1981}, marine diversity has increased in stepwise fashion
through the Phanerozoic rather than continuously or gradually. This is be-
cause of the series of adaptive radiations that have occurred have been clus-
tered at particular times. All classes present in the Early Cambrian were di-
versifying. Two-thirds of the clades of Ordovician age examined in this paper
were diversifying in the Middle and Late Ordovician, whereas only ten per-
cent expand their diversity from the Silurian through the Permian. Nearly
half of the clades of Mesozoic age examined here were expanding in the Juras-
sic whereas, although diversification continued, only one-third of the clades
in the Cenozoic continued to expand.

The intervals of diversity balance may be regarded as times of equilibrium
when the world is filled to a carrying capacity. This does not mean that all
possible modes of life are developed, however. It only means that the adap-
tive range of the exasting fauna with its existing structural capabilities has
reached a diversity balance related to the ecospace the fauna is able to utilize.
Further diversification occurs when new structures arise that permit the utili-
zation of more ecospace.

The utilization of ecospace has increased as diversity has increased (Figures
28, 29 and 30), Diversity is related to realized ecospace, not potential cco-
space, The conquest of new ecospuce since the Early Paleozoic has permitied
increased diversity to develop, but this conquest has not required the origina-
tien of entirely new or novel bedy plans. Hence diversification has occurred
by the acquisition of structural modifications that are reflected in taxenomy
at levels below the class level. The data presented here support the arguments
presented by Valentine (1980) that diversity increase occurs at lower taxo-
nomic levels as time goes on,

The increased utilizaticn of ecospace associated with increasing diversity al-
so affects the species richness in communities As observed by Bambach
(1983}, the increase in species richness in communities with time is paralleled
by an increase in the variety of modes of life (guilds) present in communities.
This change in community orgamzation and structure through time is 2 direct
product of the invasion of new ecospace by diversifying groups with their in-
creased adaptive potential.

The structures that permit increases in adaptive variety, the invasion of new
ceospace, and diversity increase are often called adaptations. Gould and Vrba
{1982) nole that many structures are actually co-opted for uses for which
(hey «did not imtially develop. They suggest the term exaptation for such fea-
(tires and point oul that adaptation should be used cnly for those structures
milially shaped by natural selection for their curient use. Many of the features
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that have contributed to the increase in diversity by permitting organisms to
exploit more ecospace very well may be co-opted for their diverse functions
rather than having been directly formed through selective processes for those
purposes. Mantle fusion in heterodent bivalves permits siphon formation, but
mantle fusion may not have developed to permit the formation of siphons.
The shift of the periprect from inside to outside the oculogenital ring in the
irregular echinoids may not have been preduced by natural selection associ-
ated with Infaunal life, but it certainly has enhanced the potential of irregular
echinoids to radiate into infaunal habits. The prevalence of rapid diversifica-
tion {adaptive radiations) might be interpreted as the product of the common
conversion of pre-existing structures into new uses, rather than solely from
the development of entirely newly organized structures, Adaptations and
exaptations together are the basis for diversification.

Although the conclusions of this paper explain why each of the successive
great marine faunas is more diverse than the previous fauna, it does not ex-
plain the timing of these expansions in diversity. The question still remains as
to whether the three great evolutionary marine faunas are actually coherent
assemblages with internally governed relationships that stiimulated synchro-
nous diversification or whether the apparent similarities in timing of diversi-
fication are simply coincidental. Considerable further analysis will be neces-
sary before an answer is determined, but two aspects of the question deserve
preliminary comment.

On the side of simple coincidence contributing what may be only an illusion
of coherence to the timing of emergence of the three {faunas are several his-
toric constraints, The first (Cambrian) fauna must have developed almost
synchreonously simply beczuse it marks the time of origin and initial diversi.
fication of the mefazoa. No further coordinating mechanism Is needed.
Diversification of whatever groups that first originated would occur at the
same time. The second (Middle and Late Paleozoic) fauna may be a compos-
ite of the independent waxing and waning of a variety of unconnected
groups. For example, articulate brachiopod diversity increases whereas antho-
zean diversity drops from Ordovician-Silurian to Carboniferous times. The
scattering of timing of diversification of the groups typifying the third (Meso-
zoic-Cenozoic) fauna is smeared through the entire Mesozoic Era and into the
Cenozoic and may still be in progress. The expansion of this fauna may not
be coordinated by anything more than the influence of the Permian extinc-
tion resetting the evelutionary clock back to “go” by causing diversity to
drop far below the established Paleozoic capacity of the marine ecosystem

On the other hand, the ceincidental timing mechanisms mentioned above do
not explain why new ecospace exploitation develops in the second and third
faunas nor what triggers that development. Also, it is certain that some coor-
dination in diversification is causcd by co-evolutionary linkages. For example,
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the diversification of the brachyurans depended on the diversification of suit-
able prey. Even if the initiation of an episode of diversification is simply for-
tuitous (because of the develocpment of the ability to invade new ecospace in
a group unrelated to established interactions in the existing fauna), the conse-
quernces of subsequent changes must reverberate through the whole structure
of the ecosystem. In the Cambrian fauna we sce the initial development of bi-
otic Interactions as the metazoan ecosystermn becomes established. The devel-
opment of the Middle and Late Paleozoic fauna includes the co-evolutionary
development of tiered benthic communities. The Mesczoic-Cenozoic fauna
elaborates on infaunal modes of life and their influence on the ecosystem and
on the vast array of interactions in predator-prey systems.

The apparent coordination in the timing of the evolution of the three great
faunas is probably a combination of coincidence and co-evolutionary link-
ages. As we develop a clearer picture of the timing of events in evolutionary
time and as we discover cause-effect relationships for these events, a better
understanding of the overall determinants of the patterns of evolution should
emerge.
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Chapter 7

PHANEROZOIC TIERING IN SUSPENSION-FEEDING
COMMUNITIES ON SOFT SUBSTRATA:;
IMPLICATIONS FOR DIVERSITY

WILLIAM I AUSICH

Department of Geology & Mineralogy, The Chio State Unjversity, Columbus

DAVID J BOTTJER

Depertment of Geclogical Sciences, University of Southern California, Los Angalss

INTRODUCTION

Tiering is the establishment of a vertical community structure with organisms
distributed at different levels (in ecological studies the term stratification is
commonly used [Odum, 1971]). Twering has been documented in a wide
array of settings including temperate forest communities {MacArthur and
MacArthur, 1961), benthic deposit-feeding communities (Levinton and
Bambach, 1975), benthic epifaunal suspension-feeding communities (Lane,
1963, 1973; Ausich, 1980), and benthic infaunal suspension-feeding com-
munities (Stump, 1975; Hoffinan, 1977, Peterson, 1977). From site-specific
studies, Ausich and Bottier (1982) developed a comprehensive history for
tiering of soft-substrata suspension-feeding communities throughout the
Phanerozoic (Figure 1).

This Phanerozoic tiering model was developed from the fossil record of all
organisms that have been consistently interpreted as benthic suspension feed-
crs, as well as from trace fossils of suspension feeders. Only soft-substrata
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Figure 1. Phanerozoic history of tiering of soft-substrata suspension-feeding commu-
nities. The heaviest lincs represent maximum tiering levels with ather lines tier sub-
divisions. Solid lines represent data; dotted lines are inferred. (from Ausich and Bottjer,
1982). (Copyright 1982 by the American Association for the Advancement of Science;
used with permission.)

settings from non-reef habitats in either subtidal shelf or epicentinental sea
shallow-water environments were considered. This specific range of habitats
was chosen in order to eliminate scme environmental vanability which
affects community development. In addition, scft-substrata suspension-
feeding communities were chosen because soft-substrata habitats constitute
the majority of marine shallow-water settings and because both infaunal and
epifaunal tiering may be developed in soft substrata,

The tiering model presented in Figure 1 implies a regimented structure for
marine suspension-feeding benthos on soft substrata. Despite this implication,
we do not presume that the tier levels were rigidly subscribed to by organ-
isms. Rather, the tiering model represents logical subdivisions of community
structure, as presently understood.

Bias may be introduced by non-preservation and by consideration of infor-
mation [rom a single range of habitats. Information loss by non-preservation
cannot be resolved, but data from a single range of habitats may net be a re-
strictive problem. We would argue that temporal changes in soft-substrata
habitats would be mirrored, albeit in perhaps a more complex manner, in
other contemporaneous habitats, such as hardgrounds or reels. Consequently,
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the Phanerozoic tiering mode! (Figure 1) that reflects community structure in
soft-substrata suspension-feeding communities may be an accurate measure of
community structural changes among benthic marine suspension feeders in
many other habitats. This model is insensitive to other trophic groups.

TIERING HISTORY

The tiering history proposed by Ausich and Bottjer (1982) (Figure 1), as pres-
ently understood, shows that marked temporal changes in tiering have oc-
curred during the Phanerozoic. The Paleozoic was characterized by epifaunal
tiering, whereas the Mesozoic had both epifaunal and infaunal tiering, al-
though infaunal organisms were much more abundant. The Cenozoic was
typically dominated by infaunal tiering.

Max:mum epifaunal tier subdivision developed during the Early Mississip-
pian in diverse crinoid communities where four subdivisions have been recog-
nized (Lane, 1963, 1973; Ausich, 1980). At other times a three-tier subdivision
was more commen. This included 2 tier established by sediment-water inter-
face organisms at 5 cm above the seafloor (+5 ¢m). During the Paleozoic fene-
strate bryczcans, pelmatozozn echinoderms, graptolites, sponges and others
and in the post-Paleozoic corals, sponges, alcycnarians and others maintained
a tier which varied from +10 cm by at least the Silurian to +20 c¢m from at
least the Devonian on (except in the late Paleozoic). The uppermest tier level
was maintained by pelmatozoan echinoderms, primarily crinoids, from the
Cambrian to the end of the Jurassic, while alcyonarians and sponges have
maintained this upper level from the Cretaceous tc the present

Cambrian pelmatozoan echinoderms were elevated up te about 10 cm above
the sediment-water interface. By at least the Middle Silurian, crinoids attained
heights of +100 cm and maintained this level through the Jurassic, except for
the Permian-Triassic extinctions, After the JTurassic 2 maximum level of about
+50 cm is proposed for organisms in soft-substrata settings.

Development of infaunal tiering has been independent of trends abeove the
sediment-water interface. Primanly inarticulate brachiopods, bivalves, gastro-
pods and arthropods have been respensible for infaunal suspension-feeding
tiering, A three-tier infaunal structure is also recognized with subdivisions at
-0, -12, and -100 ecm. From a previous low of -6 cm, maximum tiering was in-
creased to -12 em by lucinid bivalves during the Early Devonian. By at least
the Early Permian, cvidence from anomalodesmatan bivalves and possibly sus-
pension-feeding arthropod burrows indicates that the maximum depth had in-
creased to 106 cm. This maximum depth was reached, as well, by siphonate
heteradant bwvalves by al least the Cenovoic. A more thorough discussion of
ihis istory is prven in Ausich and Bottier (1982)
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The tiering model has been presented with the hope that it wall be tested
Although a few minor adjustiments to the temporal trends should he expected
as more data becomes available, we believe that the basic trends in Figure 1
will remain valid,

IMPLICATIONS FOR DIVERSITY

TIERING AND ECOLOGICAL DIVERSITY

If tiering is a real biolegical aspect of the ecological structure of soft-substrata
suspension-feeding communities, changes in tiering should be manifested by
changes in other ecological parameters. The effects of tiering on diversity in
an ecological rime perspective will be examined here

Diverstty throughout this paper will refer to nuneric diversity which is real
and casily interpreted, unlike some diversity indices. Many biological and
rhysical factors influence the development of diversity. Thomas and Foin
(1982) have recently summarized limiting factors that affect diversity within
an ecological time framework. Thomas and Foin make a useful distinction be-
tween biological factors and neutral factors (non-biclogical, physical-chem-
ical). Among others, biological factors include competition (e.g., MacArthur
and Wilson, 1967; Grant and Abbott, 1980), predation (e.g., Paine, 1966),
species packing (Valentine, 1973), and productivity (e.g., Connell and Orias,
1964; Valentine, 1971). Neutral faclors include stability-time hypothesis
(Sanders, 1968, 1969), spatial heterogeneity (e g., Richerson et al., 1970),
space (e.g., MacArthur and Wilson, 1967), plate tectonics (Valentine, 1971),
and stochastic processes (Strong et al., 1979). These and other factors have
bheen identified to exert an influence on diversity, aithough censiderable
debate has ensued over many of these factors. Does the stability-time hypo-
thesis really work; does competition increase or decrease diversity, etc.?

From the vast array of ideas and often contradictory results, it is perhaps
prudent tc assume an intermediate position and acknowledge that many, per-
haps all, factors mentioned above and elsewhere do have an effect on diver-
sity under certain conditions. Likewise, under differing conditions Lhe same
factor may have opposiic effects.

We offer tiering, an aspect of comumunity structure, as another factor which
should influence diversity. I tiering is important, it should be positively cor-
related with ecological diversity, The hnplications of this postulate are
straightforward. As tiering increases within a given habitat, the number of
niches should increase cither by utilization of new space or by compression
of existing niches (species packing, Valentine, 1973). This should result in
higher diversity
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To test the prediction that tieringis positively correlated with ecological di-
versity, examples among contemporaneous habitats or localities and contigu-
ous stratigraphic samples will be considered. Five examples are offered: Late
Ordovician of the central Appalachians (Bretsky, 1970), Early Mississippian of
Indiana and Kentucky (Ausich et al, 1979), Late Cretaceous of the Gulf
Coast region (Jabionski, 1979; Bottjer, 1981; Jablonski and Bottjer, 1983),
Pliocene of California (Stanton and Dodd, 1976), and Holocene of the San
Francisco Bay area (Stanton and Dodd, 1976). The analysis of ecological di-
versity will be both qualitative and quantitative, as published data allow.

In a study of the [ossil communities and facies relationships of the Reeds-
ville Formation (Late Ordovician: central Appalachians), Bretsky {1970)
identified three communities which were generally aligned zlong an onshore-
offshore gradient. These include the generally onshore Orthorhy nehula-
Ambonychia community, the Sewerbyelle-Onniella community which gen-
erally occupied an intermediate position, and the generally offshore Zygo-
spira-flebertella community (Table 1). The onshore-offshore community re-
lationships were influenced by clastic input from the east. Environmental sta-
bility probably increased further offshore. As used throughout this report, in-
creased environmental stability-predictability refers to a decrease in the effect
of physical-chemical limiting factors on the organic production ot suspension
feeders. As depicted in Table 1, the onshore, relatively poorly tiered Ortio-
riynchula-Ambonychia community had a relatively low diversity (the lowest
diversitres occurred at the shoreline), and the offshore, relatively well-tiered
Zygospira-Herbertells community had a high diversity. The Sowerbyella-
Onniella community, with intermediate tiering, had intermediate diversities.

Different community Lypes have been identilied by Ausich et al. (1979) on
the different physiographic areas of the Early Mississippian Borden deltzic
compiex of Indizna and Kentucky. In general the delta platform and prodel-
taic settings would have offered more stable habitats than would have the del-
ta slope, which would have been subjected to episodic turbidite deposition
(Figure 2). The skeletal communities of the delta platform and the communi-
ties in well-oxygenated settings i the prodelta (Kammer, 1982) were well-
tiered crinoid, blastoid, bryozoan and brachiopod communities; whereas the
deity slope communities were generaliy untiered. Drversity varied by an order
ol magnitude between tiered and untiered communities on the Borden delta.
Unticred deita slope community diversities ranged from 2-23 specles, and
tiered platform and prodeltaic communities displayed diversities ranging from
40-155 species (Table 2).

Diversity and tiering can also be censidered by examiming samples from
within a single facies. Two data sets are considered, each from a different com-
minity ol the Borden delta platform. These include (1) interbedded siltstones
ol dhe skeletal catbonate bank facies with cach siltstone separated by a
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Fossil Communities of the Borden Delta
Early Mississippian: Indiana & Kentucky

{from Ausich, Kammer, & Lane, 1679)

Fieure 2. Communities of the Early Mississippian Borden delta Characteristic communities are shown from each physiographic part of
igure 2. B
the delta (from Ausich et al, 1979}
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Table 1. Relative tiering, diversily, and onshore-offshore relationships
of Late Ordovician communities of the central Appalachians
(from Bretsky, 1870).

Relative Relative Relative
Community Tiering Diversity Onshore-Offshore
Position
Orthorkynchula-
Ambonychia poor intermediate onshore
Sowerbyelia-
Onrniella intermediate intermediate-high intermediate
Zygospira-
Hebertelia onod high offsiore

Limestone (Allens Creek Bank, Indiana University locality IU 15114, see
Ausich and Lane, 1980), and (2) interdistributary mudstone facies where
contiguous stratigraphic sampling was possible (Boy Scout Camp, 1U 15109).
In each sample set, the combined number of intermediate and higher level
organisms are plotted against the number of organisms in the lower level
epifaunal tier (Figure 3). The r? for linear regression lines fitted to these plots
is relatively high {Figure 3). If ;3 1s high, the slope of the line can be consi-
dered as a rough index of the degree of tiering development, If the slope is
extremely low or high certain levels became preferentially more diverse as
overall diversity increased. Intermediate values of m for both cases (Figure 3)
indicate that with increased overall diversity higher level tiers increased in
diversity at nearly the same rate as the lower level tier Consequently, as
tiering increased within a single habitat, overall diversity increased
Fossil assemblages which are representative of a Gulf Coast Late Cretaceous
onshore-offshore transect have been examined by Jablonski (1979), Bottjer
(1981), and Jablonski and Bottjer (1983). Although the extent of the data
set varies, it Is evident that faunas from the Coon Creek Formation (Tennes-
see) and the Owl Creek Formation (Mississippi). which have intermediate tier.
ing, are more diverse than those [rom the Saratoga and Annonz Formations
(Arkansas), which are less well tiered (Table 3). For this example degree of
tiering decreased in an offshore direction. Poor levels of tiering in Late Creta-
ceous Gulf Coast middle to outer shelf environments are attributed to their
fine-grained carbonate (now chalk) seft substrata, which limited the develop-
ment ol both infaural and epifaunal suspension-feeders (Bettjer, 1981, Jab-

lonski und Bottjer, 1983). This phenomenon made the substratum of these
envitonnients less stable than those nearer shore

Starton and Dodd (1976) compared (he trophic structure and environmental
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Figure 3 Correlation of specific diversity between low tier with intermediate and high
tiers In stratigraphic samples frem single localities on the Early Mississippian Borden del-
ta platform of Indiana, Examples are from the interbedded siltstones of the skeletal car-
bonate bank facies (N=9) and interdistributary mudstone facies (N=7); (m is the slope).

hmiting factors of communities of the Pecten zone, San Joaquin Formation,
Kettlemen Hills, California (Pl:ocene) and the San Francisce Bay area (Holo-
cene). From their extensive data set, tiering, again, can be examined along an
onshore-offshore transect. Total genera in the -12 and -100 cm tiers were con-
sidered as an index of tiering. In both the Pliocene and Holocene examples
total ticring peaked at an intermediate point along the transect (Figure 4). In
addition, with increased overall diversity, combined -12 and -100 ¢m tiers in-
creased in diversity at almost the same rate as combined low level epifaunal
and -6 cm tiers (Figure 5). Consequently, as tiering increased with these
environments, overall diversity increased
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Table 2. Tiering and species diversity relationships on the Early
Mississippian Borden deltaic complex (from Ausich
et al, 197%; Kammer, 1982).

Physiographic Areas Relative Diversity
N on Delta Tiering Rang_fe
Deita Platform good 49 -183
Delta Slope poor 2-23
Prodelia good 40-128

Therefore we can conclude that a positive correlation does appear 1o exist
between tiering and ecological diversity. In addition available data indicate
that tiering and ecological diversity increase in environmental settings that are
more favorable for organic production of suspension feeders

TIERING AND PHANEROZOIC DIVERSITY TRENDS

Work on long-duration ten)poral diversity Irends has been of two major
types: (1) studies that numerically document diversity trends, and (2) studies
that attempt to explain the causes for divessity fluciuations.

Phanerozoic marine diversity trends have been compiled by a variety of
means both parochial and worldwide, and a general consensus has been
reached among many of the investigators involved (Sepkoski et al., 1981).
After an initial diversity increase during the Cambrian and Ordovician, diver-
sity levels reached an equilibrium threshold throughout the remainder of the
Paleozoic until the Permian-Triassic extinctions. After the Permian-Triassic
extinction low, diversity has increased until the present to a level much higher

Table 3. Relative tiering, diversity, and onshore-affshore relationships
of Late Cretaccous assemblages of the Gulf Coast region (Tom
Jablonski, 1979; Bottjer, 1981; Jablonski and Bottjer, 1983).

Assemblage Relative Generic Relative Onshore-
Tiering Diversity Offshore Position
Coon Creek inte;mediate 55 (1 sample) nears;lore a
Owl Creek intermediate 63 {1 sample) nearshore
Saraloga poor-intermediate 2-14 (range for  middle shelf

30 samples)

Annong poor 2-6 (range for outer shelf
19 sumples)
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Total Genera in -12 and -100 Tiers

Holocene; San Francisco Bay area
{Stanton & Dodd, 1878)
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Figure 4. Onshore-cffshore variations in infaunal tiering (genera in -12 and -100 cm
tiers). A, Holocene, San Francisco Bay area, B, Pliocene, Pecter zone, San Joaquin
Formation, Kettlemen Hills, California. (Data in part from Stanton and Dodd, 1976).

than the Paleozoic threshold, yet with no apparent stabilization. The most
recent and comprehensive data set which illustrates this diversity history
was presented by Sepkoski (1981) (Figure 6). Sepkoski’s compilation consi-
dered numeric abundance of families of marine organisms throughout the
Phanerozoic and will be used as a basis for comparison to tiering.

Phanerozoic diversity trends have been attributed to both biological and
non-biclogical causes. Non-biclogical causes, among others, include (1): bio-
geographic provincialism (Boucot, 1975; Valentine et al., 1979; Schopf,

{Stanton & Dodd, 1976}
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Society and J. J. Sepkoski).

1979); (2) changes in habitat space (Schopf, 1974); (3) cembinations of (1)
and (2) (Valentine, 1971; Valentine and Moores, 1972), and (4) principles of
growth during an adaptive radiation (Sepkoski, 1977, 1979). Biological
influences on temporal diversity, ameng others, include species packing
(Valentine, 1973).

We offer tiering as another factor that shows correlation with Phanerozoic
diversity trends. If ecological diversity 1s correlated with tiering, then tiering
potential through time should correlate with diversity trends. This predicticn
will be examined here. At this point we will not speculate on the cause or ef-
fect of tiering on diversity, but will document their relatienship.

In Figure 7 the tiering curves generzted by Ausich and Bottjer (1982) are
superimposed on familial diversity trends of Sepkoski ([981). If familial di-
versities are plotted agamnst total additive tiering for the entire Phanerozoic,
no significant correlation exists (r* = 0.29; see Figure 8). The same data of
Figure 8 are displayed on Figure 9 with Paleozoic, Mesozoic and Cenozoic
points partitioned. A general correlation is apparent for the Paleozoic, where-
as post-Paleozoic data contribute significant scatter. If Paleozoic cpifaunal
tiering alone is considered in relationship to familial diversities (Figure 10), a
strong correlation exists with r? equal to 0.89.

The strong correlation between tiering and diversity was present during the
Paieozoic, which had a fossil record that was composed of epifaunal suspen-
sion-feeding benthos from shallow water marine settings. The diversity-ticring
correlation decoupled after the Paleczoic. Mesovoic diversities were generally
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lower than expected for the tiering structure (as compared with the Paleozoic
trend), whereas Cenozoic diversities were generally higher.

Several possibilities are offered for the decoupling of tiering and diversity
after the Paleozoie, First, tiertng may have made no long-term contributions
to familial diversity trends during this time, although this seems unlikely be-
cause ecolopical diversity and fiering were apparently correlated thronehoul
the Phanernzoic. Deterministic factors which have been attributed to st
Palenzoic changes include all the potential causes listed ahove; which have
been attributed to have influenced Phanerozoic diversity trends. Of these {ac-
tars, changes in biogeographic provineialisem (Valentine, 1971, 1973; Schopl,
1979) ceincides most readily with changss in the tiering-diversity relatin-
ship. The high diversities of the Cenozoic may be 4 resull of incrensed provin:
clalty during that time. However, the relatively low diversities of the early
and middle Mesozoic seem not to have been u result of anly provinciality
changes:

Orther less importunt factors which may have produced scatter away from a
correlation between tierng and diversity are (1) much post-Paleszoic diver.
sity dats (Sepkoski, 1981} are not that of benthic marine suspension feeders,
and (2) the unknown contribution of tiered benthos on marine sed Brassey
which proliferated after the Paleozolc (Brasier, 1975).

DISCUSSION

A correlation exists between tiering and diversity, both within an ecological
framework and for long-duration trends for at least the Paleozoic. The data
presented here imply that the correlation of tiering with ecological diversity
has been due to a large extent on the partiticning of available niche space.
Maximum tiering and maximum diversity tend to be realized in environ-
mental settings where the roles of physical-chemical factors are minimized,
and where biological limiting factors have a controlling influence. The role of
tiering, as an aspect of community structure, is fo increase the number of
niches by utilization of new space or by niche compression of existing niches,
thereby increasing the potential diversity threshold.

Any given tiering development will have a diversity threshold which may be
appreached in environmentally stable settings. An increase in tiering and a
concomitant increased diversity threshold should not occur without reason.
An increase in maximum diversity potential should not occur without an in-
crease in tiering, with other factors equal. A diversity threshold, maintained
hy Lliering complexity, could be increased by an increased newd [ur tiering
ciuused by a tendency lor increased diversity. Increases in ticring fjd o diver-
sity threshiold should accompany one another and be driven topiether by an
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independent cause (e.g., increased spatial heterogeneity, exponential growth
curve, etc.). Once established, tiering reductions should be caused either by ex-
tinctions or by migration out of the habitat under study (e.g., Permian-Triassic
extinctions and migration of crinoids at the end of the Jurassic, respectively).
Either mechanism would result in a concomitant decrease in diversity.

Tiering and diversity potential appear to be incxorably linked. Neither tier-
ing nor diversity has a direct causal relationship with the other. Rather, other
biological and non-biological factors should cause parallel changes in ticring
and diversity.

Tt is unreahstic to assume that ecological processes that operate to influence
ecological diversity could have had a direct affect upon long-duration diver-
sity trends. Nevertheless, diversity and tiering trends are correlated for at least
the Paleczoic, and we believe that an indirect relationship exists between eco-
logical processes and long-duration trends. Tiering levels at individual times
throughout the Phanerozolc were established in concert with ecological fac-
tors. At each point in time, the resultant tiering would have been correlated
to a diversity threshold. The addition of an infinite number of times through-
out the Phanerozoic, when tiering and diversity were adjusted together, re-
sulted in correiated long-term trends. Consequently the long-duration trends
of tiering are not directly the result of factors operating in ecological time but
are the cumulative result of an infinite number of diversity-tiering adjust-
ments which cccurred in ecological time.

The correlation between epifaunal tiering and diversity (Figure 10) during
the Paleozoic was probably the consequence of the accumulation ef tiering-
diversity adjustments during that time. During the Paleozoic hiogeographic
provinciality was generally low (Valentine, 1971, 1973). The cumulative
effect of ecological factors dominated the tiering-diversity relationship as the
marine biosphere was populated and ecologically filled during the early Paleo-
zoi¢, and as the middle to late Paleozoic diversity threshold was reached and
maintained.

After the Paleozoic the tiering-diversity relationship decoupled, as provinci-
ality increased. Increased provinciality should have resulted in higher diversi-
ties than expected for the tiering structure present. In general, higher than ex-
pected diversities existed for the Cenozoic, however lower than expected di-
versities were present for much of the Mesozoic.

The Triassic and Jurassic had the highest potential tiering of any time
throughout the Phanerozoic, yet diversities were low. Not only are they well
below an expected diversity threshold for such potentially highly tiered com-
munities, but during much of this time, diversities fell below the middie to
late Paleozoic threshold. Apparently Triassic and Jurassic provinclalily was
low cnough not to affect diversity as it did during the Cretaccous and
throughout the Cenozoic
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Chie possible reason for the combinatinn of Tow diversities and Lish pioli -
tol tering is that much of the epifauna) suspension-feeding component of
Mesozone shallow subtidal shell and epicontinental sed cammuriiics prohably

tepresenied u haldover of various body plans that had heen suceessful in these
environments during the Palecozoic, The diversity at higher taxonommic levels
for these epifaunal henthos was grestly diminished from the Paleozoic { three
Puleuzoie subclasses of crinoids, one post-Palevznic crinoid subeluss: five
Paleozoic bryowoan arders, three post-Paleozoic hryozoun orders: @),
Although the Triassic and Jurassic forms must have flourished to be repre
sented in the recard, perhaps the potential for epifaunal diversity was so
diminished that possible epifaunal niches were “unfilled " This -_‘I!-II[;J'II!HII uf
“unfilled™ niche space by epifaunal Paleozoic holdovers during the Mesozoic
ts supported by modification of the dae presented in Figures 8-10. As stated

ahove, 1% for diversity and 101l tiering throughout the Phanerozoic is 0.29
(Figure 83, If the epifyunal aspeet o Triassic and Jurassic communities did
not exert @ mujor influence on the tiering-diversity cinrelutian, then removal
of the epitaunal licring should improve the correlutivn fepitaunal diversity is

not refmuved lrom data and may be a source of crror) Epiluumil Paleczoic
tiering-diversity duta (Figure 10) combined with unmuoditied Triassic-Turassic
tiering data have an r* of 0.27. whereas Paleozoic data and Triassic and
Jurassic data with the epifaunal tiering removed have an 12 of 0.74 (Table 4).
This improved r* implies a diminished effect of epifaunal tiering on diversity
during the Triassic and Jurassic.

During the Cretaceous and throughout the Cenozoic, diversities have been
higher to much higher than expected for the tiering present. From the Trias-
sic and Jurassic to the Cretaceous and Cenozoic, maximum tiering potential

Table 4 Corrclation of tiering and diversity for selsct times hoth
unmodilied and modified (data from Sepkoski, 1981;
Ausich and Bottjer, 1982).

Data = N

Phanerozoic 0.29 22

Paleozeic, epifuunal tiering

only 0.89 3
Paleozoic, epilaunal ticring

only: Trinssic and Jurassic 0.27 19
Puleozolc, epifaunal tiering

aniy: Triassic and Turassic,

infaunal ticring vnly 0.74 O
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decreased and diversity increased. This trend is not consistent with ecologi-
cally based arguments presented to this pomt. Rather, this marked increase in
diversity relative to tiering corresponds well with the marked increase in bio-
geographic provincialism that accompanied continental breakup and plate di-
vergence that accelerated during the Cretacecus and has been maintained to
the present (Valentine, 1971, 1973; Valentine and Moores, 1972; Schopf,
1979).

In summary, the Paleozoic tiering-diversity correlation 1s believed to repre-
sent the filling and maintenance of ecological space in a biosphere with rela-
tively low and constant provinciality. It is suggested the relatively lower than
expected Triassic and Jurassic diversities are the result of niches “unfilled” by
Paleozoic “body-plan holdovers™ in the epifaunal component of these com-
munities. Relatively high diversities from the Cretaceous te the present are
theught to correspond to post-Jurassic high levels of biogeographic provinci-
ality.
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Part |11

ANALYTIC STUDIES OF MAJOR FAUNAL
PATTERNS AND EVENTS

Within the last decade, theoretical aspects of ecology and evolution have
pome T play major roles i the progress of palecntology. Although the con
tributions in previous sectlons have beer by v meuns free of theory, the
papers i this section hive been designed specifically to devielap or to Test ex-
planations of some ol the major bintic pattemns and events associared with
Phiarerozom diversity,

Kitchell and Carr present a pioneering effort to construct a mathematical
description [or the pattern of divérsity and replacement of the Phunerozole
tuunas, Among olher things they show that reftively sinple nonsequilibrium
odels can genetale o complexity of behavior compurable to that displayved
by the Fiunal putterns, Beplacement patterns need nor requlre mask extine.
Hom or ather special events. Walker examines the anulogy which eeiiis ulwavs
to be made between populstion growth models and clade diversificalions, I-'.ll‘.
shows that, under the most prevalent assumptions of ecology, the implied
identity is erroneous. This leads to useful discussions as to why and when ex-
ponential models may provide reasonable estimates of diversifications and
when alternate models should be employed

Tablonski asks how higher tixy with distrili e pactterns similar ta those of
tenday would westher a mass extinetion nssociated wilh 1the extirpation of the
entive Teung of contipental shelves. The answer (v would survive very well
indeed at the fumily level) is surprsing af first but seems so playsible uporn fe-
Hection thut one wonders how it bas been overlooked. This Peding brings in-
W cuistion many popular explanations for mass extictions parlculurly
thisse based on marine regresston and oo species-ares effects. Flessy and
Thenrias sk how the present size-lrequency distnbumtion of species ranges,

¥ | 45§ R P . . k

which Is a hollow curve, may, huve come shout, and what tlye COTEEGLUE ey
Wiy he Tor the success of lineages on different parts of the durve. Agnin, the
e lasions are novel bt wpon eflection seem a8 11 ey should hiave been

piferred long ugo
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NONEQUILIBRIUM MODEL OF DIVERSIFICATION:
FAUNAL TURNOVER DYNAMICS

JENNIFER A KITCHELL

Museurmn of Paleontology, University of Michigan, Ann Arbor

TIMOTHY R. CARR

Geofogical Research, ARCO Resources Technalogy, Dallas

“Seek simplicity but distrust it.”
—Lagrange, in Hutchinsen (1978)

INTRODUCTION

What can patterns of diversity reveal about processes? Our purpose in this
paper is to assess quantitatively the complexity of patterns that can result
{rom the most general mathematical model of diversification. The central
question we address is: Does the observed pattern of diversification of global
marine itaxa significantly deviate from predictions of a deterministic model
whose potentizl behaviors range from simple to chaotic or apparently ran-
dom? Such an analysis provides a measure of subtraction for the range of
diversification patterns that can arise from simple assumptions regarding non-
linearity or diversity-dependent feedback and nonequilibrium

The topics we cover fzll into s1x general categories, Posed as questions, these
calegories are: {I) can & very simple model adequately recreate the empirical
diversification pattern of Phanerozoic marine taxa; (2) can the model he
trcated as a null hypothesis; (3) is there a hierarchical cohesiveness of evolu-
lionary groups; (4) what is the importance of evoluticnary innovation to non-
equilibrium diversification; {5) what is the causal role of perturbations to
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faunal turnover; and (6) under what conditions can determinism mimic ran-
domness?

Evolutionary paleobiologists have been concerned about the high degree of
apparent nonrandomness in pattern that can be generated by purely random
processes (e.g., Raup et al, 1973; Raup and Gould, 1974; Anderson and
Anderson, 1975; Raup, 1977a,b; Gould et al., 1977). We stress the alternate
pitfall—that completely nonrandom systems, if nonlinear and iterated {pos-
sessing feedback), can generate apparently random pattems (see Carr and
Kitchell, 1380). To illustrate that completely nonrandom systems possess ap-
parently random behaviors is not to endorse a deterministic philosophy (cf.
Schopl, 1979) any more than previous discussions of the potential of ran-
dom systems to produce apparently deterministic patterns endorsed a neutral-
ist philosophy of the evolutionary process (Gould et al., 1977). Both demon-
strations serve as warnings against an intuitive bias that determinism implies
order and randomness implies chaos. Determinism may vield chaos, and ran-
domness mmay yield order, Consequently, a familiarization of the dynamical
properties of both nonlinear deterministic systemns and stochastic systems is
needed to replace intuition.

Secondly, as a criterion of subtraction, it is as important to establish how
much of an observed pattern can be replicated with a deterministic model
(particularly one with apparently random behaviors), as with a random
model. Such an analysis delineates the limits of pattern as data to infer causal-
ity or to choose between explanations. The consequence of such an snalysis is
to query if one could determine—by pattern alone—whether the generating
process is random, pseudorandom or nonrandom. This questicn has philo-
sophical as well as practical significance (Wimsartt, 1980). Its answer restricts
our ability to understand processes when our only evidence of process is
historical pattern.

The approach of this paper, however, is stochastic as defined by Schopf
(1979) and discussed by Hoffman (1981): the model analyzes general pat-
terns of the history of life, treats groups of taxa as comprised of like particles
at one hierarchical level of analysis, and assumes an equilibriun solution te be
possible. We show, however, that although the model has an equilibrium solu-
tion, it is not an equilibrium model. As should be obvious, a stochastic ap-
proach to paleontology may utilize either {(mathematically) deterministic or
stochastic models; conversely, a deterministic approach may utilize either sto-
chastic or deterministic models.

In our eariier study of taxonomic diversification (Carr and Kitchell, 1980),
we focused atlention on changes in tolal diversity in response to a given per-
turbation. Since then, Sepkoski (1981) has shown that the Phanerozoic ma-
rine fossil record at the familial level is statistically defined by three greal evo-
lutionary faunas (sce also Sepkoski, 1980, ms). We now test the hypothesis
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that the simultaneous patterns of diversification of these three evolutionary
faunas can be closely mimicked by a very simple model of diversification for-
mulated in discrete time mathematics.

Although the model can produce a broad range of diversification patterns,
a meaningful test is provided by deriving parameter values from empirical
data. A conclusion that follows is that mass extinctions represent extrinsic
perturbations and not manifestations of instability. These perturbations, in-
cluding the “pivotal event™ at the close of the Permian, are shown to alter the
timing of faunal turncver but not the outcome. Finally, we show that simul-
taneously diversifying faunas, perturbations, and evolutionary innovations
may indefinitzly maintain the diversification process at nonequilibrium,

MODELS OF DIVERSIFICATION

THE LOGISTIC GROWTH EQUATION

Unbridled growth m an infinite or unbounded envirenment exhibits an expo-
nential growth pattern, the well-known Malthusian parameter. A mere realis-
tic equation of growth in a finite or boundad environment is the familiar lo-
gistic growth equation, first introduced by Verhulst in 1845. The historical
development of the logic involved in the progression to the logistic growth
equation is nicely summarized by Hutchinson (1978), where, for our pur-
poses, diversity (D) is analogous to population size (N), origination is analo-
gous to birth, and extinction s analogous to death

The general model of diversification is based on the fundamental assunp-
tion that the rate of change of diversity over time depends “in some way” on
existing diversity. The simplest expressicn of our model is dD/dt = (D),
which says that the rate of change of diversity is some function of existing
diversity. If the function (f) is specified as the term a, then dD/dt = aD, and a
(= () represents the unlimited rate of diversification, or origination rate minus
extinction rate, By expanding this equation to the second term in a Taylor
cxpansion series, cne obtains the logistic equation, dD/dt = al} + hD?, where
again (aD) represents infinitely increasing diversity, but (bD?} represents neg-
ative feedback with increasing diversity (b = -a/D whers D= dD/dt = 0). The
negative term, -bD? | causes rate of diversification to decline with increasing
diversity: although fauras may have the capacity to diversify exponentially,
dliversity-dependent feedback limits this capacity. In summary, the logistic
rrowth model represents the sccond step in a Taylor expansion series, and the
stmplest mathematical formulation that meets these two basic assumptions:
all G arise from previously existing taxa; global diversification is finite
vithec than intingte,
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TAXONOMIC DIVERSIFICATION MODELS:

DIFFERENTIAL vs. DISCRETE FORMULATION

The logistic growth equation was used by Sepkoski (1978, 1979) to examne
h::lli.‘n‘..-s of Phanerozoic taxenomic diversity, We subsequently relied on the
lisgistic growth moedel to examine the dynamics ol diversification to ]‘-_I!Ti!].f]:‘:l-
tions: but formudated it in discrete time mathematics, such that ull.'l,'x'll =
aD —bD? is replaced by Dy, =oby 1'31_'}[" + Dy (see Carr and Kitehell,
1980), Wi pointed out o general ssymmetyy in these dynamics: the response
of divetsity from Oversaturation is rapid compared to the response of diver-
sity froven underiaturation, Hence, an abrupt diversity dechine is the predicted
response tn @ perturhation, whereas a relatively aliw recovery of dimversity 1s
the predicled sesponse to CEssHLON of the perturhation, We showed that an
asymmetry in diversity decline and recovery, as observed during the .F‘unnq_ﬁ-
Triassic erisls, i the predicted response of diversity-dependent diversification
to even a symmetrical perturhation. Sepkoski (1979) had previously omitted
the Permo-Triassic crisis from his.analysis of diversity change, suggesting that
this event must represent diversity-independent diversification.

We originally formulated the model in discrete time mathematics because
we feel it is unrealistic to model diversification as an instantanecusly respond-
ing process. Our justification for using difference equations rather than differ-
ential equations, as used by Sepkoski, was based on the noninstanta{leous na-
ture of the response of origination and extinction 1o changing abiotic anq bi-
otic conditions. We considered the process of evolutionary diversification,
particularly at higher taxonomic levels, to be a discrete process rather thax? a
continuous one. Holfman (1981) has more recently expressed a similar opin-
ion: “...the evolution of species diversity, and more sc of suprageneric di-
versity, should be treated in terms of difference rather than differential equa-
tions because—contrary to a ‘billiard ball’ behaviour of physical-chemical par-
ticles—a lag time can be expected in each evolutionary response.” Difference
equations automatically incorporate a lag time—of cne analytical per_md, for
first-order difference equations. The length of the analytical period in abso-
lute time can be variable.

Secondly, we argued that measurements of geuslogicdl time represent geo-
logic intervals rather than points of time. All geological data of global diver-
ity change over Lime are discrete rather than continuous. Even high-resolu-
Lo im-:};;u]s of geulogical time represent large intervals of absolute time.
Stage-level data, for example, represent high-resolution stratigraphy on & g}{?‘
hal scale, but the average length of a Phanerozoic stage in absolute time i3
7.4 Myr (see Raup and Sepkoski, 1982). 7

The discrete time formulation of evelutionary diversification is hiologically
appropriate becsuse it assumes that diversification is not continuous and
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instantaneous, but may be jerky and delayed. However, as Roughgarden
(1979) has pointed out for discrete time equations of population growth “the
price for this added realism . . . s complication in the stability of the equilib-
rium.” Whereas the continuous-time formulation of the logistic equation can
display only stable monotonic behaviors, the discrete time formulation (or
the continuous time equation with an added delay rerm; se2 Appendix, Carr
and Kitehell, 1980) can display & wide suite of behaviors, because feedback is
not instantaneous, (For discussion of stochastic models of logistic growth in
discrete time, see Bartlett, 1960; Bamnett, 1962; Pielou, 1977; Smith and
Mead, 1980.)

DYNAMICAL BEHAVIORS OF DISCRETE MODELS

Mest simple nonlinear difference equations, as well as differential equations
with nonlinear feedback or delay, possess a nonintuitive and remarkable array
of dynamical behaviors, ranging “. . .from stable points, threugh cascades of
stable cycles, to a regime 1n which the behaviour (although {ully deterministic)
is in many respects ‘chaotic,” or indistinguishable from the sample functicn of
a random process” (May, 1976; see also May, 1974, 1975, 1979; May and
Oster, 1976; Li and Yorke, 1975; Mackey and Glass, 1977; Guckenheimer et
al., 1977, Feigenbawm, 1980; Sparrow, 1980; also Pounder and Rogers, 1980).
The complex dynamics of these deterministic models result from the combin-
ation of nonlinearity and feedback Feedback in the discrete time model of
diversification is provided by the cld diversity value (previous Dt+1) becom-
ing the new input diversity value {D,) for each successive iteration. The two
parameters of the model, (a) and {§), determine the strength of the nonlin-
carity. For all () values greater than zero, the model describes a parabolic
curve in which the steepness of the hump of the parabola is determined by
the (a) parameter {Figure 1 A—D; also see Hofstadter, 1981 for a particularly
readable account of the dynamical behavior of nonlinear, parabolic func-
tions). A high value for this parameter, corresponding to an inrtially rapid rate
of diversification, i.e , a rapid rate of divergence between rate of origination
and rate of extinction, results in a steeply rising parabola. The steepness or
severity of the nonlinearity determines the dynamical behavior of this model
{see Carr and Kitchell, 1980).

We previeusly showed by graphical stability analysis that the dynamics of
the general mode! of diversification are varied, including net only monotonic
approaches Lo cquilibrium diversity as illustrated by Sepkoski (1978, 1979;
sepkoski and Sheehan, 1983), but also approaches to eguilibrium involving
overshools (Iigure 1A, C), unstable divergencesaway from equilibrium (Figure
1D). and appareni chaos (see Figure 2), We outlined all possible behaviors
of the maodel, ax o tunclion of ils lwo parmmelers (see Figure 4, Carr and
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Kitchell, 1980). It is important to note that all oscillations in diversity are
internally gencrated

Another important feature of the discrete model is that not ali equilibrium
points have the same dynamical properties. For a parabolic function, there
are two possible equilibrium points: the trivial equilibrium point at zero, and
the nontrivial equilibiium point where D =D, - Graphically, these points
are equivalent to the pomts st which (D, ) intersects the 45° line in the phase
plune plot of Dy ve D, The stability of this latter equilibrium point Gun be
determined graphically by the slope of the phase line at its point of nfersec-
tion with the 457 line in phuse space, (The stability of the equilibrivm point
can alse be analvtically determined by jts cigenvalue [see Wundermeer,

1981 ].) For the equilibrium paint to be stible and to attret fterutes of the
4
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Figure 1. Phase diagrams illustrating the varied behaviers of the equation for diversifi-
cation, Dyyj = Dy + ally — BD%; a varies from <1 to >>3.0. Amrows depict trajectory of
diversity over lime, from initial diversity (Dj) to equilibrium diversity (f)). A.a < 1. De-
crease in diversity overshisots equilibsium diversity, [ollowed by dampesd pxponential

increase to equilibeium diversity. B, o< 1, Logistic behaviar of diversity increase over
time. C. 1 < a < 241 Canvergent or damped psclllutory betinvioe of diversity change.
D. @ > 3.0. Divergent vacillatory behavios of chijmge indiversty, and et ¢ stinction

(modified from Curr ond Kitihell, 1980
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diversity function, the slope must be less than 45°. If the equilibrium point
acts as z stable attractor, it results in the system approaching equilibrium
diversity from all small displacements away from equilibrium,

At slopes in excess of 45°, the equilibrium point is unstable and acts as a
repeller (Figure 1; refs. cited in Carr and Kitchell, 1980; Hofstadter, 1981), If
the equilibrium point is a repeller, it causes the system to diverge increasingly
away from equilibrium, and to ultimately display behavior that is indistin-
guishable from chaotic (termed “ergodic’™). Hence, some rare functions cause
trajectories of diversity to converge toward the equilibrium point. Such equi-
librium peints are stable. Other rate functions cause trajectories of diversity
to diverge away from the equilibrium point. Such equilibrium points are
unstable. In the former case, the equiiibrium point is attracling, and equi-
librium diversity is possible, whereas in the latter case, the “equilibrium” point
itself is repelling and the system is unstable at every point away from the
equilibrium value. (Even an ordinary differential equation that assumes con-
tinuous time and instantaneous response, when coupled with other first-order
ordinary differential equations, displays dynamical behaviors that are similar
to first-order difference equations [May, 1976].)
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Figane 2 Simulaled pattern of chaotic or apparently random diversification, resulting
foom Bigh values of the @ (e, rate of initizl diversiication) parameter. Solid line depicts
tolal diversity, upper dotted line, o = 2.17, 8= 005, of hypothetical evolutionary [auna;
lower dotted line, o 100,48 0 0025, of secand hy pothetical evolutionary Tauna.
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In biclogical terms of population fluctuations, species that display unstable
equilibrium points are those with high values of r, the intrinsic rate of natural
increase (e.g, Mucller and Ayala, 1981). In evelutionary terms of diversity
fluctuations, taxa that display unstable behaviors are those with high values
of @, the net rate ol diversification. We can speculate that « is a function of
both a tendency to geographically isolate, and a function of how open or re-
sponsive the genetic system is to change (e g., Dover, 1982).

NEW THEORY

EVOLUTIONARY INNOVATIONS

A problem inherent in the logistic growth equation as 2 mode] of diversifica-
tion is that there is a specified upper bound or absolute limit on diversity
The existence of an absolute upper bound on diversity is disquieting in the
sense that il assumes some a priori limit on “environment™ wher in reality or-
ganisms and environment are mutually interacting and an “environment” can-
not be defined without reference to an organism (Levins, 1979). We would
prefer a model of diversification rhat is not unlimited but that is indefinite.
We would like our model to assume that although diversification occurs with-
in a limited system of spatial and energy resources, the limits to diversity are
not predetermined but are dependent on the historical events of evolution.
Diversification is ultimately lunited, but its limits are not foreordained but
historical,

To achieve such a model of diversification, we need only add te the exist-
ing formulation of the model the potential for evolutionary innovation,
which may continually relax the upper bounds on diversity. Consequently,
we assume that evolutionary innovations {new taxa) can enter the system st
any time during its diversification history, and that these taxa interact with
existing taxa. Newly evolved, interacting taxa or faunas constitute “structural
fluctuations” in the terminology of Prigogine et al. (1972, 1977; see also
Nicolis and Prigogine, 1977, Jantsch, 1980). The interacticns between faunas
are deterministic, but the appearance of an evolutionary innovation provides
stochastic structural fluctuation.

Displacement dynamics may now continue indefinitely. Taxa differ in
rates of origination, extinction, and diversity-dependence. By anaivzing the
structural stability of the equations that comprise the model, it is easy to
show that only those newly evolved taxa (evolutionary innovations) whose
ratio of net rale of diversification : diversity-dependent feedback (the a:f
ratio) 1s higher than existing taxa can successfully invade the systent wnd dis-
place other diversifying taxa {see Allen, 1976 for a similar dischssion of
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popuiation dynamics and the introduction of mutant alleles). Hence, the po-
tential equilibrium level of diversity (D) rises with each successful faunal dis-
placement. An absolute upper bound on diversity can now be reached only in
the absence of innovations. Because the model is open to both evolutionary
innovations and diversity-dependent perturbations, nenequilibrium cendi-
tions are more likely to be maintained than equilibrium conditions.

EQUILIBRIUM MODELS vs NONEQUILIBRIUM MODELS

The model we develop in this paper represents a nonequilibrium approach to
diversification. The major distinction between equilibrium and nonequilib-
riem meodels is not whether an equilibrium solution is possible, but to what
extent a system stays in the neighborhood of equilibrium (see Caswell, 1978)
Equilibrium theories and models are concerned only with the behavior of sys-
tems at equilibrium; nonequilibrium theories and models are interested in the
temporal dynamics of systems away from equilibrium. Hence, although an
equilibrium solution may be possible within a noneguilibrium model, it is not
generally attained, (The term “disequilibrium” seems a more apt descriptor
than “‘nonequilibrium” because of the identity of its prefix in terms such as
displacement and disturbance, but nonequilibrium is the conventional term
used to describe the dynamical behavior of systems not at equilibrivm.)
Steady-state, by contrast, simply means no change over time, a condition
which could be maintained either at equilibrium or at nenequilibrium,

Any model of diversification must have at least one stable solution, in the
absence of continued or large perturbations, If all solutions are unstable, then
the process of diversification would not be persistent over evolutionary time.
Hence, the mathematical formulation of the model assumes the existence of
an equilibrivim peint, ie. that rates of origination and extinction are conver-
gent. As we pointed out previcusly (Carr and Kitchell, 1980), the only mathe-
tnatical options whereby en equilibrium solution would be impessible are to
poriray origination and extinction rates as constantly diverging or exactly
parallel. Either possibility, however, seems extremely unlikely. The first con-
dilion would result in a runaway system of infinitely increasing (or decreas-
ing) diversity at an accelerating rate. The latter condition would require per-
lectly balanced functions over all of geological time.

The existence of an equilibrium solution, however, does not mean that an
equilibrium diversity is ever reached nor that an equilibrium diversity is main-
lained, Bguilibrium diversity may even be impossible to reach, despite the
existence ol an cquilibrium solution (e.g., when the rate functions define a
tepelling equilibrinm peint and the system is unstable).

Ia systent of diversification remained at equilibrium over evolutionary
time, ot would display o static point in phase space, the space delined by the
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axes Dt+1 v Dt By contrast, the empirical or observed paitern of marine
metazean diversification exhibits movement in phase space. Such a pattern
represents a nonequilibrium system whose dynamics are known only to the
present. Noneguilibrium systems display what Jantsch (1980) has termed
“self-organization dynamics.” In our model the system is maintained away
from its equilibriuin by the internal, deterministic mechanism of simultane-
ously and interactively diversifying faunas, as well as by the external and
stochastic mechanisms of perturbations (e.g., inass extinctions) and the evolu-
tion of new faunas {evolutionary innovations).

Such a system is both open and closed: open in the sense that evolutionary
innovations are possible, but closed in the sense that extinctions are irrevers-
ible. Maximum diversity represents the maximum potential of existing faunas
to diversify, limited by the historical juxtaposition of simultaneously diversi-
fying faunas. Thermodynamic or spatizl limitations to diversity are not di-
rectly considered.

For the discrete model of diversification, the length of time the system re-
maing at nonequilibrium is dependent on a) the relative parameter vaiues for
cach fauna, b) the number of interacting faunas, ) the timing and frequency
of invasion of the system by new faunas (evolutionary innovations), and d)
the frequency, amplitude and differential effect of perturbations. Total diver-
sity may indefinitely mncrease under nonequilibrium conditions if appropriate
evolutionary innovations are sufficiently frequent, or diversity may attain
cither a temporary or permanent equilibrium solution in the absence of per-
turbations and innovations, provided there has been sufficient time for com-
pletion of all faunal turnover events. i

SUFFICIENT PARAMETERS AND FAUNAL COHESIVENESS

o and B are what are termed sufficient parameters. A sufficient parameter is
defined as “a many-to-one transformation of lower-level phenomena” (Levins,
1966). Sufficient parameters are invariant over changes at lower levels, giving
sufficient parameters the property of robustness (Wimsatt, 1980). Hence,
there iz a wide variety of values for lower-level parameters whose net sums
yield the same values for higher-level sufficient parameters. Hence, although
sufficient parameters are time-constant, lower-level parameters may mfinitely
vary with time, within the bounds of higher-order net constancy.
The discrete model

- Z
D,.; =D, +aD, —fD; (1)

can also be written in terms of lower-level rates of origination and ¢xtlinction.
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Total erigination rate (O,) and tolal extinction rate (E,) are defined by the
equations

0, =aD, —bD? | (2)

E; =D, +dD} (3)

{see Carr and Kitcheli, 1980 for discussion; see also Sepkoski, 1978, 1979)
By definition,

Diy =D+ O —E @

diversification is Markovian: diversity in any time period is equal to diversity
in the preceding time period, plus the change in diversity resulting from net
gains (or losses) of toral successful origmations (O,) minus totzl extinctions
(Et)‘ Substitution of equations (2) and (3) into equation (4) yields

Dt+1:Dt+(a*C)Dt - (b"“d)th : (5)

By defining & =(a—c) and § =(b+d), one returns to equation (1), the first-
order difference equation representing the logistic growth model. Conse-
quently, there is a nearly infinite number of values of lower-level parameters
{a and c) and (b and d) that will yield equivalent values of the higher level pa-
rameters, o and 8. Hence, the constancy of sufficient parameters may be giv-
ing statistical pattern to the great evolutionary faunas of the Phanerozoic,
comprised of numerous lower-level taxa with variable rates.

We postulate that the evolutionary cohesion displayed by each of the three
great evolutionary faunas represents similarity of its sufficient parameters,
but any number of dissimilar values of the lower Jevel rates of crigination and
extinction of its constituent taxa. Hence, evolutionary cohesion at the level
ol the three great evolutionary faunas is not evidence of, nor need imply, simi-
lar lower-leve! rates of origination and extinction. These rates may widely dif-
fer, provided their net rates are similar. Similarly, any ecological ot phyloge-
netic relationship among members of an evolutionary fauna may be incidental
ot epiphenomenal. The evolutionary coherency of each of the three great evo-
lationary faunas may simply represent grouping by similar sufficient parame-
ter values, This explanation is hierarchical: evolutionary cohesiveness is de-
fined only at the higher level of sufficient parameters. Taxon-specific rates of
aripination and extinction may offer little msight into the temporal diversifi-
eation pattem of an evolutionary fauna. A wide variely of taxon-specific rates
in possible within the mits of constant sufficient parameters, L.e. within the
nel rale of initial diversification of an evolutionary fauna (&) and its rate of
nepative feedback (8)
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TESTING THE MODEL

THE THREE GREAT EVOLUTIONARY FAUNAS

The proposed hypothesis is that the pattern of global marine diversification
can be described by a discrete time model. The pattern of global marine
diversification we will use as the observed pattern is that of the three preat
evolutionary faunas of the Phanerozoic marine fossil record, statistically
defined at the familial level by Sepkoski (1981). The three great evolutionary
faunas are the Vendian-Cambrian fauna (Fauna 1), the post Cambrian-Paleo-
zoic fauna (Fauna IT}, and the Mesozoic-Cenozoic fauna (Fauna I1I). The sta-
tistical coherency of these faunas was identified using factor analysis. Factor
analysis identifies taxa whose temporal patterns of diversification are similar,
and confirms what is visually apparent

The bewildermg array of clade diagrams of marine taxa (see Figure 1, Sep-
koski, 1981), if simply rearranged, appears less bewildering and more like
three groups with distinctive histories of diversification (cf, Figure 3). Many
of the taxa put into each of the three great evolutionary faunas by factor
analysis, however, are miner, and some groups begin to appear in more than
one fauna (sec Table 1, Sepkoski, 1981). Consequently, we will consider only
those taxa that domninate @ach of the three great evolutionary faunzs (Figure
4}, Fzuna I (actually Factor 1) is comprised of the Trilobita (77%) and “Poly-
chaeta,” which, cumulatively, contribute 83% to this fauna. Fauna IT is dom-
inated by 5 groups: the Articulata, Crinonidea, Ostracoda, Cephalopoda, and
Anthozoa, which cumulatively contribute 86% to this fauna. Fauna III is stm-
ilarly dominated by 5 groups: the Gastropoda, Bivalvia, Osteichthyes, Mala-
costraca, and Echinoidea, which account for 83% of this fauna.

In compiling the temporal patterns of diversification of these three great
evolutionary faunas, we have plotted a comparison compilation of only the
well-preserved or shelly taxa. We refer to this latter compilation as the modi-
fied fauna. The difference between the two is the presence or absence of fos-
sils with low fossilization potential: the modified faunas include only groups
with good fossilization potential {¢f. Raup and Sepkoski, 1982). In Fauna I
{medified), the Polychaeta are removed. In Fauna IiI {modified), the Oste-
ichthyes and Malacostraca are omitted. For Fauna II there is no difference

Figure 3 (facing page). Clade diagrams of marine families within metazoun classes.
Individuat diagrams are from a chart published by Sepkoski (1980), The clude diagrams
are now arranged into three evolutionary faunas, in order of their factor scores for each
fauna (see Table 1, Sepkoski, 1981). Classes that have loadings on more than one lactor
are placed in the fauna for which they have the highesl laclor score

THE MARINE FOSSIL RECORD
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Figure 4. Clade diagrams of marine families within dominant metazoan classes of
each evolutionary fauna, These groups represent 77% to 86% of cach fauna.

between the total compilation and the modified compilation. The known
history of the unmodified and modified evolutionary faunas is shown in
Figures 5 and 6, respectively.

MODEL TESTING

We now want to test the model by quantifying the appropriate parameter val-
ues for each fauna, using the fossil record. The critical parameter « is esti-
mated from the diversity data for each evolutionary fauna only during its
brief initial period of diversification (see following section). Do these actual
parameter vajues produce a pattern that closely replicates the known, ob-
served pattern? There are three possible outcomes to testing the model: (1)
the model may be rejected; the fit between simulated and observed patterns
of diversification is not good. {The mode! obviously could be medified and
retested as well). Or one of two alternative hypotheses, based on the model,
may be rejected: (2) the observed pattern represents internal flucluations of
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Figure 5. Change in diversity or number of families with time for the three great evo-
lutionary faunas, labeled I, II, and III. Data are plofted for 76 stratigraphic stages,
labeled analytical period. Corresponding time in Myr as a function of stratigraphic stages
is plotted on a nonlinear scale for comparison. II1* and III represent evolutionary Fauna
III with and without Osteichthyes, respectively.

an unstable oscillatory system; or (3) the observed pattern represents the di-
versification of a stable system, experiencing external perturbations

To test between these alternative predictions of the same model, one
cannot work to fit the model to the data. Such a method assumes that the
model is correct, and uses the model to solve for the unknowns: the para-
meter values. To test whether or not this mode! adequately describes the
fossil record requires instead that estimates of parameter values be indepen-
dently derived from data. The test lies in examining the fit of the simulated
runs of the model to the observed fossil record, using these restricted values
ol 1he critical parameters. If, for example, the resultant behavior of the model
is chaolic using the independently determined parameter values, but the
observed data are nol chaotic i pattern, then the model is inadequate and
st be rejected. Alternatively, i the simulated data are stable at these
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parameter values, but the observed data display unstable {luctuations, then
the model is again inadequate, and must be rejected (see Wimsatt, 1980)

Secondly, there are alternative patterns within each of these three categorjes
of behavior, If several faunas are initially present and there are no subsequent
mnoveaticns, the faunas may display either a) a fixed pattern of censtant co-
existence, k) a pattern of continuous single fauna dominance and eventual ex-
tinction of all other faunas, or ¢) a pattern of changing dominance and faunal
displacement

The major shortcoming to date of proposed fits of cbserved diversification
patterns to simulated diversification patterns is that parameter values have
not been specified (e.g., Sepkoski, 1978, 1979; Sepkoski and Sheehan, 1983).
Hoffman (1981) alsc pointed out this deficiency when stating that “. . .any
curves describing the course of diversity evolution can he produced by
manipulation of the total origination and extinction rates” This 15 a valid
criticism: any set of data can be fitted by an endiess variety of models, and
possibly by a single model if one s {ree to choose parameter values at will.
Such a procedure is best termed curve-fitting, to be distinguished from
model-testing. One cannot test a model by running simulations until one
arrives at a good {it. The simple exercise of simulating with no attention paid
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Figure 6 Change in diversity or number of families with time for the thiee great cvo-
lutionary faunas (modified). Trilobita comprise Fauna I See text for further discussion.
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to calculation of parameter values appropriate to the system being examined
shows us only a picture book of pessibilities, given a different “run” in evolu-
tionary history. The resultant “fit” represents the possible and not the actual,
to borrow a phrase from Jacob (1982)

Sepkeski and Sheehan (1983) do reveal that the parameter values of r and
D (equivalent ¢ @ and the ratic of a'f) for the three great_evolutionary
faunas have “the qualitative properties that r >r1,>ry and D1< D2< D3 3
These qualitative statements, however, do nct set bounds either on the
medel’s behavior or its numerical solution. The stability behavior of the
model, and hence the simulated patterns, are dependent not only on qualita-
tive relationships between parameter values but directly on the quantitative
values of the critical parameters. Most parameter values lead to simulated pat-
terns of diversification that have no statistical relationship to the pattern or
to the scale of pattern (e.g., see Stanley et al., 1981) observed in the fossil
record. In particular, the dynamical behavior of diversification using the dis-
crete model can dramatically vary depending on the quantitztive values of its
critical parameter, .

In this study, the rate parameters, & and §, are assumed to be time-invariant.
Although it would be a simple matter to model the rates as time-variant, such
an analysis could collapse the modeiing effort from testing, given prescribed
assumptions, to simple curve fitting. The model thereby serves as a strict cri-
terion of subtraction: how much of the observed pattern can be mimicked by
pattern produced by the stringent assumptions of constant rates of net initial
diversification and constant rates of diversity-dependence for cach fauna.

We will quantitatively estimate « for each of the three great evolutionary
faunas, by using their initial rates of diversification. We will first compare the
simulated results of the entire Phanerozoic pattern with the observed fossil
record for the case where there are no perturbations. We will then compare
simulated vs. observed for the same pzrameter values but with the periods of
mass extinction included as perturbaticns. Do these calculated parameter val-
ues result in dynamic patterns of diversifications that closely mimic the ob-
served patterns of the three great evolutionary faunas? If the answer 1s no, the
model must be rejected. Goodness-of-fit fer case 1 provides an estimate of
the significance of inherent or characteristic properties of the faunas repre-
sented solely by the model’s two parameters. Improvement in the goodness-
of-fit betwceen case 1 and case 2 serves as a quantitative estimate of the signifi
cance of perturbation to the observed pattern of Phanerozoic diversification

CALCULATING CRITICAL PARAMETER VALUES

The critical parameler a is estimated from the diversity data for each evo-
ltionay Fom only during its briel nitial period of diversification, or
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continuously increasing diversity. Familial diversity data of marine metazoans
from lower Tommotian to Pleistocene time comprise the diversity data for this
study and were generously provided by Sepkoski (pers. comm., 1981). Time
resolution of these data is predominantly at the stage level; there are 76 inter-
vals of time (see Raup and Sepkoski, 1982). The method of calculating o as-
sumes it to be an exponential growth rate, according to the equation
log, O ) - log, (B )
tx — ty

D represents diversity (number of families, in this case), and t, and t,, repre-
sent different intervals of time. This method of calculating & attempts to best
measure « before the effects of interaction between simultaneously diversify-
ing faunas are felt, and before pericds of mass extinction have ensued. Be-
cause taxa are not diversifying in an ecological and evolutionary vacuum, &
values will he underestimated. Henes, {5._, ) Tor Fauna | oceurs at one-half max-
imum diversity, the maximum durptien of time tor exponential growth. Ty
for Fauna Il extends to the fiese platean in s diversity nse, and ty for Fauna
HI extends to the subsequent plateaw in diversity rise.

To show that the model is robust to the absclute time used for the analyti-
cal interval of discrete time, we have calculated o for two measures of time:
time in stage intervals (the finest temporzl resolution of the data), and time in
Myr intervals. The estimated & values for stage-level intervals of time are
0.852 for Fauna I {or 1.73 if only trilobites are considered for Fauna I},
(1331 for Fauna TI, and 0.115 for Fauna TII. If time is in Myr intervals, then
the estimates of & are 0.131, 0.037, and 0.014 for Faunas I, I, and III, re-
spectively. Because the length of the time step in absolute time can vary for
any given set of simulations, provided there is equivalency in scale for calcula-
ting a, we will first run the model using a stage-level time step. We will then
run the model with a 1 Myr time step.

If faunas were not interacting, then knowledge of @ and maximum diversity
would allow one to solve directly for 87 8 =a/D. But faunas are interacting
in the coupled mode} (see below). 8 values were consequently estimated as a
proportion of 8 if calculated using maximum diversity and decoupled or non-
interactive diversification. The estimates of § that best achieve the maximum
diversity of these simultaneously interacting faunas are 0.6 x 1072 {Fauna I},
0.1 x 107 (Fauna II), and 0.335 x 10°* (Fauna III). Initial D equals one for
each fauna.

(6)

&:

COUPLED vs. DECOUPLED MODE

The discrete time medel can be implemented as either a coupled or o
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Figure 7. Simulated paltern of diversification of uncoupled madel, il iirating lack of
correspondsnce between observed diversificalian partern and a modzl of independent or
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decoupled model of diversification: faunas can be either diversity-dependent
and interactive, or diversity-independent and noninteractive. We have been
assuming a coupled model. We can, however, test which mode of the modei is
more appropriate. The simplest implementation of the model assumes no
interactions between faunas. Diversity-independent diversification treats each
launa separately by specifying that the negative feedback parameter (ﬁDz) is
intrafaunal rather than inter- as well as intra-faunal, The cutput of the de-
coupled simulation, inputting the same parameter values for the three great
evolutivnary faunas as caleulated for the subsequent coupled simulation, is
shown in Figure 7 As is obvious, the simulated pattern does not resemble the
actual pattern: The decoupled o1 diversity-independent form of ths model of
diversitication can be aeiected. We now construct the model specifying
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interactive diversity-dependent diversification by allowing all faunas to inter-
act through the thterm (see Sepkoski, 1978, 1979}, and test the appropriate-
ness of this coupled discrete model for replicating the observed pattern of
global marine diversification.

GENLERAL BEHAVIOR OF THE COUPLED MODEL

The coupled discrete model of diversification describes the process of diversi-
fication as resulting from differential rates of origination-extinction, and dif-
ferential diversity-dependent feedback with simultaneously diversifying taxa.
Decline of a fauna does not allow expansion of a subsequent fauna (faunal re-
placement) so much as expansion of a fauna forces the decline of a previously
diverse fauna (faunal displacement)

Because the interaction term isincorporated in the diversity-dependent neg-
ative feedback term (ﬁth) where D represents the combined diversity of all
taxa, the greater the quantitative value of § for a given group the more rapid
will be that group’s displacement. Linear stability analysis (e.g., May, 1974)
shows that displacement is predictable: 2 taxon or fauna with a higher a8 ra-
tio will displace faunas with lower ratio values. Faunas may indefinitely coex-
ist only if all ratios of @:f are identical. The persistence of a new fauna is de-
pendent on its relative @:f ratio. The more closely this ratic matches that of
the most diverse fauna, the longer the persistence time before displacement.

Such a mode! of diversification acts only in an analegous manner with the
classic Lotka-Voelterra equations of competitive interaction between species,
in that the ratio of «:f8 for each fauna affects the potential maximum diver-
sity for all other faunas, In a similar manner, the competition coefficients are
constants describing the negative effect of cach species on the potential maxi-
mum population size of other species.

If two taxa have equal @ values (equal initial rates of divergence between
origination and extinction), then that taxon with the smalier 8 value will dis-
place the other fauna, resulting in faunal turncver, If two taxa have equal B
values, then it follows that the taxon with the greater a value wili be the dis-
placer taxon during faunal turnover. If a fauna has both the highest @ and the
lowest B value, this fauna will persistently dominate and there will be no long-
term establishment of other faunas. Only the trade-off between o and 8 values
between faunas allows for faunal turnover.

To what extent does rate of faunal turnover depend on the rate of diversifi-
cation of a subsequent fauna? Both time to faunal turnover and time to faun-
al extinction depend on the absolute difference hetween o and 3 values for
each fauna. If § values are equal, then both time to faunal turnover and time
to faunal extinction increase with decreasing differences in a hetween (wo
faunas. If & values ere constant ameng interacting faunas, then tinme o Fenal

NONEQUILIBRIUM DIVERSIFICATION 297

turnover and time to faunal extinction decrease with decreasing § differences,
A decrease in « of the displacing fauna will increase the time to faunal turn-
over and extinction time of the displaced fauna, whereas a decrease in the B
value of the displacing fauna decreases time to turnover and extinction

EFFECT OF MULTIPLE FAUNAS

How are the dynamics of multiple faunas different from the dynamics of
single faunas? In our eariier study (Carr and Kitchell, 1980), we were con-
cerned only with the dynanics of total diversity. We are now concerned with
the dynamics of individua) faunas diversifying interactively. How does the
behavior of the model change when multiple faunas diversity simultaneously?
We will show that the simple addition of faunas, by increasing the quantita-
tive sum of a, drives the system closer to instability. When taxa diversify
interactively, the a values are additive. Consequently, the conditions neces-
sary to generate unstable behavior are more easily attained in multiple fauna
mathematical systems.

The coupling of multiple faunas can cause the model to move through the
progression of behaviors from stable to unstable to chaotie. due not to an in-
creasing « value for any single fauna, but by summation of total ¢ for the 8YS-
tem. An example is provided in Figure 8, where each fauna has the same tine-
constant & value of 1.0. As the system proceeds from a single fauna to adding
a second faune, to incorporating a third, and finally a fourth fauna, the be-
havior of ezch fauna dramatically changes, from simple logistic increase in di-
versity over time (Figure 8A), to damping oscillations (Figure 8B), to appar-
ent disorder (Figure 8C), and rapid extinctien (Figure 8D), as an oscillation
drives through zero diversity

If @ values are additive, then the coupling of faunas places more severe
limits on rates of diversification per faunz if the system is not to cross into
stability ficlds of unstable behavior, Because we are dealing with three svolu-
tionary faunas, we would predict a priori that the system may manifest un-
sluble behavior. Even if each fauna would display stable behavior if indepen-
dently diversifying, it is increasingly likely to display less stable behavior as
additional faunas are coupled

TEST OF THE MODEL: NO PERTURBATIONS

By inputting the estimated values of o, and iterating over stages of evolution-
ary time, the simulated outpul mimics the essential features of the observed

pattern al fixed § values (Figure 9, upper lefl panel). Fauna I is initially
sueeessiul, achieving highest diversily at low lotal diversities, and is then dis-
placed by Fauna T which dominates o intermediate tolal diversities In the
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absence of any perturbations, Fauna IT is subsequently displaced by Fauna
IIT, which will achieve maximum diversity at high total diversities,

The entire behavior of the system is stable. The single exception is when
only trilobites comprise Fauna 1. The relatively high « value of trilobites now
produces an overshoot of maximum diversity, resulting in a short-lived pat-
tern of convergent oscillation

With no perturbations, the correlation coefficient between the observed
pattern of diversification {unmodified) and the simulated pattern is 0.72 for
Fauna I, 0.79 for Fauna II, and 0.87 for Fauna II1. Major differences between
simulated and ohserved are that the modelled initial diversification of Faunas
IT and I rises too rapidly and, at faunal turnover between Faunas IT and III,
modelled Fauna 10T has a higher diversity,

TEST CI' MODEL: WITH PERTURBATIONS

We first want quantitatively to assess the effect of major perturbations on di-
versification patterns. We will show that addition of the six mass extinction
episodes as perturbations produces a simulated pattern that remarkably repli-
cates the observed pattern. More importantly, we will show that faunal turn-
over is not dependent on perturbations, whose major role has been te main-
tain the system at nonequilibrium throughout the entire time corresponding
to the Phanerozoic.

Background extinction operates continuously throughout all iterations of
the model. 1t is represented by the two lowerlevel parameters of the total ex-
tinction rate equation, {¢+d), that comprise part of both the higher-level pa-
rameters, @ and . Mass extinction episodes represent brief periods of time
when the frequency of extinction is suddenly accelerated. Raup and Sepkoski
(1982) 1denufied four mass extinction periods—the Ashgillian, Guadalupian,
Dzhulfian, and Maastrichtian—as statistically distinct {rom backgreund ex-
tmetion at the 99% level. The Norian extinction event is significantly distinct
at the 95% level, The Late Devenian (Frasnian) event js also unusually high,
and will be included as a2 mass extinction event. The action of any perturba-
tion in these simulations is limited to one time iteration or & stage duration
of absolute time. because each of the mass extinctions occurred within a
single stratigraphic stage (Raup and Sepkoski, 1982). The degree of perturba-
tion associated with each period of mass extinction per fauna as a % decline
in diversity during a single stage interval of time is given in Table 1. The per-
turbation algorithm for each evolutionary fauna is simply D, 4 ; = Dy (1—frac-
tional faunal decline}.

These simulations even more satisfactorily replicate the observed pattern of
diversity change over Phanerozoic time (Figure 9, upper niiddle panel). The
correlation coefficient or goodness-ol-{1 (ising least-squares linear regression)
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Table 1. Relative diversity declines for each evolutionary fauna
(unmedified) and each stage of a mass extinction event

2 J’.'L'..'.l.-'.'-' e .‘EJ_I.;I' Fauni f Fanie I Favna A

Ashgillian 3445 % 2%
Frasnian ~19%: -16%
{Givetian-Famennian)

Guadalupian 8% -52% 1%
Dzhulfian -4% -14%

Norian -44%

Maastrichtian -14% 8%

between the simulated numerical solution of the model and the observed pat-
tern is (.92 for both Fauna II and Fauna III (Figure 10). The major times of
poor correlation for Fauna III are not the times when perturbatiens are ac-
tive, but the first six and the last six time intervals (pull of the Recent; Raup,
1972y when predicted diversity exceeds and falls short of the observed diver-
sity, respectively. Addition of the perturbations to the simulaticn explains
20% more of the pattern of Fauna If in comparison with the simulation with
no perfurbations. The fit 15 unchanged for Fauna [ {0.72) because its simu-
lated history chiefly precedes the timing of the firsl perturbation. The two
most significant effects of perturbations are that (1) the timing of faunal
turnover between Faunas I and ITT 1s accelerated to the stage interval corre-
sponding to the Dzhulfian, and (2) the overall pattern of Fauna I1 during the
time interval corresponding to the Paleozoic is flattened.

Fauna I displays a relatively level diversity curve during its period of domi-
nance during the Paleozoic, This flatness has previously been interpreted as
evidence of an equilibrium diversity {e.g., Sepkoski, 1978, 1979, and num-
erous references to this study, e.g., Gould, 1980). The simulations, with vs
without perturbations, suggest that an apparent equilibrium may be related to
perturbations. Both the rate of rise and the rate of descent of the diversity
curve may be slowed down by perturbations, giving the curve a more pro-
nounced appearance of steady-state diversity. The apparent stability in
diversity during the Paleozoic may represent a flattening of diversity resulting
from closely spaced perturbations and the coincident timing of the pertur-
bations across the humped portion of Fauna IPs diversity curve. Hence, the
apparent Paleozeic equilibrium in diversity may more properly represent a
prelonged nencauilibrium diversity. Tronically. if small perturbations are
frequent enough, their effect 15 to so slow down the rate of faunal dispiace-
ment that the resullant paticzn can be mistaken for stability: prolonged
noneauilibrinm can resemble equilibrinm.
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Figure 10. Plot of observed diversity [rom fossil record versus simulated diversity
with mass extinctlion perturbations, for Faunas Il and 11

To show that the analysis is robust with respect to time interval, we also
tested the numerical solution of the model when w is calculated as a rate per
Myr, and the time step of the iteration is 1 Myr, The observed patiern of di-
versification of the three evolutionary faunas and the simulated pattern, plot-
ted over the same time scale of 570 Myr, closely agree. The geodnass-of-fit,
determined by linear correlation between cbhserved and predicted including
the mass extinction perturbations, is now 0.79 for Fauna 1I and 0.83 for
Fauna 111, or 0.91 for Fauna ITI, modified. Simulated Fauna I, however, is
now too rapidly displaced, and the correlation coetficient is only 0.45.

PERTURBATIONS AND FAUNAL TURNOVER

We now want fo test the hypothesis that perturbations have played a signifi-
cant causal role in faunal turnover. It has been suggested that perturbations
(abrupt declines in diversity) during major mass extinction episodes account
for the taxonomic turnover observed during these extinction events. Examples
include the replacement of the great evolutionary fauna II by ITT during the
terminal Permian event (see Sepkoski and Sheehan, 1983}, and the replace-
ment of brachiopeds by clams during the terminal Permian event (see Gould
and Calloway, 1920), An alternative possibility is that the timing of the ter-
minal Permian extinction event may have coincided with the timing of a
faunal turnover event. To assess the potential rele of perturbations in faunal
turnover events, a series of simultations were run in which the timing, magni-
tude, and differential effect of perturbations were varied.

The Permian event hzs been called “the pivotai eveni™ that “destroyed the
Paleozoic stability and ushered in the Mesczaic-Cenoroic divc:sil'iczlllun”‘
(Sepkoski and Sheehan, 1983), We will test Lhis prediction by asking, What il
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the Permian event is completely eliminated from the diversification process?
The results cbtained after eliminating both the Dzhulfian and Guadalupian
extinctions are shown in Figure 9 (upper right pancl). The overall effect is
surprisingly minor, given the magnitude of this extinction episode. Faunal
turnover still occurs: Fauna III displaces Fauna II. Only the timing of the
turnover event is delayed, and even the delay is moderate (9% of total time).
Hence, deletion of even the terminal Permian crisis, quantitatively the most
severe perturbation, has a nonsignificant effect on faunal turnover.

What would happen to the patterns of diversification of the three evolu-
tionary faunas if all perturbations were equal in magnitude for each period of
mass extinction and for cach fauna? The mean decline in diversity for all mass
extinction events on all faunas 1s 12%. Using this value for sach perturbation,
the major simulated patterns are generally unchanged. The dominant effect of
equal perturbations is a delay in the timing of faunal turnover between Fau-
nas IT and I (Figure S, lower left panel). Time to displacement is now sub-
stantially prolonged, from iteration (Le., stage) 34 to 64.

What is the effect on diversification patterns if the mass extinction pertur-
bations are run in reverse order? The terminal Permian sven: now happens
first within the Paleozoic sequence of mass extinctions, and the terminal
Cretaceous event now occurs first within the Mesozoic-Cenozoic sequence.
The simulated pattern is obviously changed in detail, but again the major
pattern persists (Figure 9. lower middle panel). Moreover, [aunal turnover
between Faunas IT and 111 is unchanged: the time of turnover is at the same
time us when the perturbations are in correct sequence

Finally, the differential effects of the cbserved perturbalions on each of the
three evolutionary [aunas was switched so that Fauna II experienced the rela-
tively minor diversity declines actually experienced by Fazuna III, whereas
Fauna 111 expericnced the more substantial diversity declines actuzally experi-
enced by Fauna II. Time to faunal turnover is now significantly delayed (Fig-
ure 9, lower right panel). However, it is highly improbable that two of the
above possibilities—reversal of the differential effect of perturbations or equal
diversity responses among faunas—would occur. The phase plane plots of Fau-
nas I, II, and HI illustrate that an equal perturbation (e.g., from Dp te ]5) will
affect each fauna differentially (Figure 11). Fauna I has the most steeply
humped phase curve due to its high o parameter value. Fauna ITI has the least
steeply humped phase curve. The arrows outlining the time paths of diversity
response to a fixed perturbation illustrate that the effect will be largest for
Fauna I, intermediate for Fauna I1, and least severe for Fauna III This predic-
tion matches the observed: the same mass extinction event produces differen-
lial diversity responses in this order among the three evolutionary faunas.

Insummary, the tming, magnitude, and differential effect of perturba-
tions generally proleng the tine 1o Faenai turnover. In all cases, however, Lhe
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eventual outcome was not altered: Fauna 1T displaces Fauna 1, and is in turn
displaced by Fauna IIL. By prolonging the evolutiona.ry persmtence of a subse%
quently displaced fauna, perturbations thereby maintain the mnteractions 0
diversifying faunas at nonequilibrium. Perturbations rarely change_ the basic
pattern of diversification (see also Sepkoski, 1980). Tim%ng, magmtu.d.e, -and
differential effect of perturbations determine the detailed nonequilibrium
pattern of diversification, but have no effect on its final solution.

DISCUSSION

Our analysis of Phanerozoic merine diversification patterns indicates thfit di-
versity may have remained in continual nonequilibrium rather than achieved
early equilibrium. Nonequilibrium has been prolonged by faunal displacemient
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dynamics and disruption. Future evolutionary innovations {a fourth evolu-
tionary fauna?) or continued perturbations are shown 1o be adequate to
maintain the system at continual nonequilibrium. Mass extinction pertur-
bations are shown to represent extrinsic perturbations to a stable system
at nonequilibrium, and not oscillations of an unstable or chaotic system.
A similar result has been found for growth rates of natural populations
{e.g., Hassel et al., 1976, Mueller and Avals, 1951 it has been sugpested
that instability due to high rates of population growth may represent o
selective force that keeps parameter wvalues low and such systems stable
[Thomas et al., 19807).

The medel of diversification quantitatively describes the time trajectory
of each evolutionary fauna, a complex product of charzcteristic parameter
values, interaction with simultaneously diversifying faunas, and differential
responses to perturbations, Because perturbations have differential rather
than equivalent effects on each fauna, perturbations do not simply “reset”
conditions but change conditions. Perturbations act principally on the rate
of faunal displacement. Although Sepkoski and Sheehan (1983) have postu-
lated that “incorporation of time-specific perturbations into the model
accounts for. . .the taxonomic turnover associated with mejor extinction
events,” this study demonstrates that mass extinction perturbations do not
cause (ie., “account for’) taxonomic turnover. Taxonomic turnover is
generally delayed by perturbations, rather than precipitated by them.

Our analysis emphasizes cohesive evolutionary (i.e.. speciation and ex-
tinction rate) characteristics, rather than cohesive ecological character-
istics. Fauna I can be typified as a “hedonist™ evolutionary fauna: it has
the highest rate of initial diversification and the highest degree of diversity-
dependent negative feedback. Fauna 1 is also most likely 1o displiy oseil:
latory overshoots. It is most sensitive Lo increasing levels of diversity (high-
est f§ value) and to perturbations {mis stegply humped phase curve. o
highest @ value). “Hedonist” characteristics may be related to a high ten-
dency to isolate.

By contrast, Fauna Il can be characterized as evolutionarily “‘stoic.” It
has the lowest rate of net diversification (least humped phase curve) and
lowest rate of negative feedback Consequently, it is least sensitive to increas-
ing levels of diversity and to perturbations. “Stoic” characteristics may be
associated, for some taxa, with a low tendency to isolate.

Displacement, of course, does not infer adaptive “superiority” of the dis-
placing fauna with respect to the displaced fauna. Instead, the displacer is
superior only in the sense that its realized diversity—curing a particular period
ol evolulionary time—is higher. Since total diversity changes over time, dis-
placement dynamics ensue,

The consequence ol Fans [ dispiacing Fauna I, and Fauna 11 subsequently
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displacing Fauna 11, s that both aand B valuesoverevolutionary time have pro
portionalely decreased, Hence uverallstability of the system to perturbalions
s predicted to nve increased. Suel 4 gonclusion is consstent with the empir-
ically uhgerved decrease in extinction rate over Plhipneraeate tne (Raup and
Sepkoski, 1982, Van Valen, 1984 Kitchell and Peny, 1984). In mindeling the
three evolutlonary founas, both aand { hawe proportionotely decreased, mean-
ing that both the total origination rate and total extinction rate curves have
decreased in slope, or that only the total extinction rate curve has decreased.
Fither casc results in a less steep phase curve and the intersection of these rate
curves (where D, =D, = D) at progressively higher total diversity values.
The overall result is increased diversity and increasing stability.

SUMMARY

Wa have formulated and tested a deductive model of diversification, using dis-
crete mathematics, and satisfactorily recreated the Phanerozoic pattern ol
marine diversification, The model's assumptions regarding nonlinearity, diver-
sity-dependent feedback, and nonequilibrium are quite simple. The analysis
demonstrates the potential of interactive diversification to mimic the known
record of faunal turnover. Moreover, perturbaticns combined with evolution-
ary innovalions and turnover maintained the system at nenequilibrium
throughout the entire Phanerozoic,

Although the model is admittedly simplified, its complex dynamics,
which include apparent randomness, cause one to wonder at what complexity
of behaviors would be manifested by more realistic models, models that in-
clude environmental change or evolving rather than constant rate sufficient
parameters (see Wimsatt, 1980). Whereas other paleobiologists have warned
against (he tendency to see determinism in pattern when there may be none,
we also have shown that one must be on guard against the tendency to assumne
that deterministic processes generate only crderly patterns. We have provided
a measure of subtraction for simple, complex, and chaotic patterns of diversi-
fication that can result from a single model of diversification, but different
values for the critical parameter, c. However, to show that the Phanerozoic
pattern of diversification can be fit by a deterministic (logistic) model is not
to say that the causal mechanisms of diversification are determined by these
simple rules. Such an analysis simply says that the pattern does not require an
interpretation based on an assumption of randomness The model, moreover,
does not address which species within a fauna persist and which go extinct.
This question requires a differcnt level of analysis, associated with the pa-
limpsest of patterns at different tuxonomic levels. Al the species level, pat-
terns may be quite different, and may require a diflerent madel

NONEQUILIBRIUM DIVERSIFICATION 307
ACKNOWLEDGMENTS

We are indebted to Jack Sepkoski for generously providing unpublished data
We. thank Antoni Hoffman and Jack Sepkoski for their reviews of this manu-.
s?npt. We express our gratitude to Fames Valentine for organizing the sympo-
sium (June 1982) and this symposium volume. We thank Stephen Hewett {or
writing 2 Pascal program to implement our moedel. J.A K. was supported b

NSF grant DEB-8109914. Manuscript submitted August 9, 1987, ’

REFERENCES

Allen, P, M., 1976, Evolution i i 1
] ? . propulation dynamics and stabil : 3
Sci. USA. 73:665-668. rebEm A Acd

Anderson,s . and Anderson, C. 8., 1975. Three Monte Carlo models of faunal
evolution. Am. Mus. Novit. (2563), 6
Barnett, V. )., 1962. The Monte Carlo scluti i
- V. D, 2. N tion ol a competing speci -
lem. Biometrics 18:76-103. ’ o rpesien prob
gartlcr;t, };w 5., 1960, Stochastic population models. London: Methuen & Co
arr, T. R., and Kitchell, J. A | 1980. Dynamics of t ic di i ‘
At it V<-4 axonomic diversity. Pa-

Caswell, ., 1978. Predator-mediated coexistence: ilibri
R ! e A nonequil
Am. Nat. 112:127-154, aubrium model

DOVBI' Cl. 8_, MOIGCUIﬂr dfl\de A cohes 8] €5 ¢volution -
ar?2 o o) de i 3 a t
g g 9 SIVe 1mode ol spect Na

Feigen‘paum, J.. 1980. Unwersal behavior in non-linear systems. Los Alamos
Science/Summer 4-27
Goulld, S].'J., 1980, G. G Simpson, paleoniology, and the modern synthesis
n t..:lyf, B, at;ld Provine, W. B. (eds.), The evolutionary synthesis per-
spectives on the unification of biclo Cambridge ary
e e gy, Cambridge, Mass.. Harvard
Gould, S: 1., anfl Calloway, C. B., 1980. Clams and brachicpods—ships that
) pass in the night. Palecbhiclogy 6:383-396
(Joulld,fS T, Raup, D. M., Sepkoski, 1. I., Ir., Schopf, T. I. M., and Simber-
off, D. S., 1977. The shape of evolution: A comparison of real and ran-
7 dom clades. Paleobiciogy 3:23-40
(ruck.enhelmer, J., Oster, G. R, and Ipaktchi, A,, 1977. The dynamics of den-
sity-dependent population models, Math, Biol. J, 4:101-147.
Huss§ll, .M., Lathn, I.,and May, R. M., 1976. Pattern of dynamical behavior
in single-species populations. Anim, Ecol. T, 45:471-4%6.
[Tol I’n‘mn, A, ].981 Stochastic versus deterministic approach to palecntology:
(ihu guestion of scaling or metaphysics? N. Jb. Geol. Palaont. Abh. 167:
HO-96 ‘ . . -

Hofstadter 13 R, 1981 Metamagical themas, Sci. Amer 245 (5):22-43



308 KITCHELL AND CARR

Hutchinson, G, E., 1978, An introduction to population ecology. New Haven,
Conn.: Yale Univ. Press, 260

Jacob, F., 1982, The possibie and the actual. Seattle, Wash.: Univ. of Wash-
ington Press, 96.

Jantsch, £, 1980. The self-organizing universe. New York: Pergamon Press.

Kitchell, J. A, and Pena, D., 1984. Periodicity of extinctions in the geologic
past: Deterministic versus stochastic explanations Science 226:689-692.

Levins, R., 1966. The strategy of model building in population biolegy, Am.
Sci. 54:421-431,

Levins, R., 1979, Coexistence in a variable environment, Am. Nat. 114:765-
783.

Li, T.-Y., and Yorke, J. A, 1975, Period three implies chaos. Am. Math.
Monthly 82:985-9912,

Mackey, M. C., and Glass, L., 1977 Oscillation and chaos in physiclogical
control systems. Science 197:287-289

May, R. M., 1974, Biological populations with nonoverlapping generations:
stable points, stable cycles, and chacs, Science 186:645-647.

May, R. M. 1975. Biological populations obeying difference equations: stable
points, stable cycles, and chaos, Theor, Biol 1. 51:511-524,

May, R. M., 1976. Simple mathematical models with very complicated dy-
namics. Nature 261:459-467.

May, R. M., 1979, The structure and dynamics of ecological communities, In
Anderson, R. M., Turner, B. D., and Tayler, L. R. (eds.), Population dy-
namics, Oxford: Blackwell Scientific Publications, 385-407

May, R. M., and Oster, G. F., 1976, Bifurcations and dynamic complexity in
simple ecological models. Am. Nat. 110:573-599.

Mueller, L. D., and Avyala, F. I., 1981. Dynamics of a single-species popula-
tion growth: Stability or chaos? Ecolegy 62:1148-1154,

Nicolis, G., and Prigogine, I, 1977. Self-organization in nonequilibrium sys
tems. From dissipative structures to order through fluctuations. New
York: John Wiley & Sons.

Pielou, E. C., 1977. Mathematical ecology. New York: John Wiley & Sons.

Pounder, J. R., and Rogers, T. D., 1980, The geometry of chaos: Dynamics of
a nonlinear second-order difference equation. Math. Biol, Bull. 42:
551-597,

Prigogine, 1., Allen, P, M., and Herman, R, 1977. Long term trends and the
evolution of complexity. In Laszlo, E., and Bierman, J. {(eds.), Goalsin a
global community, New York: Pergamon Press, 1-63.

Prigogine, 1., Nicolis, G., and Babloyantz, A., 1972. Thermodynamics of evo-
lution. I, II. Phys. Today 25(11):23-28,(12):38-44,

Raup, D. M., 1972, Taxonomic diversity during the Phanerozoic., Science
177:1065-1071,

Raup, D. M., 1977a Probabilistic modeis in evclutionary palcobiology. Am.
Sci. 65:50-57

Raup, D. M., 1977b. Stochastic models in evolutionary paleontology. In Hal-
lam, A. (ed.), Patterns of evolution, New York: Elsevier, 50-78

NONEQUILIBRIUM DIVERSIFICATION 309

Raup, D. M., 1981. Extinctien: Bad genes or bad luck? Acta Geol. Hispanica
16:25-33.

Raup, D. M., and Gould, S, J., 1974. Stochastic simulation and evolution of
morphology —towards a nomothetic paleontology. Syst. Zool. 23:305-322.

Raup, D. M, Gould, S. I., Schoptf, T. I. M., and Simberloff, D. S., 1973. Sto-
chastic models of phylogeny and the evolution of diversity. J. Geol. 81:
525-542,

Raup, D. M., and Sepkoski, J. I., Jr.,, 1982, Mass extinctions in the manne
fossil record. Science 215:1501-1502.

Roughgarden, J., 1979 Thecry of population genetics and evelutionary ecol-
ogy: An introduction. New York: MacMillan Publ. Co,, 634.

Schopf, T. 1. M., 1979. Evolving paleontological views on deterministic and
stochastic approaches. Paleobiology 5:337-352.

Sepkoski, 1, T, Ir., 1978 A kinetic model of Phanerozoic taxonomic diver-
sity, I Analysis of marine orders. Palecbiology 5:337-352

Sepkoski, J. I, Jr., 1975. A kinetic model of Phanerozoic taxonomic diver-
sity. II. Early Phanerozoic families and multiple equilibria. Paleobiology
5:222-251.

Sepkoski, J. 1., Tr., 1980. Evolution of taxcnomic diversity in the oceans
Unpubl. ms.

Sepkoski, J. I, Jr., 1980. The three great evolutionary faunas of the Phanero-
zoic marine fossil record. Geol. Soc, Amer. Ann. Meeting: 5320 (abst.).
Sepkoski, 1. I., Jr., 1981. A factor analytic description of the Phanerozoic

marine fossil record. Paleobiology 7:36-53.

Sepkoski, J. 1., Jr., and Shechan, P. M., 1983, Diversification, faunal change,
and community replacement during the Ordovician radiations. In Tevesz,
M. J. S., and McCall, P. L. (eds.), Biotic interactions in recent and fossil
benthic communities, New York: Plenum Press (in press).

Smitk, R, H., and Mead, R., 1980. The dynamics of discrete-time stochastic
models of population growth Theor. Biol, 1. 86:607-627.

Sparrow, C., 1980. Bifurcations and chaotic behavior in simple feedback sys-
tems. Theor. Biol. . 83:93-105,

Stanley, S. M., Signor, P. W_, 111, Lidgard, 5., and Karr, A. F., 1981. Natural
clades differ from “‘random” clades: Simulations and analyses. Palecbiol-
ogy 7:115-127.

Thomas, W. R., Pomerantz, M, J., and Gilpin, M. E., 1980. Chaos, asymmetric
growth, and group selection for dynamical stability. Ecology 61:1312-
1320.

Vandermeer, J., 1981, Elementary mathematical ecolegy. New York: Iohn
Wiley and Sons, 294.

Van Valen, L., 1984. A resetting of Phanerozoic community evolution. Nature
307:50-52.

Wimsatt, C., 1980 Randomness and perceived-randomness in evolutionary
hiology. Synthese 43:287-329.



Chapter 9

DIVERSIFICATION FUNCTIONS
AND THE RATE OF TAXOCNOMIC EVOLUTION

TIMOTHY DANE WALKER

Department of Geological Sciences, University of California, Santa Barbara

INTRODUCTION

Certain data of taxonomic turnover are analogous to data of population
biology; for example, first and last occurrences of taxa correspond to births
and deaths, respectively, of individuals in a population. This has proven 1o be
an important analogy because there is a well-developed mathematical theory
of population ecology (see Pielou, 1977; May, 1981), which includes models
of the growth of populations and their interactions with populatiens of other
species. From a formal viewpoint, the analogy indicates that many of the ana-
lytical strategies, models and methods which have already been developed for
population biclogy are at least potentially applicable to the data of taxo-
nomic turnover. But from 2 biological point of view, the analogy between
populations composed of individuals and ecosystems composed of species is
very imperfect. This necessitates an increasing conceptual independence and
sophistication in paleobiological models; and indeed this is what we have wit-
nessed in the last few years.

Two elementary population growth models—the exponential and logistic
equations—have been proposed as models of taxonomic diversification in
adaptive radiations. Following a critical discussion of these two models and
Iheir uses by previcus workers, I shall give an outline of some new mathemat-
ical models of diversification in adaptive radiations. One of the conclusions to
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be drawn from this analysis is that if diversification is modeled as a process
sui generis, the predicted patterns do not conform to those predicted by
analogy to simple population growth models. Not only is this exactly what
we expect, given the imperfection of the analegy, but it also allows us to en-
vision a test of alternative hypotheses

Every distinct diversification model entails a different method of calculat-
ing the intrinsic rate of diversification. Therefore, the discussion of diversifi-
cation models must often lead us to consider one of the perenrial themes of
paleobiology: the rate of taxonomic evolution. There are several ways of mea-
suring this rate (not ali of which will be mentioned here), and it is a matter of
great theoretical interest to know whether any of these is meaningful in terms
of evoluticnary processes. The analysis of diversification models can help to
elucidate these processes, and therefore to see how the rate of taxonomic evo-
luticn should be measured.

If patterns predicted by a diversification mode! are reflected in the fossil
record, this would suggest a correspondence between the medel process and
the natural process which created that recerd. This kind of inference is valid
only if the models are realistic; therefore such models should be hased on de-
fensible propositions about the natural process itself, The models developed
here can further be characterized as general and strategic, as opposed to pre-
cise and tactical (for a discussion of these distinctions see May, 1974). They
incorporate only those factors which affect adaptive radiations in general, ra-
ther than going into the details of a particular taxonomic group or & particu-
lar span of geological time. Althcugh the models generate quantitative predic-
tions, their range of applicability is restricted by many simplifying assump-
tions which are often nof independently verifiable. Attempts to find enpiri-
cal support for such models can therefore yield only suggestive results; but
this is a degree of testability appropriate to general models.

PREVIOUSLY PROPOSED MODELS

A diversification function is a mathematica! statement of the trajectory of
taxonomic diversification, expressed as the number of taxa as a funciion of
time, or N(t). The concept of a diversification function was introduced 1o pa-
leontology by Zeuner (1946), who originated the device of drawing straight
lines between data points on & graph of numbers of tixa (v-uxis) versus time
{x-axis). This kind of graph. which Zeaner callsd g time-frequency curve, was
soon adopted by paleobiclogists (Simpson, 1952; Newell, 1952} and has since
been widely used (see, for example, papers in Hailam, 1977). The representa-
tion of N(t) by a series of straight lines 1s merely a convention, and its use
clearly does not imply the beliel that N(t) is really a lincar function or o
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series of linear functions. Commonly used methods of calculating the rate of
taxonomic evolution as the slope of the time-frequency curve are, similarly,
noninterpretive summary statistics

By contrast, the logistic and exponential models appear to be based on
sound biological theory and to reveal the objective attributes of monophy-
letic groups of taxa, The analogy between diversification and population
growth has been suggested many times (for example: Yule, 1924; Zeuner,
1946, Small, 1950; Cailleux, 1950, 1954; Cisne, 1971; Stanley, 1973, 1974).
The usefulness of these diversification medels was perceived by Stanlev
(1975, 1979), who showed that the vaiue of the Malthusian parameter, if
it could be estimated, might be a measure of the intrinsic ability of a clade to
diversify. Stanley used the simple (undamped) exponential growth equation
to specify a method of measuring this parameter (symbolized here by the
letter “r’) and used calculated r values as a basis for comparing 4 variety of
taxonomic groups. The calculaticn of r values has since become a growth in-
dustry in paleobiology because of the comparative framework erected by
Stanley (1979) and also because realistic r values are required as parameters
for mathematical and simulation models (see, for example, Walker and Val-
entine, 1984).

Stanley’s method is an important contribution, and his analysis sufficed to
bear the weight of his conclusions. However, when we wish to use r values for
other than comparative purposes, we must be concerned with the accuracy of
individual 1 values. An important bias is introduced by Stanley’s exclusive use
of the simple exponential model. As Stanley recognized, “‘there must be a
general tendency for caleulated values of [r] to represent underestimates of
exponential rates, because some radiations will have followed distinctly sig-
mmoid paths during the interval evaluated...” (1979) For those radiations
which do follow & sigmoid path, the appropriate diversification function is
the damped exponential, or logistic, equation. In this section I will develop an
approach to the determination cof r which takes account of the possibility
that the course of a radiation may be best described by either of these previ-
ously proposed diversification functions. The simple exponential equation is a
special casc of the logistic; I will consider the more general case first.

The logistic model states that the rate of change of N is proportional to N,
hut that the rate is damped by diversity dependent factors as N approaches
some limiting or equilibrium value K. This may be written in the familiar
form

No=sr BN, (1)
where 1. the Malthusian parameter, is the intrinsic rate of diversification. The
equation has a solution, which is the lfamiliar S-shaped curve and which is one
cindidinte o NOO From the solution ol Eqguation 1 we can derive the
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following formula for 1:

= 1 log QG * o8 [ hieh ] @

where “log is the natural logdrlt hm, and N(O) 1s the inztial condition N(t) at
t=0, or the number of species at the start of the radiation, The parameter r
can be computed from any set of coordinates (t,N) on the logistic curve
However, the equation does not work for N> K because the value of N never
reaches K, but only approaches it asymptotically. If Equation 2 is to be used,
we must guess what the legistic curve looks like before we can find any set of
coordinates on it. It is best 1o choocse the largest value of N which makes
Equaticn 2 computable, and this would generally be the value N(t=t")=K-1.
Not only will this give the most accurate estimate, it will simplify Equation 2
to the form

1 K-N{0)
A N0
where (K-1) is dimensionless. If the entire radiation proceeds from a single

ancestral species, then N(0) = 1 and this reduces to
- 2
= log [K-1] . {4)

Although the logistic model is widely thought to be the best model available
to describe adaptive radiaticns, it has never been used to calculate the intrin-
sic rate of increase. Instead it is becoming cusiomary (following Stanley,
1979) to estimate r by using the simple exponential model under the assump-
tion that the clade is still actively radiating. The idea is that if the term N/K
in Equation 1 is small enough, the equation can be simplified to

dN _
T =N (5)
the well-known Malthusian law. The solution N(t) to Equation 5 is an expo-
nential function, N(t) = N(0) exp(rt), and the formula for the rate of increase

18:
r= [ﬁi@% ] (6)

It may be well to emphasize here that the r value of Equation 2 is what we
really want to know. The r values found by using Equation & are directly
comparable to the r values of Equation 2, but only if the “small N/K” as-
sumption is satisfied. If this assumption is net satisfied or (which is more
often the case) we don’t know whether or not it is satisfied, r values from
Equation 6 may be difficult to interpret.

The value of K must be known if we are to make the judgment that N/K is
much smaller than 1. For clades which are stiil actively radiating today, K
cannot be known, and criteria which might allow us to assume that the expo-
nential model still applies would be much mere difficult to estimate than K

]+ﬁ10g[K1] ) (3)
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generally is. Stanley has used Equation 6 to estimate r values for many clades
which he believes are still actively radiating, and has used the latest (Pleisto-
cene or Recent) values for t and N because recent records are usually the
most accurate ones. But if my arguments are accepted, these r values might
best be calculated using values of t and N from earlier in these radiations,
when the “small N/K™ assumption is most likely to hold true. If the clade has
reached its plateau of diversity, then the value of K is known and there is no
reasen to use the expenential model to estimate 1 (it is simply a bad approxi-
mation). In this case, r should be calculated using Equation 2, or by some
other method based on the logistic model.

Figure 1 is a graphic summary of the above points. For a radiation following
a sigmoid path (curve A), the best estimate of 1 is given by the logistic model.
A good estimate of r may be determined by fitting the simple exponential
maodel to the early stage of the radiation, when damping is relatively insignifi-
cant (curve B). But if the radiation follows a sigmoid path, and a simple expo-
nential curve is fitied te the point of maximum diversity (curve C), the true
relationship of the variables is misrepresented by the model, and the estimate
of r will be less than the true value. This error of model misspecification is
what Stanley (1979) recognized as an uncorrected bias in his analysis of evo-
lutionary rates. In order to eliminate this bias, we need to specify the right
model in each individual case.

Il we assume that diversification usually follows a sigmoid path and appears
to be undamped only in its early stages, correct mode! specification may
often be possible. This can be illustrated by examining a ssmple case of an ex-
tinct group of organisms whose paleodiversity history seems to indicate a pat-
tern of sigmoid growth. As an example, we will consider the *Llandoverjan
explosion” of graptolite species at the start of the Silurian. The complex his-
tory of Silurian graptolite diversity is discussed by Rickards (1977). Tt in-
cludes many features which cannot be explained by adaptive radiation mod-
els, but we need not be concerned with these here. This history also includes
two distinct adaptive radiations, the most significant of which occurs in the
lower part of the Llandoverian Series,

Figure 2 is a scatter plot of diversity data {tom the Llandeoverian explosion
and its immediate sequel. Although the initial period of increasing diversity
could be fitted by an exponential curve {or by a straight line. for that mat-
ter), the entire data set 1s better described by a logistic curve. 1 have generated
two possible logistic curves by estimating K directly from the data and calcu-
laling r using Equation 2. The lower curve (Figure 2} is based on the mean
value K=52 {or the apparent equilibrium phase. Variations around this value
do nol appeat to be random. It is possible that there is a discontinuity at ap-
proximately (=3 Myr and that the opper curve, fitled to the first six data
points, best reflects the conditions under which this radiation toek place. For
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Number of species

Time

Figure 1. Hypothetical diversification models for an adaptive radiation. A is a sigmoid
curve; B and C represent a successful and an unsuccessful attempt, respectively, to use
the exponential model to estimate the r value of a radiation which follows curve A,

this curve, K is taken to be 60 species. Values of r for the Liandoverian explo-
sion are 1.28 for the lower curve and 1.82 for the upper curve.

Using this same data set and applying Stanley’s method, Carter and others
(1980) estimated an r value of 0.57, This is comparable to the highest rates
estimated by Stanley (1979). In fact, Stanley’s rates seem to level off around
this value. The r values calculated using the logistic model may level off at a
value two or three times larger than this, as shown by the above example.
Comparing Equations 4 and 6, we see that this is about the order of the dif*
ferences to be expected when these two methods are used for the same data
set. This indicates that the range of realistic r values is much greater than has
been previously suspected.

While this example is highly suggestive of the degree to which previously
published estimates of r are biased, it also demonstrates some of the ambigui-
ties that enter into an analysis of even better-than-average data sets. The Llan-
doverian radiation of graptolites is used here because the data set features high
sampling efficiency and fine-tuned geochronology (see Carter et al., 1980).
However, it has other features which make a clear-cut interpretation difficult.
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Figure 2. The ‘“Llandoverian explosion” of graptolites, T=0 is the start of the
Silurian. Data points are located at the midpoint of each zone. The logistic curves are
computer-generated, using r values calculated from Equation 3 (see text). Upper curve:
N({0y=12, N(3)=59, K=60, r=1.82. Lower curve: N{0)=12, N(4)=51, K=52, 1=
1.28. Data are from Carter et al. {1980)

It is unclear whether there is a diversity plateau beginning at approximately
t=4 Myr and continuing for 6 Myr, or a diversity peak at t =3 Myr followed
by a gradual decline. The difficulty of estimating K accurately is related to
the more general problem of distinguishing the nfluence of intrinsic (diver-
sity dependent) factors from that of exirinsic (diversity independent) factors
in ohserved paleodiversity patterns. If we cannot hope to resolve these, then
rate estimates based on both the simple exponential model and the logistic
model must be demoted from their theoretically meaningful status to the
level of noninterpretive summary statistics. Rather than abandon the model-
ing cffort, we should divide observed paleodiversity patterns among three
classes: (1) those which suggest an equilibrium process, (2) those which sug-
gest undamped diversification suddenly cut off by some extrinsic cause, and
(3} those which do not definitely suggest either of the above. The data shown
in Figure 2 can casily be assigned to the first class. Although much has been
saidl aboul (he inadeguacies of the fossi] record, especially with regard to
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estimating diversity at lower taxonomic levels (see, for example, Raup, 1979},
many paleodiversity data sets are at least good enough to show whether the
exponential or logistic mode] should be used. .

Another problem with the graptolite data set is that it does not define a
clade (which is supggested by the fact that both the logistic and the si{nple ex-
ponential model are equally useless in extrapolating back in time from t_he
Silurian). Ciadistic unity is generally considered to be a condition for calling
an evolutionary event an “adaptive radiation,” but this rule is usually hon-
ored only in the breach. Species contributing to Llandoverian graptolite
diversity bhelong to several clades, some of which (preeminently the Mono-
graptus lineage) were radiating during that time, others of which were in evo-
lutionary decline.

Other data sets do not have these same problems to such a high degree
Some adaptive radiations are kncwn to define clades and do have a more
clearly defined equilibrium phase (for example: Cretaceous planktonic fora-
minifera—see Fisher and Arthur, 1977).

Estimates of r kased on the simple exponential model must often have
been gross underestimates, and the approach illustrated above may be of sub-
stantial help toward the improvement of these estimates. There are other
ways of estimating r from the logistic model, and some of these may also be
useful. It is not necessary to know K before r can be caleulated. A logistic
curve is exactly determined by three points, because the equation for the
curve has only three constants. If the three points are well chosen and the
constants are determined simultaneously, they may define & curve which fits
the data very well (see Reiss et al., 1976). The methods of linear regression
analysis may also be used when the data have been suitably transformed (see
Gilchrist, 1976). These two procedures and the one illustrated above should
be the methods of choice in cases where paleodiversity data are of sufficiently
high resolution.

DISTANCE STRUCTURED MODELS

THE ADAPTIVE MOSAIC MODEL AND ITS IMPLICATIONS

The logistic and exponential models have exponential increase in common—
except that in the logistic equation this increase is modified by a damping
function. The idea of exponentizl increase of species is a scientific theory; it
is always open to a challenge from competing scientific theories and (we
hope) subject to empirical tests. In this case, a competing theory would have
to claim that diversification is not exponential; it would have to say why it is
not, and offer an alternative formulation for N(t)
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The competing theory presented here is based on the work of Valentine
(1980, 1981), whose conceptual model depicts diversification as a process by
which an empty adaptive space is filled up with species. The adaptive space is
a mosaic of adaptive zones divided inte subzones (similar to the idea of Simp-
son, 1944, 1953); it may be thought of as a template for the multidimensional
niche space of Hutchinson (1957). The dimensions of the adaptive space are
defined in much the same way as those of niche space—in terms of spectra of
envirenmental conditions and rescurces. Species can occupy subzones (some-
times called tesserae) in the adaptive space. The mode of speciation is not
impaortant for the model, but since new species must be derived from ances-
tral species, we metaphorically state that a new species can originate only by
“jumping” in a random direction from a pre-existing species. There is a modal
jump size which usually places a new species on a tessera next to its ancestor.
If the new species lands on a tessera already cccupied by another species, the
speciation attempt is a failure; the new species 1s competitively excluded by
the pre-existing species. In Simpson’s {1953) terms, a prospective new species
does not have ecological access 1o tesserae which are already occupied. Speci-
ation attempts and extinctions oceur at stochastically constant rates, but the
success of speciation depends on the openness of the adaptive space—on how
many unoccupied tesserae there are. I will refer to this conceptual model as
the adaptive mosaic model

Adaptive radiations are expected whenever there are large unoccupied re-
gions in the adaptive space; this may occur, for example, following a mass ex-
linction, or an evolutionary breakthrough into a new adaptive zone. A new
species may occasionally originate by a large jump and land in an empty re-
gion to ferm the nucleus of a growing cluster of species. Diversification with-
in this cluster will be rapid, but the probability of successfully giving rise to a
new species is not the same for all species in the cluster. Those closer to the
center will have a harder time finding empty tesserae for their descendants to
occupy than will those on the periphery (Walker, 1982), This supposed con-
dition of unequal ability to have descendants contrasts with the exponential
and logistic models, which assume complete equality of speciation potential
in all members of a clade, This difference distinguishes two general kinds of
diversification models, which are referred to here as structured and unstruc-
tured models respectively.

The new models are developed by analogy to a class of advanced models in
populatien biology. Populations of species in which the females have long re-
productive lives are “age structured.” The reproductive potential of the popu-
latien as a whole is a function of how fertility varies with age and how many
individuals there are in cach age class. Models of such populations are called
age stroctured nedels. The adaptive mosaic model suggests that speciation
potential i a vadiation oo tunciion ol distinee lrong the center of the clade,
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so I will refer to models based on this propertly as distance structured models.

Distance struciured models are justified a priori because of the connections
which they establish between the evolutionary process and the pre-existing
ecological frameweork which we know is there. If nothing else, this is at least
an advance in theoretical cocherence. Unfortunately, structured models are
more difficult to test because they require more assumptions than do unstruc-
tured models, and also because when we specify any particular structure for
the contingencies of speciation in the adaptive space, we describe only a small
subset of the possible structures, These considerations suggest that a proposed
siructure should not only be intuitively reasonable and susceptible to mathe-
matical analysis, but shculd require the smallest possible number of restrictive
assumptions

ASSUMPTIONS AND CONVENTIONS OF
DISTANCE STRUCTURED MODELS

Distance structured models require the following assumptions. All the mem-
bers of the radiation are descended from a single ancestor (this is not an abso-
lute necessity, but it follows from the adaptive mosaic moedel). The medal
jump size is the only important one; relatively large jumps are invisible to the
model, as the descendants land cutside the part of the adaptive space avail-
able to the clade. We further require that the radiating cluster have spherical
symmetry. It is not necessary for the original species to be at the center of
the cluster

Although perfect spherical symmetry is an imprebable cutcome of the
random tessera-filling process described here, it is more probable than any
other configuration. In the absence of interference between clades, there wilf
be a strong tendency for all clades in the adaptive space to assume a spherical
shape. Consideration must be given to factors which might cause departures
from spherical symmetry and the effect of these factors on the predictions of
the model. We must assume that unisotropies and discontinuities in the adap-
tive space (which weuld induce a nonspherical bias in the shape of the clus-
ter) are invisible 1o the model or are weak enough in their effects to allow us
to neglect them. In the absence of information about the “grain” of the adap-
tive space, these are minimal assumptions. We must also consider how sensi-
tive the medel is to departures from spherical symmetry caused by chance
alone, but it will be easier to do this later when we know what the model pre-
dictions are.

In order to analyze the geometry of constraints on speciation within the
adaptive space, we must specify how many dimensions the space has and
how units of distance shall be measured. The number of dimensions will be
different for different versions of the model, but the units ol measurement
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will be the same for all versions. Since these units are arbitrary, we will make
them as convenient as possible. If we make the modal jump size equal to 1
unit of distance, then the mean distance across a tessera is 1 unit: the mean
area of a tessera in 2 dimensions is 12 =1 unit of area (assuming a rectilinear

shape}; the mean volume of a tessera in 3 dimensions is 13=1 unit of vol-
ume, and so on.

THE CIRCUMFERENCE MODEL

To develop a simple distance structured model, we will make two additional
assumptions: that there are no extincticns, and that the adaptive space is un-
bounded and two-dimenstional. Now we can visualize the growing clade as a
solid cluster cn a plane surface, with only the species on the very edge of the
cluster being able to find empty tesserae for their descendant species to oc-
cupy. For our purposes here, the “no extinctions” assumption is not as re-
strictive as it sounds. Random extinctions would have the effect of creating
openings within the cluster, but these empty tesserae would then be lizble to
be filled again, and the proportion of open spaces within the cluster would be
maintained at an equilibrium level (for further details see Walker and Valen-
tine, 1984). Species turnover within the cluster would not contribute to
the increase in N, the total number of species in the cluster,

If we draw two cencentric circles around the edge of the cluster, so as to en-
close the outermost ring of species in an annulus 1 unit wide (Figure 3), we
will have delimited the only species in the cluster which have any speciation
potential. The rate of diversification should be proportional to the number of
species in the annalus. If we can find out how many species there are in the
annulus, we can write a differential equation similar tc Equation 5 and solve
it to find the diversification function.

Because of the way the space is scaled, the number of species mside the an-
nulus is equal to the area of the annulus. This area can be approximated by
the circumference of a circle with a radius interniediate between the radii of
the two circles which define the annulus. Therefore we can write

dN _ o~
T rC=r2nrx (7}

where C is the circumference of the circle described above, and x is its radius
Equution 7 1s referred to here as the circumference model. To make this equa-
lon solvable, il is necessary to obtain x in terms of N, and this can be done
by using the arca formula for a circle, since area and species numbers are mea-
sied in the same units Hence:

N = Aren = 7x?
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Figure 3. A two-dimensional adaptive space divided into tesseras, with a _rad?ating
clade of species. Two circles enclose the outer edge of the clade. Only the species in ithe
annulus (hatched area) have access to empty tesseras for therr descendants

x=(0)% .

It should be clear that this x is the radius of the cuter circle in Figure 3,
and so it is not identical to the x used to calculate the circumference m
Equation 7. However it is a good approximation as long as N is not too_ smfﬂl,
so we do not distinguish between the two x’s iIn our notation. Substituting
x(N) into Equation 7 gives

N = orN% (8)
which can easily be solved for N(t). Using the initial condition N(0)=1i, we
get

N(O = [1+mrt]? (9)

So, the circumference model predicts that N increases as a polynomial of t,

and the model meets the criteria for a scientific theory to compete with the
theory of exponential increase.
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THE CIRCUMFERENCE MODEL IN HIGHER DIMENSIONS

It is possible to extend the circumference model to include radiations in adap-
tive spaces of any dimensionality. Next we will derive N(t) for n=1, 3, 4, and
5 dimensions; this will suffice to demonstrate trends in N(t) with increasing
dimensionality.

Ina3-dimensional adaptive space, N is analogous to the volume of a sphere,
and the number of species which can speciate will be approximated by the
surface area of the sphere. The analysis proceeds exactly as before, giving the
result:

N(O) = [1+(3 ) 1) (10)

In the case of four or more dimensions the problem is no different, although
it is more difficult to visualize. T thank Richard Dodson for showing me that
the calculation of volumes of hyperspheres in n-dimensional space is accom-
plished by integrating the expression

dV=3d(x*)de, d6,.. d6, , (11)

where V is the volume; J is the Jacobian of the transformation from Cartesian
to spherical coordinates, given by Downes (1966) as

T=3%x""%45in"29, sin"%g, .. sinf, o
and x, 6, 6,, .. .0, _, are the vanables of the spherical coordinate system.
Once the equation for V is derived from Equation 11, it is differentiated with
respect to the radins x to give the equation for the surface area of the hyper-
sphere. These equations are then used as before to determine a differential
equation i the form of the circumference model. These differential equa-
tions for all values of n are collectively referred to here as the generalized cir-
cumference model. The solutions (given in Table 1) to these equations for
n=1 to 5 dimensions are all polynomials in t. It is evident that the order of
the polynomial is the same as the dimensionality of the adaptive space.

Each equation for N(t)in Table 1 defines a whole family of curves. We wish
to specify a particular curve from each family so that the various equations
can be compared graphically. Since each particular curve is completely
determined by two points, we can choose comparable curves from different
fumilics by constraining every curve to pass through the same two points. In
this way the five circnference equations and the exponential equation are
comped in Figures 4 and 5.

In Figure 4, every curve is constrained to pass through the two points
N(0}=1 and N(50)=50. N=1 to 50 is chosen as a possible range of the “un-
damped™ phase which will make it possible to distinguish the signal from the
noise in paleodiversity data sets, Given the assumptions of expoenential
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Table 1. Summary of equations compared in Figures 4 and 3.

Exponential equation N{t)=exp(rt)
Circumference equation, n=1 N{t)=1+rt
n=2 N{)={1 +a*'%rt]?

n=3 N(t)=[1+(%)”31r“3rt]3
n=4 N(t):[1+(%)”“w‘”rtl‘

n=s N(t)=[l+(%)”5ﬁ2’5r’t]5

growth, it is reasonable to suppose that diversification would still be {relative-
ly) undamped if there is ultimately room for twice this number of species.
Numerous examples of adaptive radiations achieving diversities of over 100
species are mentioned by Stanley (1979), so it would seem that N=50 repre-
sents a reasonable value to use here. Given the assumptions of the circumfer-
ence model, it is more difficult to specify a reasonable range of values for N.
Diversification is either damped or it is (absolutely) undamped, depending on
local conditions in the adaptive space. However, given the large values of N
attained by some radiating clades, N=50 is not an unreasonable value for un-
damped diversification.

One of the most striking of the patterns shown in Figure 4 is that as n in-
creases, the polynomial N(t) approaches closer in appearance to the exponen-
tial N(t). This means that if the number of dimensions in the adaptive space is
large enough, diversification will always appear to be exponential. The detec-
tion of non-exponential kinetics is favored by faster diversification rates and
larger values of N. This is illustrated by Figure 5, which is constructed in the
same way as Figure 4. These qualities also make it easier to distinguish differ-
ent versions of the circumference equaticn from each other.

From each of the diversification functions in Table 1, a different formula
for calculating 1 can be derived. Values of 1 calculated for the curves in Fig-
ures 4 and 5 are given in Table 2. The r parameter has the same significance
for all the models, so these r values are all intercomparable in theory. Since
r values vary with the number of dimensions assumed in the circumference
model, it matters which of these versions is the correct one if we want an
accurate estimate of 1; but above n=3 the differences between successive
r values become as difficult to detect as the differences in the shapes of the
curves,
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Tabie 2. Values of 1 for equations compared in Figures 4 and 5.

Fig 4: Fig. 5:
NiQ) =1 N{O) =1
— ) _N(5_0}=_50_  N{I19j =844

Exponential equation 0.078 0.35
Circumference equation, n=1 0.98 44.37
n=2 0.069 0.83

n=3 0.033 0.28

n=4 0.022 0.16

n=5 0.017 0.12

THE GENERAL DISTANCE STRUCTURED MODEL

The generalized circumference model provides us with a glimpse of something
different from the overworked exponential equation, but the circumference
mode] involves a number of restrictive assumptions which are not essential to
distance structured models in general. I will now show that it is possible to
drop the “no extinctions™ assumption and the use of a discontinuous distri-
bution of speciation potential, and to place some limits on the ultimate num-
ber of species in a clade. A general distance structured model should allow for
any pattern of species density to develop, as long as it has spherical symme-
try. The general model states that if we take (the number of species at dis-
tance x) times (the rate of speciation minus the rate of extinction at distance

x}, summed up over all values of x, we will have the rate of change of N. In
calculus notaticn:

dN _
S8 60 {al1-DX,H] —b } dx, (12)

where:

G(x,t) = the number of species at distance x at time t
Di(x,t) = the relative density of species at distance x at time t. O<D< 1.
xmax = the limiting size of the clade (its maximum radius)

a = the intrinsic rate of speciation, or r+b

b = the intrinsic rate of extinction, ora—r

Although the solution of Equation 12 is not complete, it can be shown that
the exponential, logistic and circumference (ai least for n=2) models can all
be derived from it under the respective sets of assumptions appropriate to
thewn (Walker, 1984). The prospective solution to Equation 12 will be
a diversification function with limits of applicability similar to those of
the logistic equation,
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GEOLOGICAL TIME (i0Q®yrs)

Figurc 4. Comparison of sclutions to circumference models in 1-, 2-, 3-, and 4-
dimensional adaptive space, and to the exponential equation (bottomn curve). All curves
pass through N(0) =1 and the point N{50} = 50. Sce text for expianation.

TESTING ALTERNATIVE HYPOTHESES

The idea expressed by Stanley (1979) that “speciation is a multiplicative pro-
cess, and adaptive radiation, whatever its cause, is fundamentally a pheno-
menon of geometric or exponential increase™ has been widely received as
heyond question or doubt; but it is as yet unsupported by direct empirical
evidence. Indirect evidence which has been adduced in favor of this model
(for example: Stanley, 1979, Figure 5.2; Stanley and Newman, 1980, Figure
2) can as easily be explained by the circumference medel. It may, however,
be possible to test these alternative hypotheses with direct evidence: a series
of palecdiversity data points from a single adaptive radiation. Here I consider
the problems and requirements of such a test.

Tt will be recalled that the problem of diversification in an adaptive radia-
tion has been rendered susceptible to mathematical analysis at the cost of
considerable simplification. The models discussed here are predictive, bul
whether they are testable is still open to question. Structured models are
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Figure 5. Comparnison of solutions to circumference madels in 1-, 2-, 3-, 4- and 5-
dimensijonal adaptive space, and to the exponential equation (boltom curve). All curves
pass through N{0)=1 and the point N(19)=844, which corresponds to Stanley’s (1979}
estimate for the age and modern diversity of the murid rodent clade.

under a special disadvantage because, in general, predictive power and testa-
bility will vary inversely with the number of restrictive non-verifiable assump-
tions. Whether such assumptions are satisfied in any particular case can only
be inferred from the conformity of model predictions (diversification func-
tions) to paleodiversity data. Since the assumptions are themselves a part of
the model which we are attempting (o test by making such a comparison, this
involves us in a circular form of reasoning which we would rather avoid if we
could. However, any attempt to test diversification medels must begin in this
way. The fit of diversification functions to paleodiversity data may be statis-
Lically tesled by regression analysis (techniques are discussed, for example, by
Weisherg, 1980). The circumference model has the desirable property that it
has only one fitted parameter, r, regardless of the order of the polynomial
N(1). Therefore these functions can be compared with the exponential func-
tien with ro loss of significance due to different degrees of freedom for dif-
lerent models.
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A good data set for these purposes would be a clear example of an adap-
tive radiation; in addition it would have the following properties:

1. Cladistic unity, which is assumed by all models of adaptive radiation.

2. Biogeographic unity, which may be accomplished by considering a radiz-
tion within a particular province and attempting to exclude immigiants
from adjacent provinces, or by considering organisms with an essentially
worldwide distribution such as planktonic foraminifera.

3. Contrel over sampling problems, which can be attempted by cheosing data
sets which do not have obviously severe problems. If a constant proportion
of the taxa that actually existed are found, the form of the diversification
curve will be unchanged. The statistical lack of fit, then, is due to random
deviations from this constant proportion.

4. Confidence in geochronology. Random distortions of the absclute time
scale can be a very serious problem. However, if uncertzinties can be quan-
tified, they may be taken into account by established statistical methods.

5. The clade should rapidly attain a high value of N. This makes the various
diversification functions more easily distinguishable, as discussed above.

6. A sufficient number of data points for a statistical test.

It is probably superfluous to note that data sets cannot be readily found in
the paleontological literature in the desired form. The literature is full of data
collected and tabulated with no particular paleobiological purpose in mind.
Some of these data have been used to exemplify adaptive radiations, but sel-
dom if ever has an attempt been made to satisfy more than a few of the crite-
ria listed here. While the attempt to satisfy all of these criteria by the reduc-
tion of published data is not necessarily hopeless, it is possible that sensitive
tests of alternative diversification functions will be made possible only by
data which are collected for that particular purpose.

DISCUSSION

The circumference model fails to predict exponential increase because the
number of species capable of speciating successfully is not a constant propor-
tion of the total—it is instead a propertion which grows smaller as the radiat-
ing cluster grows larger. This might lead us to suspect that the circumference
mode! is more similar to models of growth by cell proliferation in individuals
than it is to mocdels of population growth, and indeed this is the case.
Richards and Kavanagh (1945) counted “well over 150 different mathe-
matical equations” used to describe organic growth; the number is probuably
much greater today, There are growth equations which have a “family resem-
blance” to the circumference model, but I have been unable to find a previous
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formulation of it. The somewhat similar parabolic medel (in the notation
used here: N=ctK, where ¢,k are fitted constants) was proposed in the 1920s
(see Medawar, 1945) and has been important because of its formal relation to
the allometry equation (see Richards and Kavanagh, 1945). A mode! in some
ways similar to the circumference model was described by Eden (1961} and
has become known as the Eden growth process, Eden considered growth by
simple cell division, with cells regularly located in a two-dimensional lattice,
as a stochastic process. His analysis showed, among other things, that clusters
of cells tend with high prokability to be round and solid. Suggested biological
counterparts were: bacterial and tissue cultures in which cells are constrained
{from moving; the thalli of Prasiolz; and the sea leattuce Ulva (later workers
added tumors to this list). The model was modified by Richardson (1973; see
also Bramson and Griffeath, 1980} to include cell death, without much change
in the conclusions which could ke drawn. The model indicates that once the
cluster exceeds a certain size it will, with high probability, grow at a radially
linear rate. This is alsc a prediction of the circumference model: dx/dt=r for
all n. The probabilistic models make it clear that random departures from
spherical symmetry do not substantially alter this conclusion.

The circumierence model is basically a deterministic formulation of the
Eden growth process. The probabulistic equaticns may seem mere realistic,
but in some ways important for this application they are not neariy so infor-
mative as the circumference equations. By negiecting random factors we have
gained insight inte the behavior of the model at small values of N; we have
discovered a dependence of model behavior on the assumed dimensionality of
the adaptive space, and we have generated quantitative predictions. We hope
that random factors neglected in the model formulation may to some extent
be taken into acceunt in model testing.

The implications of the adaptive mosaic model depend strongly on the num-
ber ol dimensions. The case of diversification in a one-dimensional adaptive
space 1s especially interesting. For n=1, N(t) becomes the equation for a
straight line. Thus a linear diversification curve s, contrary to expectation, an
interpretable condition. In an adaptive radiation this would indicate a very
high value of the intrinsic rate of increase (see Table 2). However, this diversi-
fication paltern might not always be recognized as a “radiation” because the
distinclive fealure of numerous variatiens on a single basic type would often
be absent Variations might be tew, with descendants looking, on the average,
progiessively dissimilar to the original species, What this describes is some-
what like Simpson’s (1953) “progressive occupation” of adaptive zones,
which he contiasts with adaptive radiation. Simpson offers several examples
al 1the progressive ocenpation mode in vertebrate clades, but it is now a sub-
leet of debate whether species selection is not a better explanaticn for the
trends Swpson disewsses (see Eldiedpe and Gonld, 1972 Staniey, 1979: Viba,
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1980). We can speculate that the mode of progressive occupation which
Simpson thought he saw in the fossil record may, if it occurs, be the result of
evolution in an adaptive space of low dimensionality,

As noted above, diversification in a many-dimensional adaptive space is in-
distinguishable from exponential growth. In fact, an empirically exponential
hustory of diversification is consistent with the adaptive mosaic model if the
number of dimensions is great enough. It is not hard to see why this should
be so. In a one-dimensional space, the circumference model is equivalent to
the exponential model if N < 2 because all the species have the same potential
for successfully speciating; but if N=3, one of the species 15 completely sur-
rounded by occupied tesscrae, and this equivalence breaks down. In a two-
dimensional space, we must reach N=9 before a species can be completely
surrounded by occupied tesserae. The number of neighboring tesserze in-
creases geomcetrically with n. In four dimensicns every tessera has 80 neigh-
bors, so that any structure which exists in the domain 1< N< 81 cannot be
expressed by the circumference equation. Considering the numbers of spacies
attained by adaptive radiations, we would not expect the circumference equa-
tien to be applicable at all in spaces of more than four dimensions.

Although this may sound like a severe restriction, there are good reasons to
think that adaptive space has fewer than four dimensions. Current ideas about
the dimensionality of niche space are of obvicus relevance to this question. It
is generally recognized that, while environmental states may be analyzed into
many distinct variables, correlations ammong these variables recuce the effec-
tive number of axes required to fully specify a niche (see review by Pianka,
1981). In practice, niche dimensionality refers to the number of factors
which serve to separate species (Levins, 1968) or to demonstrate significant re-
source partitioning (Schoener, 1974}, In the design of ecological field studies,
the variables used are few in number (rarely more than 3) and may reflect
habital, food preference, and {least often) time of active fecding, Such studies
are highly suggestive of the upper limit on the dimensionality of niche space
because they deal with actual biological communities and cover many taxo-
nomic groups “from slime molds to lons” (see review by Schoener, 1974)
Niche space is a2 more or less complete map of adaptive space, and there is no
reason to think this conclusion does net carry over to the latter.

There are scveral unanswered questions.

The logistic model is still the only model of clade growth which incerpo-
rates a limit on clade size. The solution of the general distance structured
model, however, will provide a competing theory for the logistic model, and
will extend the theory presented here to cover many additional cases.

The models discussed here remain to be tested. Tt is possible to compare the
predicted diversification functions to actual paleodiversity patterns, but indi-
vidual outcomes of such comparisons may be limited in their significimee
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Multiple tests and independent verification of assumptions would be required
to give firm empirical support to one of these models. Whether it will be pos-
sible to do this remains to be scen.

Testability using specieslevel data is uncertain. Paleodiversity data at higher
taxoromic levels are much more reliable, and the temptation to use them to
test our models is cerrespondingly great. Therefore, we must ask whether it
makes sense to extrapolate distance structured models to explain the prolifer-
aticn of metazoan families, orders, and other higher taxa. The basic assump-
tions of distance structured models (a single jump size, spherical symmetry)
become increasingly untenable as we consider higher taxa. The adaptive
riosaic model implies that, if we look at the level on which the origin of
higher taxz becomes visible, the jump size distribution is continucusly ex-
terided or polymodal; and that chance events can have large effects on the
geometrical pattern of diversification in the adaptive space. The complex
structure of diversification at this level is determined by jump size distribu-
tions, diversification histories, and the modes and timing of mass extinctions.
This is 2 problem which is likely to be amenable to analysis only by computer
simulation. Adaptive radiation at the species level has been assumed here to
be a relatively orderly pracess, amenable to a mathematical approach. But the
idea that these mathematical models can be extrapolated to the level of
higher taxa should be rejected
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Chapter 10

MARINE REGRESSIONS AND MASS EXTINCTIONS:
A TEST USING THE MODERN BIOTA

DAVID JABLONSKI

Department of Ecology & Evolutionary Biology, University of Arizona, Tucson®

INTROBUCTION

The coincidence of marine regressions with major episodes of faunal exting-
tion has led many authors to hypothesize a cause-effect relationship (e.g.,
Chamberlain, 1898a,b; Newell, 1952, 1962, 1967; Hallam, 1981a). While
some writers have emphasized physical environmental changes that would
accompany regression, such as alterations in climate or oceanic circulation,
others have invoked more direct effects, such as increased competitive inter-
actions with decreased shelf area. One set of hypotheses is grounded in the
dynamic equilibrium theory of island biogeography, in which decline of
diversity with area is regarded as the result of decreased population size and
thus increased vulnerability to stochastic extinction processes (Preston, 1962;
MacArthur and Wilson, 1967; Simberioff, 1972, 1974). This approach has
gained considerable acceptance among paleontologists (see Schopf, 1974;
Gould, 1976; Sepkoski, 1976; Hallam, 1981a; Hurst and Watkins, 1981) even
as its general explanatory abiity has come under question {e.g., Simberloff,
1976, 1981; Connor and McCoy, 1979; Gilbert, 1980). Mass extinction
hypotheses based on area effects in continental shelf benthos, however, have
not taken into account the great taxonomic richness of the shallow-water
biota around oceanic islands. While small drops in relative sea level can
climinale lnge areas of shallow epicontinental seas, conical islands will
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actually gain slightly in perimeter and thus in shallow-water area (see Stanley,
1979; Raup and Stanley, 1980). Additionally, destruction of habitat types
will be limited in oceanic settings. For example, although some lagoons will
be lost due to subaerial exposure, others will replace them as older and more
submerged sea mounts come into the photic zone as sea level drops. This
paper presents a census of the benthic families represented on Recent oceanic
islands, and so provides an estimate of the proporticn of the marine biota
exempt from extinction by area effects.

MATERIALS AND METHODS

[ surveyed the literature on the shallow-water faunas of 22 oceanic islands for
members of three major phyla of benthic marine invertebrates: Mollusca (bi-
valves, prosobranch gastropods), Echinodermata (asteroids, ophiuroids, and
echinoids), and Coelenterata (scleractinian corals). These groups were chosen
because they have been extensively monographed, constitute a sizeable por-
tion of the marine fossil record, and appear to exhibit different behaviors dur-
ing mass extinction events {mollusks relatively extinction-resistant, reef-build-
ing organisms extinction-prone, and echinoderms intermediate in response;
see Newell, 1967, 1971; Vzlentine, 1973; Sepkoski, 1981, 1982; Hallam,
1981a). Islands were chosen for relative completeness of faunal coverage, and
were used only if they were volcanic in origin and surrounded entirely by
crust generated at mid-oceanic spreading centers or hot spots. Sites ranged
from cne of the world’s most northerly voleanic islands, Jan Mayen (71°N)
to South Georgia and Macquarie Islands (both about 54°S), and include Jocal-
ities from most of the major marine biogeographic regions (see Figure 1).
Faunas were tabulated at the family level in crder to increase taxonomic
consistency among sources, and to produce data comparable to those recently
published on Phanerozoic mass extinctions (e.g., Raup and Sepkoski, 1582).
Classification follows the Treatise on Invertebrate Paleontology and, for the
gastropeds, Taylor and Schl (1962). To compensate for differences wn sam-
pling and preparation procedures among islands, families were included only

Figure 1 (facing page). Location of the 22 island faunas surveyed. Abbreviations:
ALD, Aldabra; ASC, Ascension; AZO, Azores; BER, Bermuda, CHT, Chatham; CLI,
Clipperton; COC, Cocos; COK, Cocos-Keeling; COO, Cook [slands (Raratonga); EAS,
Faster; FAE, I'aroes; FAN, Fanning; GUA, Guam; HAW, Hawail; ICE, Ieelund; TAN, Jan
Mayen; KER, Kerguelen; MAC, Macquaric; MAR, Marquesas: MAS, Mascaienes; MAD,
Madeira, SGA, Seuth Georgia
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if living representatives occur 1 depths of 100 m or less, and if maximum
adult size exceeds 5 mm. A total of 276 families meet these criteria.

RESULTS

Oceanic islands harbor a remarkably large proportion of today’s shallow-
witer Tamilinl diversity ( Table 1, Figure 23, OF the 276 Tamilies considered here,
230 (B7%) huve representatives reported f1om ong or mare af the 22 aceanic
islands in Figire 13 Tully 220 (78% ) are present on tWo or more of the elands.
The ¢lasses are not equally represented on the islinds; but thelr rankings da
pot corform to theie observed vilnerihilities to mass extineiions All 21 seler-
actiniun coral families are present on at Jegst ore igland: 19 are recorded from
wo or more. Also well-represented aré the prosobranch gastropeis, of which
anly ane aut of 82 families is not recorded on the jslunds, and 78 families are
present on two or mere islunds. Figures are dightly luseer fue the hivalvesand
aeteroids, eaclh hoving about BO% of ther Famibes on the pslumds (7R and
647 on two or more islunds). Least complete but still extensively represented
an the islands are e optiumoids und echinaids, each with about Tat of their

fumilies recorded (70% and 66% respectively on two or more jslands).

DISCUSSION

The dzta suggest that reduction in continental shelf area during marine regres-
sion is not sufficient in itself to explain mass extinctions: all other factors be-
ing equal (including instantaneous response times), a marine regression elimi-
nating all continental shelf families would cause at most a 1 3% extinction of
Recent families. As will be seen below, even prolonged regression, exceeding
faunal relaxation times (cf. Diamond, 1972), would be unlikely to produce a
major mass extinction. The biogeographic structure of shallow-water benthos
at this taxonomic level is simply not vulnerable to this sort of areal reduction,
because too many families are safely established on islands that would not be
subject to reductions in habitable area during relative drop in sea level.

The methods of data collection outlined above should have biased against
the observed results and in favor of producing a major extinction event, for
the following reasons: { 1) Dnly families represented on lslinds were assumed
to survive the regression. Such an extreme patlerm s anlikely, simce sheli-
depth seas have never been entirely eliminated from continental plates, The
survivors® totals are thus weighted in favor of decline in fomilial diversby. (2]
Only 22 islands were used out of the thousands actually present in the mod-
ern oceans. This constitutes an extremely small sample, yet most families are
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Table 1. Percentage of the total, global number of marine invertebrate families
actually present on each oceznic island. — = no data available, or data
not yet encountered in auther’s literature search. ’

Bivalvia Gastropoda Asﬁ)idea Ophuiroidea Echinoidea Sclemcrfm'a_

Aldabr_a 32 60 25 59 33

Ascension 16 44 11 18 21 "
Azores 20 15 21 29 26 3;
Bermuda 14 66 21 53 26

Chatham 39 49 32 12 15 g
Clipperton 14 34 7 12 3 :
Cocos & 28 11 53 21 ;4
Cocos-Keeling 32 73 18 18 23 ;
Cook 26 65 14 53 18 o
Easter 14 46 11 - 15 I
Faroes 38 38 32 41 15 ;9
Fanning 27 77 18 24 — ;
Guamﬂ 18 71 29 12 21 27
Hawaii 48 71 19 47 28 ;
Ieeland 30 48 36 41 23 n
Jan Mayen 13 26 18 29 5 "
Kerguelen 22 35 32 18 8 0
Macquarie 11 28 14 12 3 0
Madeira 38 63 7 18 5 :
Marguesas 9 32 18 29 o
Mascerenes 39 83 46 53 4; 7
South Georgia* 9 39 32 41 8 78

* a
' Dates _b.ick to the Mesozoic; the nearby Scuth Sandwich Islands might be a more
appropriate data source (see Barker et al , 1982, and other papers in that volume)

represented on at least two of the widely scuttered jslinds sutveyed. (3) M

(.)I’ the istards still have not been completely '|[|l.'li|'.|l_'l'f‘l.||'.‘|;i.'.:l SO t}:[at tanﬁ
{amilies present on the island were recorded, i-f}m.' g;::uru[ ||'L~;1d that enns ad
wis that the bivalve mellusks have wweeived considerably less attentior: tr}gle
pistropods in the course of sl surveys, ;1;1r:i-_--_|l:|r|1.. ir|.TJ]e tropics, ) 1'?111
Maidern oveans exhibit o high degree oF provineiality, so that IumjljFuI Tanges
e selatively restricted bath lungitudinally and J:!itJdinnIlﬁ. {us Lh:nunl.-'stkru;ﬂlj

livi J': et al 3 E
i ||‘--'“|| (il |1|'||||‘-|LH 3 O (R 1] i ]1J. L Le ];. i ]
i L 1 :
: : [ dJi. i ' | | & '.1':
1 ¥ o 5 I- 1 |"r L E 1 Imare 15
| H 1 e 1 Ir e o L3 ]d ]lj.-..
l ] IAIHTA] b ?li'.'.“‘ W ||||t| ||‘-|. |.|-||.||'u-r'| LRI |I.H~ﬁ i ‘\“‘E-':I'-"J comtmeant s
a4
| Tewi| 1 ||||I|rll |'I (I I I‘||| lerEmel lamiiies \ll |]|.] e Tare '!.'i-ll.l.l'.-

Npll':lltl and thus even less vulnerable to extinction due to loss of continental
shelfazea than incthe present day.
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Conclusions similar to these were reached by Raup (19813, who medelled a
different kind of biogeographic extinction in terrestrial vertebrates. He tested
the modern biota for the magnitude of familial extinction expected lor a
given radius of fotal destruction, as might be expected from an extraterres-
trial impact, and found that even objects with a lethal radius of 10,000 km
would produce an average extinction ol only about 12% of the terrestrial ver-
tebrate families. As in the marine biota, even the highly provincial biogeogru-
phy of the modern terrestrial fauna facks sufficient endemism at the familial
leve] to be vulnerable to biogeographic extinetion

Several benthic marine families recorded from none or only one of the is-
lands aye genuinely limited in distribution and thus would be vulnerable to
extinction due 1o random events during regression. For example, the cnly
shallow-water prosobranch family not recerded on any of the 22 islands is the
Diastomatidae, a relict cerithiacean Tamily with only cne living species re-
stricted to Lhe southern coast of Australia (Houbrick, 1981). Most of the
other prosobranch families are far more widespread. In contrast, the bivalves
include a number of low-diversity, geographically-restricted families, includ-
ing the Parallelodontidae (two living genera, both in Japan): the Pulvinitidae
and Trigoniidae {each with one living Australian genus): the Mactromyidae
= (vne genus, in deep water off Australia); Cardinidae (one genus off Mexico);
Anatinellidae, Cardiliidae. Cooperellidae, and Glauconomidae (one genus
apiece, though apparently widespread); and three anomulodesmatan families
{see Morten, 1981), the Pholadomyidae (cne living species). the Cleido-
thaeridae {probably only one living species), and the Laternulidae (one genus,
six species, though over a fairly broad region of the Indo-West Pacific). Most
of these families are relicts, so that their extirpatien during regression would
be detected in the fossil record as the final disuppearance of a long-dwindling
group, In contrast, most fanulics that are diverse on continental shalves have
tepresentatives on occanic islands; abrupt extinction of these lurge clades
would not be expected as a consequence of area effects during regression.

Species-ares effects have been most explicitly invoked for the Permoe-Trias-
sic event, in which approximately 52% of the skeletonized families became
extinet (Newell, 1967 Raup and Sepkoski, 1982; Sepkoski, 1982). Simberlofl
: : : | (1974:2067) stated that the close correspondence between shallow continentsl
@ & a 2 = = shell area and number of marine invertebrate families during the Permo-
RITEE CEIRITAE Iriassic “can indeed be construed as a resull of z causal connection between
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area and biotic diversity, and that Schopf’s [1974] hypothesis that the . . . ¢x-
tincticns were the consequence of changing sea level is biologically plausible.”
Schopf (1$74:140) viewed the Permo-Triassic extinctions “as merely another
manifestation of this relationship”—ic., the “equilibrium model in which
faunal diversity is largely predictable from area for colenization™ (but see
Schopf, 1979). Schopf’s measurements of habitable area nccessarily did not
include Permo-Triassic oceanic islands, and judging from the distribution of
the Recent biota those islands would have supported the great majority of
shallow-water families extant at that time. The Permo-Triassic extinction,
then, is far too large to be accounted for by simple area effects due to con-
traction of shelf seas (Figure 3).

Regression near the Permo-Triassic boundary extended over several geo-
logic stages, comprising several million years at least (e.g.. Newell, 1973,
Schopf, 1974). Conscquently, it could be argued that area effects might
stil! have played an important role in the extinction if the families seques-
tered on islands had sufficiently small population sizes that random, attri-
tional extincticn removed a high proportion of them during the prolonged
interval of lowered sez level. This duration argument is one of the standard
explanations for the association of extinctions with regressions in the geologic
past despite the lack of mass extinctions during the rapid glacio-custatic
oscillations of the Pleistocene (e.g., Hallam, 1981a:227). The modern dis-
tributional data do not support this argument, however, because they suggest
that most families will be resistant even 1o prolonged low stands of sea level,
At least 78% of the Tawilies are represented on two or more of the islands
surveved, indicating that most shallow-water families are spread over many
hahitat patches, possess large population sizes, and maintain that population
over many localities, well-distributed both longitudinally and latitudinally.
Thus while individual islands would be subject to habitat alteration or ran-
dom extinction, a rich and siable pool of taxa could persist in spite of Jocal
extinctions even during prolonged regression, if all other factors remained
constant; an analogy to Pleistocene palcobiogeography would not be in-
appropriate under such circumstances (see Stoddart, 1976; Taylor, 1978,
and Rosen, 1981, on persistence of reef-dwelling species during the Pleisto-
cene)

Taking a differenl approach but reaching similar conclusions to the present
paper, Wise and Schopf (1981) further maintain that reduction in shell sea
area during the Pleistocene would not have eliminated enough species to pro-
duce significant extinctions at higher taxonomic levels, Their conclusions
should be applied to the rest of the Phanerozoic with caution, however, in
light of the important distinction between vertical sea level luctuations (the
Pleistocene oscillations are apparently among the largest in geologic history)
and expansion and contraction of shell seus (even mauximum inferglacial
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PERMO-TRIASSIC RECENT
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Figure 3. Comparison ol the number of skeletonized families before and after the
Permo-Triassic extinction (Raup and Sepkoski, 1982) with the number of families in the
Recent biota that would persist on oceanic islands even if the continental shelf biota
were completely eliminated. So many families are present on oceanic islands that areca
cllects during regression of shelf seas would not be sufficient to produce such a massive
extinction at high taxonomic levels.

transgressions did not create shelf seas comparable to those lost zt the close
of the Paleozoic and Mesozoic).

The molluscan fossil record during the Permo-Triassic interval also suggests
that the cerrelation between continental shelf area and fumilial diversity was
not a directly causal one. In an important but little-cited paper, Batten
{1973} found that there are three times as many Paleozoic gastropod fammlies
in the upper Mid-Triassic (Ladinian) a3 in the lower Triassic (Scythian). Fur-
thermore, #ore of the 16 Paleozoic families recorded from the Ladinian are
known from the Upper Permian! Some families, then, completely disappear
from the Late Permian-Early Triassic fossil record only to reappear unscathed
in the Mid-Triassic—a pattern of apparent extinction and return also observed
in Permo-Triassic bivalves {Nakazawa and Runnegar, 1973; see also Newell,
1973). Clearly, refugia were indeed available for some benthic organisms, and
were effective at the lamilial level for millions of vears., But many families did
sulfer tenminal extinetion, despite the faet that present-day biogeography sug-
posts that they would have been represented in island refugia as well.

One reviewer mpued that reduced rates of seaflocr spreading, a commonly

postulated mechanism for the end-Permian regression (Schopf, 1974; Bam-
Bich et al, 1980Y, wounlkd have renroved most oceanic islands from the photic
sone doe to crstal coohog Towever, lithospherie heat loss proceeds at a con-

stant exponential le, so thae depth s o simple Tancoon ol erustal age, not
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spreading rate (Parsons and Sclater, 1977; Pitman, 1978; Anderson and Kil-
beck, 1981; and references therein). Tslands created at hot spots (or at mid-
oceanic ridges) would be transported laterally at diminishec rates, but their
initial elevation and subsidence tates would be unaffected by a sealloor
spreading slowdown. Only a total cessation of sezflcer spreading (as sug-
gested by Schopf, 1974) could produce the complete failure of heat flow and
conseguent contraction of the oceanic lithesphere needed to drown the
world’s oceanic islands. This is highly unlikely, however, in light of the major
role of seafloor spreading in planetary heat flux (e.g., Sclater et al.. 1980); at
any rate, there is considerzble evidence for active subduction through this in-
terval (e.g.. Ridd, 1980; McElhinny et al., 1981; Morel and Irving, 1981,
Wright, 1982; Cox and Gerdon, 1982), indicating that while plate tectonic
processes may have slowed, they did not grind to a halt. (In fact the global
Permo-Triassic regression need not have been z consequence of any alteration
of seafloor spreading rate or change in mid-ocean ridge volume. As the conti-
nental plates accreted into Pangaea, the enormcus world ocean would have
contained “‘more percentage of old ocean crust lying around ready to be sub-
ducted than at any other time before or since [in] the Phanerozoic” [Coney
et al,, 1980: 3321. The endPaleczoic regressive trend thus could have re-
sulted at lezst in part from the increased average depth and enlarged capacity
of the world ocean basin.)

Direct extrapolation of the modern biodistnibutional data to the fossil rec
ord would, of course, be inappropriate if the biogeographic structure of the
marine benthos in ancient seas were radically different from that of the
present day. For example, if a very large proportion of the shallow-water fam-
ilies were endemic to epicentinental seas, area effects during regression might
become important. However, this would require greater than 40% endemism
at the familial level (not to individual continents or biogeographic regions,
but 1o inland seas) te produce a Permo-Triassic scale event, and this figure
seems excessive; most epicontinental endemic centers are distinguished on the
basis of genera, not families (e.g., papers in Hallam, 1973). A more significant
variable may be long-term changes in species/family ratios (sec Valentine,
1970, 1973), and an assessment of this factor, along with a test for differ-
ences in species/family ratios between shelf und island faunas, will be the sub-
ject of another paper (Jablenski and Flessa, 1985; Flessa and Jablonski, 1985).

Conclusions drawn from the Recent biota might also be questioned if the
dispersal capabilities of marine benthos have changed significantly. The broad
distributicn of modern families could be in part a reflection of larval dispersal
capability, with high-dispersal larval stages enabling propagules to maintain
communication between populations over broad geographic ranges, and to re-
colonize islands (or the mainland) in the event of local extinclions While
many members of the post-Paleczoic launa (see Sepkoski, 1981) have

MARINE REGRESSIONS AND MASS EXTINCTIONS 345

planktotrophic larval stages, living representatives of the mgainstays of the
Paleozoic benthos—the articulate brachiopads, crincids, and bryozoans—are
almost exclusively nonplanktotrophic and thus generally have restricted larval
dispersal capability (see Fablonski and Tutz, 1983). It could thus be argued
that high taxa most vulnerable to extinction at the close of the Permian were
those with low dispersal capabilities (e.g, Carr and Kitchell, 1980:440),
which would be unlikely to maintain broad geographic ranges to persist on
islands because of low probabilities of recolonization after local extinction

Unfortunately, little is known of the reproductive modes of dispersal capa-
bilities of Paleozoic taxa, and modern rclatives may be unrepresentative of
Paleoroic adaptations. Strathmann (1978) and Valentine and Jablonski
{1983) have suggested that at least some Paleczoic crinoids and articulate
brachiopods were planktotrophic, and that only after the Permian extinction
were these groups exclusively nonplanktotrophic in development (see also
Jablonski and Lutz, 1983, and references therein on Paleozoic bryozoans).
The shift could be attributed either to preferential extinction of plankto-
trophic clades, or chance loss due to the magnitude of the extinction. Fur-
thermore, although species’ ranges correlate well with larval dispersal capabil-
ity (Hansen, 1980; Jablonski, 1980a,1982), many benthic families whose
members are exclusively ncnplanktctrophic have attained broad geographic
distributions encompassing oceanic islands, These families include: the bi-
valves Nuculidae, Nuculanidae, Carditidae, Montacutidae, Erycinjdae; gastro-
pods Acmaeidae, Patellidae, Trochidae, Turbinidae, Velutidae (see Jahlonski
and Lutz, 1980, 1983 for references); scleractinian corals, so far as is known
(c.g, Heck and McCoy, 1978); and many bryozoan families (sce Lagaaij and
Cook, 1973). Therefore, although it is possible that some Paleozoic groups
suffered losses at the Permo-Triassic boundary for reasons related to their
mode of reproduction, such selectivity probably could not have been dirsctly
mediated by differences in familial geographic range,

An aliernative to the equilibrivm model for the species-area relationship is
the “*habitat-diversity” model: large areas include more kinds of habitats than
small areas (see Connoer and McCoy, 1979). This alternative approach might be
more appropriate than the equilibrium model in ¢onsidering marine inverte-
brate diversity changes, particularly since epicontinental seas apparently did
include unique benthic environments (see Hallam, 1981a for review). Al-
though more quantitative data are needed before definitive conclusions can
be reached, reduction in the number of habitat paiches during regression was
prohably insulficient to produce an extinction of Permo-Triassic magnitude
hocause: (1) Many of (he unique epicontinental sea habitats were extreme en-
vironments (eg L gh-salinity o low-oxygen seltings) that supported relative-
ly Tew taxs (see Bambach, 1977) (2) As mentioned previousty, endemism m
epreontimental seas, including unigque habital types, was mantfest primarily at
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generic rather than familial levels. (3) Family-area curves have very low slopes
(see, for example, Simberloff, 1974 for several terrestrial data sets; Flessa,
1975 for terrestrial mammals; and Hallam’s 1977 plot for Turassic marine bi-
valves). This trend can also be inferred from the flatiening of taxon-area fre-
quency distributions (“hollow curves”) at increasingly higher taxonomic
levels (see Anderson, 1974; Flessa and Thomas, this volume). If these curves
are simply a reflection of the number of habitats available with changing area,
such low slopes would require loss of more habitable area than was originally
available if a diversity decline of the magnitude of the Permo-Triassic extine-
tion is to result (2 conclusion consistent with the results of Wise and Schopf,
1981)

By anyoene’s estimate, the Permo-Triassic extinction was a major event in
the history of marine life, removing over 50% of the families (Newell, 1967,
Schopf, 1974; Raup and Sepkoski, 1982) and from 75% to a staggering 96% of
the species (Valentine et al., 1978; Raup, 1979); the extinction is equivalent at
the generic level to some 85 m.y. of background extinction (Raup, 1978). In
addition, the extinction does at least roughly coincide with a marine regres-
sion, as do the rest of the major extinction cvents recognized by Raup and
Sepkoski (1982; see also Newell, 1967; Sepkoski, 1982): the termina] Ordovi-
cian (e.g., Berry and Boucot, 1973); the Frasnian (e g., Johnson, 1974; but cf,
Schlager, 1981 and House, 1975 for a more complex picture); the terminal Tri-
assic (Hallam, 1981b); and the terminal Cretacecus (e.g., Matsumoto, 1980)
The question temains then, that if arca effects are insufficient to produce
such major declines at high taxenomic levels in marine organisms, what is the
connection, if any, between regression and mass extinetion?

The lag of Triassic rediversification relative to re-expanded continental
shelf area (Newell, 1967; Schopf, 1974; Waterhouse and Bonham-Carter,
1976) sugpests a diversity-dependent mechanisin for the Permo-Triassic event,
or at least for the recovery (Valentine, 1972, 1973; Carr and Kitchell, 1980).
As Carr and Kitchell {1980) are careful to point out, many kinds of perturba-
tions other than reduction in shelf area could lower global carrying capacity
and preduce the observed diversity pattern. The most attractive hypotheses
are still those related to changes in global geography: suturing of continents
would have altered the configurations of ocean basins and reduced the global
number of discrete shallow-water provinces, and exposure and c¢oalescence of
landmasses would have shifted global climate away from a maritime to a cen-
tinental regime (Valentine, 1972, 1973; Valentine and Moores, 1972, 1973;
Schopf, 1979; see also Newell, 1971; Flessa and Sepkoski, 1978; Bamibach et
al., 1980; Barron et al., 1980; Hambrey and Harland, 1981).

These are nol new arguments, but they are consisient with the biogeog-
raphy of modern seas and with the paleontological data. The physical environ-
mental changes would have been felt most strongly at low latitudes, and there
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is indeed a latitudinal pattern of extinction in the Permo-Triassic faunas, with
the tropical biota including reef’ dwellers being much more severely affected
than high-latitude and cosmopolitan taxa (Newell, 1971; Valentine, 1972,
1973; Valentine and Moores, 1973; Bretsky, 1973; Waterhouse, 1973 Water-
house and Bonham-Carter, 1976). (The Tethyan biota was not totally eradi-
cated, however, and 1t is interesting that a number of Mesozoic families Tirst
appear in Permian rocks of this region [Dagis and Ustritsky, 1973; Batten,
1979] ) Similarly pronounced low-latitude extinctions have been reported in
the Ordovician (Sheehan, 1979; Betry, 1979), Frasnian (Copper, 1977), Cre-
taceous (Kauffman, 1979; Thierstein, 1981; Hallock, 1982), and, to a less
marked degree, in the Triassic (Hallam, 1981b) extinctions.

An extinction approximately equal in magnitude to the Permo-Triassic can
be generated in the Recent island data by eliminating families restricted to
the tropics (here taken as oceurring exclusively on islands within the belt of
coral reef construction). By this criterion, 18% of molluscan fainilies, 47% of
echinoderm families, and 67% of scleractinian families are lost. Unlike the
area-effect test, these magnitudes and rankings conform to those observed in
mass extinction events in the fossil record

CONCLUSION

The biogeography of the modern weorid sugpests that species-area effects dur-
ing regression are rot sufficient to produce an extinction at the family level
of the magnitude of the Permo-Triassic event: the great majority of marine
families would persist in the undiminished shallow-water regions around
oceanic islands. These results, then, help to explain why not every regression
is accompanied by a mass extinction. More generally, the data presented here
demonstrate again that evolutionary and biogeographic patterns or processes
@l Lhe species level are not always readily extrapolated to familial or higher
Laxonomic levels; nor is backtracking from higher levels always appropriate,
This is in part a function of the degree of inclusiveness of the taxonomic
unils; for cxample, two provinces or geologic perinds may share few species
but many families. Patterns will not simply be damped going up the taxo-
nomic hierarchy, however. Different taxonomic levels appear to have some
degiee of evelutionary independence, with rates and directions of change not
fotully predictable from those of lower-level components. Every family of
vourse originales with a species, and every family becomes extingt when the
last ol s species i3 lost. But while speciation frequencies may have remained
roughly steady through much of the Phanerosoic (e.g., Paleozore brachiopod
durations and rates are compmable to Cenozoic bivalves: Stanicy, 1979), the
lrequency ol origination o new orders clearly has not (e.g.. Valentine, 1973;
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Tablonski, 1980b). This raises the question of whether the biogecgraphic de-
ployment of higher taxa has changed through geologic time along with con-
straints on their rates of origination.

The sheer magnitude of the Permo-Triassic event indicates that additional
factors must have ceme into play, most likely involving reduction in the num-
ber of shallow-water provinces and a disruption of tropical marine ecosys-
tems. This brogeographic mechanism does not invelve probabilistic extinction
among a global biota whose inhabitants can be treated as identical particles,
or extinction centered around a point source of disturbance, but extinction
depending on membership in particular biegecgraphic regions. In this sense
the Permian extinction was selective rather than random, but a search for the
constellation of traits that dcomed a given clade te extinction must mnclude
hiogeographic affinity, with all the coadapted biological features that this en-
tails. Taxa characterized by a particular reproductive mede, for example, or
hody size, or membership in a particular community, may have survived not
hecause these traits were specifically selected for, but because these traits
were characteristic of a province {or latitude) that suffered relatively little dis-
turbance. Biogeography and magroevelution are probably more closely inked
than is generally assumed.
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Next to determining the question whether species have real existence, the consid-
eration of the laws which regulate their geographical distribution is a subject of
primary importance to the geologist. It is only by studying these laws with
attention, by observing the pasitions which groups of species occupy at present,
and inquiring how these may be varied in the course of time by migrations, by
changes in physical geography, and other causes, that we can hope to learn
whether the duration of species be limited, or in what manner the state of the
animate world is affected by the endless vicissitudes of the inanimate

Charles Lyell, Principles of Geology, 1832, p. 66

INTRODUCTION

The geographical distribution of organisms formed one of the major founda-
tions of Darwin’s demonstration of the fact of evolution. Since that time,
however, biogeography has played a largely tangential role in the develop-
ment of the theory of evolutien. With some notable exceptions, much of the
biogeographic literalure became occupied with the delineation of faunal and
iloral zones and the explication of the historical factors that led to their es-
tablishment. Even Mayr’s development of Lhe allopatric model (Mayr, 1942),
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despite its obvious geographic focus, did not emerge from the traditional bic-
geographic research of the times.

Recently, however, there has been a rekindling of interest in the role of ge-
ography in the origin and disappearance of species. The comph.ementary ap-
preaches of vicariance biogeography and phylogenetic systematics are gener-
ating a re-examination of biogeographic and systematic patterns (see, for
example, Nelson and Platnick, 1980). The role of a dynamic geography in reg-
vlating many of the major features of Phanerozoic diversity has become in-
creasingly apparent (Valentine and Moores, 1972; Flessa and Imbrie, 1973).
And the MacArthurian approach to geographic ecology (see, for example,
MacArthur, 1972; Cody and Diamond, 1975) has added immeasurably to our
understanding of the fine geographic structure of adaptation, speciation and
extinction

In the spirit of this biogeographic revival of interest in the evolutionary
process, we seek to analyze the evolutionary implications of the freq.uency
distribution of taxa among regions. We term the frequency distribution of
taxa in increasing numbers of regions (or some other quantitative measure of
peographic range), a biogeographic frequency distribution. The shape_c?fl such
frequency distributions is the result of the interaction of the probabilities (_)f
speciation, extinction, and range expansion. In our analyses, we hope to gain
some insight into the biogeographic regulation of evolutionary rates. To.wk.lat
extent are the probabilities of range expansion, extincticn, and speciation
governed by the geographic range of the species?

THE BIOGEOGRAPHIC FREQUENCY DISTRIBUTION
OF GENERA OF MARINE BIVALVE MOLLUSCS

We shail illustrate the derivation (and some of the problems inherent in its
construction) of a biogeographic frequency distribution by reference to t}'le
genera of marine bivalve molluscs. The resulting biogeographic frequency dis-
tribution is, we fecl, typical of a variety of different animals and plants, and
forms the basis for subsequent modeling.

MATERIALS AND METHODS

Lists of the genera of marine bivalve molluscs present in each of the 71 re-
gions shown in Figure 1 were assembled from the published literature Litera-
ture sources are given in the Appendix. Although many of the faunas corre-
spond to conventional faunal provinces, some faunas are samples from geopo-
litical rather than biogeographic units. While no precise criterta were em-
ployed in the assembly of the data, efforls were made to include only the
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results of comprehensive sampling and reasonably modern systematic study
These general guidelines were occasionally relaxed in order to include faunal
lists from more remote areas. Most of the studies included are less than 25
years old and most concentrate on the bivalve faunas of the shelf regions; few
include deep-sea forms. The generic level was chosen to lessen the effects of
poor or eccentric taxonomic work. The generic names were set to the stan-
dards of Vokes (1967). This procedure removed objective synonyms from
further analysis. One thousand and thirty-two genera remained after this step.
Problems associated with varying taxonomic practices and different system-
atic philosophies undoubtedly remain. These difficulties are considered be-
low.

The data used here were assembled as part of a project en patterns of mol-
luscan faunal similarity and will be published in a future paper. The lists of
genera are also available on request from the senicr author.

DISCUSSION

The frequency with which genera occur in increasing numbers of regions is
shown in Figure 2, This distribution shows that most genera are confined to
one or two regions and that the numbers of genera that occur in increasing
numbers of regions fail off rapidly and then persist at very low values. In
other terms, the proportion of bivalve genera that are cosmopolitan is very
small, while the endemic gencra make up the vast majority of the bivalves.
This biogeographic frequency distribution is another expression of the fact
that bivalve faunal provinces tend to be quite distinet even at the generic
level (see Campbell and Valentine, 1977)., Twe genera share the title of
*champion cosmopolitan™—Nucule and Hiniella

Despite cur efforts at nomenclatorial standardization, many features of this
hiogeographic frequency distribution are influenced by the mixture of taxo-
nomic practices and systematic philosophies represented by our compilation
of data. Consider, for example, the effect of genera that are broadly defined
(i.e., “wastebasket” genera)—Ostrea may be a good example. Such genera will
tend to elongate the tail of the distribution, An opposite effzct is caused by
genera that are erected as a consequence of parochial systematic practices.
This is the problem caused by subjective synonyms. Such genera will tend to
elevate the pesk of the distribution. An additional effect results from our use
of the generic level. Genera with many species will tend, on the average, to be
widespread. cven il their component species are endemic. These collectively
cosmuapolitan genera will tend to elongate the tail of the distribution

The basic pattern ol the strongly concave distribution of genera ameng re-
gions may be exapperated by the biasing factors mentioned above, but we
doubt that the paticin as generated solely by thie bizses. This conclusion stems
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not only from our faith in the quality of the data but from the similarity of
the biogeographic frequency distribution of other groups. Anderson (1977)
presents a frequency distribution of species of mammals among areas of in- S 1-3:.
creasing size within North America. The distribution is strongly concave. An- / " L]
derson used a single compilation of species and we judge that the problems of : o oo
splitting and lumping are less severe among students of North American mam- A 2

mals than they are among students of the world ocean’s bivalve molluscs. = q{'}, 2

Hansen {1980) presents biogeographic frequency distributions of species of " "-'3'\? s |
volutid gastropods from the Tertiary of the Gulf Coast (shown here as Figure g :Xj[}
5) and Jablonski (1982) makes a similar plot for Late Cretaceous gastropods 277 8
of the Gulf and Atlantic Coastal Plain. In both instances, the frequency dis- o
tributions of the species with nonplanktotrephic larval stages are strongly 4
concave.

A disquieting exception to the pattern we describe here is provided by Jab-
lonski and Valentine (1981). They present biogeographic frequency distribu-
tions of species from 13 families of marine bivalves and gastropods from the
eastern Pacific shelf. The distributions are quite varied in shape and few even
approach the strongly concave pattern exhibited in Figure 2. Their measure
of geographic range (kilometers of shoreline rather than number of regions)
plus the strong provinciality of the eastern Pacific shelf may explam the dis-
crepancy. Little intraprovincial geographic restriction will tend to produce
species ranges whose lower limits will be no less than the geographic extent of
a single province. Under such circumstances, the characteristic peak of the
strongly concave curve is difficult to produce. Indeed, the tendency will be
toward a polymodal hiogeographic frequency distribution with each mode
corresponding to the geographic breadth of a particular province,

Substantial assurance that the distinctively concave biogeographic frequency
distribution is not only real, but characteristic of a variety of animals and
plants comes from the work of Willis (1922). In fact, our sirongly concave
distribution is simply the “hollow curve’” of distribution discovered by Willis.

47

THE HOLLOW CURVE

In 1922 the botanist I. C. Willis proposed his hypothesis of “age and area” in
a book of that title (see also Willis and Yule, 1922). Willis’ hypothesis was
that, as a general rule, endemic species were geologically young while wide-
spread species were relatively old. Willis came to this conclusion as a resuit of

Figure 1 {facing page). Location of marine bivalve faunas. Numbers refer to literature
sources listed in Appendix
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Tigure 2, Biogeographic frequency distribution of genera of marine bivalve molluscs.

his studies of the distribution of species among genera and of species and gen-
era among areas. In both cases, Willis found a characteristic distribution: most
genera were monotypic and the nuinbers of those that were increasingly poly-
typic rapidly decreased and then slowly declined; most species were endemic
and the numbers of those that were increasingly widespread rapidly decreased
and then slowly declined. To Willis, the prevalence of the hollew curve among
many groups was evidence for some mechanical process of evolution that gen-
erated new species at a more-or-less regular rate. In Willis® view, the longer a
species persisted, the more widespread it would become (tiwus the correlation
between age and area). The regularity of the distribution of specics among
gencra argued against the idea then current that speciose genera were some-
how better adapted and thus more successful than monotypic genera. Indeed,
Yule (1924) demonstrated mathematically that “luck’™ was all that was neces-
sary to become a pelytypic genus. To Willis, zll this was evidence against the
importance of natural selection and adaptation in the formation of new spe-
cies and new genera. Willls argued for an evolutionary mode driven by the
pressures of mutation—"‘mutations that were at times of rank sufficient to
give rise to Linnean species, genera, or even families” (Willis and Yule, 1922:
179)

Willis” conclusions were not well received. (For a more comprehensive 1e-
view of the impact of Willis' ideas, see Anderson, 1974 Willis” wrgument that
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endemic species tended to be newcomers rather than ancient relicts was se-
verely criticized (Sinnott, 1917; Bateson, 1923). The hollow curve of species
among genera was shown to be susceptible to the vagaries of systematic prac-
tice (Chamberlain, 1924). Wright (1941) demonstrated that this hollow curve
did not require an evolutionary mode that was driverl by mutztion. Bareson
(1923) deemed the hollow curve of geographic distributicn a simple conse-
guence of the distribution of species among genera. This last criticism is
worthy of special attention, As mentioned above, speciose geniera will Lend to
be more widespread then paucispecific ones. Indeed, “What else could we ex-
pect?” (Bateson, 1923:43). Although many of Willis' hollow curves are based
on the distribution of genera among areas, a significant number (ten) are
based on the distribution of species among areas occupied. Bateson’s {1923)
cTiticism was not entirely fair

Efforts to simulate the hollow curve with simple models of speciation and ex-
tinction have focused entirely on the frequency distribution of species within
genera. Yule (1924) and Anderson and Anderson (1975) developed models
based on random rates of speciation and extinction. Their models easily gene-
rated the characteristic hollow curve, The hollow curve of the distribution
of species among genera needs no special explanation: genera with many spe-
cies do not necessarily differ in evolutionary properties from genera with
one or only a few species. The distribution of the sizes of genera in nature is
what is to be expected from stochastic speciation and extinetion. This conclu-
sion lends credence to the assumptions used in the simulations of Raup et al
(1973). If, as seems likely, the distribution of species among areas is indepen-
dent of the distribution of species among genera, what additional insights can
be provided by simulating the hollow curve of geographic distribution? Do bio-
geographic patterns regulate the probability of certain evoluiionary events?

THE MODEL

Consider the first species of a clade. Given that its mode of origin involves a
small population, 1t will be present, initially, cnly within some small area.
Within some subsequent interval of time, there will be a certain probability
that the species will: 1) extend its geographic range to include more areas, b)
contracl its geographic renge (local or terminal extinetion), and ¢) produce a
new species, Although the sum of the probabilities of range expansion and ex-
tinction must be Jess than or equal Lo one, the probability of speciation is in-
dependent ol cither expansion o1 extinetion, The probubility that the species

does nothing at wll s snuply the diiference belween 1.0 and the sum of the
pratabilities of expansion and extmetion Umes the difference between 1.0
and the probability of speciation
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The essential components of our simulation are shown in Figure 3. Each of
the transitions indicated by the arrows is assigned a probability. Note that our
model considers terminal extinction (the transiticn from one to zero regions)
as simply another expression of range contraction (local, “ecological” extine-
tion). The model permits only one step expansion or contraction per time in-
terval. Skipping regions (from 2 to zero, for example) is not allowed. Specia-
tion (EVO in Figure 3) is modeled to proceed by adding new species to the
category of one region only. This was done not simply for computational
conveniencge. It reflects our view that most speciation involves branching and
is most often accomplished in small populations. A phyletic style of specia-
tion is permitted by cur model to the extent that branching is involved and
that the gradual transition [rom the ancestral species (one that persists in
other regions) is restricted to a single region. While phyletic speciaticn might
occur over several regions in nature, it is not recognized by our model. Phy-
letic speciation without branching is irrelevant here because that process adds
a “new” species at the expense of an “old” one. No change in the total num-
ber of species or in their distribution among areas need result.

AN EXAMPLE

Figure 4 illustrates the workings of the model through four time intervals. At
Time 1, probabilities are assigned to each transition and the simulation is
“seeded” with 100 species. As shown in Figure 4, this particular simulation
specifies decreasing probabilities of extinction (EXT) and speciation (EVO)
with increasing geographic range. The probability of range expansion (EXP)
is set to increase with increasing geographic range

At Time 2, the 0.1 probability of range expansion has caused 10 species to
extend their range to include two regions. Fifty species have gone extinct (0.5
x 100), while 60 new species (0.6 x 100) make their first appearance in a
singie region. Tmme 2, in this example, fortuitously results in nc net change
for the number of species restricted to one region (100-10 -50+60=
100). There has been substantial turncver, however,

At Time 3, two species (0.2 x 10) have extended their range from two to
three regions, ten have spread from one to two (0.1 x 100), while 4 (0.4 x 10)
have contracted [rom two to one. This results in a total of 14 species that oc-
cur in two regions (10-2 -4+ 10 = 14). Meanwhile, 50 species that were
restricted to one region have gone extinct (0.5 x 100}, ten have expanded to
two regions (0.1 x 100, four species have retreated from two regions to one
(0.4 x 10) while 60 (0.6 x 100) plus five (0.5 x 10) species have been added
by speciation from one and two regions respectively. All this shuffling about
results in a sum of 109 species now testricted to one regien (100 - 10-50 +
4+60+5=109).
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. Figure 3. Essential components of model for the biogeographic regulation of evolu-
tionary probabilities. Boxes indicate the number of regions occupied, EXP is the proba-
bility of range expansion, EXT is the probability of extinction {range contraction), and
EVO is the probability of speciation. See text for further explanation. :

By Time 4, the shape of the biogeographic frequerncy distribution begins to
emerge. One species (0.3 x 2, rounded off) has spread from three to four re-
gions. One species (0.3 x 2) has contracted from three to two regions, while
three species (0.2 x 14) have expanded from two to three regions. This leaves
a total of three species that oceur in three regions (2-1-1+3 = 3), Three
species have expanded from two to three regions (we will spare the reader the
details of the arithmetic at this point), one has retreated from three regions
back to two, six species have withdrawn from two regions back to one, while
cleven have spread from one region to two. This leaves a total of 18 species
that occur in two regions (14-2-6+ 1+ 11 = 18). Finally, the number of
species that oceur in only one region now totals 120. This resulis {rom the
loss of 11 species that expanded their range to include two regions, the loss
of 54 species through terminal extinction, the contribution of 3 spécies for-
merly found in two regions, and the addition of 65, 7, and 1 species from the
evelution among species in one, two, and three regions, respectively (109 -
11-54+3+65+7+1=120).

Computers are well-suited for this sort of tedious and repetitive arithmetic.
One was used in all our simulations,

THE SIMULATION PROGRAM

Phe model was progranied (o generate a dishiibution of species among 25
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regions. Simulations were terminated upon the attainment of either a stable
distribution (one in which the ratios of species in adjacent categorigs were
constant from time interval to time interval) or the passage of 200 time
intervals. The effects of varying the probabilities of range expansion, extinc-
tion, and speciation on the attainment and rate of approach to stability are
currently under study and will not be considered here. A different combina-
tion of rates of expansion, extinction, and speciation was specified for each
run. A listing of the program is available from the senicr author.

The simulations were done to determine the effects of different combina-
fons 0 evelutionary probabilities on biogeographic frequency distributions
We sssiened each transition (expansion, extinction, and speciation) a pr oha-
hifity that either increased. decreased, or remained constant with an increass
in geagraphic range. Thus, each probability function can have o positive. nega-
tive, or zero slope. For simplicity’s sake. we consider only linear functions. In
the simulations, each positive slope specifies an increasing probabllity with in-
cregsing peographic range. Probabilities increase linearly from 0.3 to 0.49
Each negative slope specifies a decressing probubility with increasing geo-
graphic range. Probabilities decrease tinearly from 049 to 030, Each zero
slope specifies a constant probability with increasing peapriphic rangs; Proba-
bilities are set at 0.40. We consider only the 27 basic combinations of slope
shown in Tzble 1. Given these slopes and ranges of probabilities, only models
two through nine and model 18 atiained stability within 200 time intervals,
Obviously, the actual number of possible combinations of slopes, intercepts,
and non-linear functions approaches infinity. Examination of the effects of
all the possibilities not considered hers must await an analytical solution tc
the generation of the biogeographic frequency distribution. In the meantime,
we hope these 27 simulations are instructive in their own right. We simply
pose the gquestion: what combination of slopes of probabilities are necessary
for the production of the biogeographic frequency distributions seen in na-
ture” We should note that our model requires us to pose the question in this
fashion. A more realistic question would avoid the assumption of cause and
effect between geographic range and evolutionary probability, Geographic
range may, after all, simply be influenced by the same factors that govern
evolutionary events. We suspect that this is at least partially the case, as will
be seen in the subsequent discussions.

Figure 4 (facing page). Example of a model threugh four time intervals following a
“geeding” with 100 species in Time 1. See text for explanation,
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Table 1. Combinations of slopes used in simulations and Ie_s_ults. of th.
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1 A5€, C
with increasing peographic range; - indicates decrease; O indl
constant probability.
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GENERATING THE HOLLOW CURVL:

THE TEST OF CONCAVITY - - R
The featire of the biogeogriphic frequency dix:nl'.u.nmrn l||m.l cl.lu.: I-;L“ LIII o
curve its nume is the pronounced upward u:n:f1|c:'|'-.'l.t_'~' l}.l. t Il Iq-.l.h:lr-L.'l“-|.i[-,-L||I_:“|-|.‘-
principal criterian by which we evaliite ll!i: it oof :Tur b:_mu ._”u_..l “.I. :m..
tor the natiiral hollow curve is concavity, Our :|_D!JJ||_';JEft:l:.qc:lll;"IJ .]: ,I_T .h“w.m:ll
cavity is deliberately visual and this, womewhat _\-lIlIIC'xl.I'r... . £ LL ! le pit
:E:Ijr. thye varintlon within naturul hallow cupves farwl I||I ~:”.”T,l-l ,I-I,I,I.._.\.. |-||._,I:u
gulations (Hnear tunctions, gl ymnke application ol elismie C
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procedures inapproprizte. As will be seen, the results of the test are rather
clear,

Table 1 shows that the only combinations that pass the test of concavity
are those in which the probability of range expansion increases with increas-
ing geographic range. From the point of view of the frequency distribution,
this is an eminently reasonable result: how else could a long, low tail of cos-
mopolitan species be produced?

The biclogical justification for the increasing probabiiity of range expansion
with increasing geographic range is also easily arrived at. It seems reasonable
that those species that are widespread will have a larger proportion of good
dispersers among them than these species that are endemic, Like the rich get-
ting richer, the cosmopolitans tend to pet more cesmopelitan. The association
of a wide geographic range with high dispersal ability Is certainly part of the
conventional wisdom of hiogeography. Direct documentation comes from a

variely of sources, only some of which will he mentioned here. St | 974},
Schelterna (1977}, and Hansen (1980) document the tendency for gastlopads
with relatively long-lived planktic lurval stuges to have exiensive peopraphi;
ranges. Species of gastropods with non-planktic lurval stages, on the other
hand, tend to be more narrowly distributed. Jablonski (1979) has detailed a
similar pattern among Cretaceous bivalve moiluscs. Flessa (1981) shows that
the degree of intercontinental mammalian Taunal similarity increases when
bats are included in the analysis. Clearly, dispersal mode is important in deter-
mining a species’ range.

The effect of the mode of dispersal on the shape of the biogeographic fre-
quency distribution is shown dramatically by Hansen (1980} and Jablonski
(1982). Hansen’s figure, reproduced here us Figure 5, demonstrates that the
long, low tail of the hollow curve of early Tertiary volutid gastropods is gen-
erated by species with a planktic mode of larval dispersal. The tali peak of en-
demics is characterized by species with a nen-planktic mode of larval dis-
persal.

Thus, the hollow curve of geographic distribution simply results from the
increasing probability of range expansion with increasing geographic range.
Any combination of speciation and extinction probabilities may be associated

with a positive slope of range expansion. Models ene through nine pass the
lest of concavity.

FURTHER CONSTRAINTS ON EVOLUTIONARY ODDS:
T TREST OF T1HE FOSSIL RECORD

Aithough w concave biogeogiaphic frequency distribution results from any
comhnalion ol speciation and extinetion prebability functions associated
with o ncresisimge probabihity of vnpe expansion, evidence lom the fossil
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record appears to further constrain the number of models remain.inﬁ. gdgre
than fifty years after its formulation, Willis® age and area hypothesml. md sin-
creasing support. Widespread species tend to be geologically long-lived, en-
demic species tend 1o be geologically short-lived. I

Willis (1922) pictured the age and arta :-:Iunm_'lalup e I..'[F“ELLL'II-L“T_E |:\ I-;L
regular, “clockwork™ production and dispersal of species. The Il.m.ger .:uu..i 5
nersisted, the more ares it was likely to oeoupy. Thus; new species 'Tull. t.n:
au|11ic5; old species becume cosmopolitan through mere persistence. bl-lmi;
evidence for Willis™ postulated relationshap belwesen age and area was provided
by Small {1922), but support from the fossil record was scanty and weak
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Recent werk by many authors suggests that a species may be long-lived be-
cause It 15 widespread —a fuscinating reversal of the Interpretation of cause and
effect. Orduvician through Jurassic bivalves (Bretsky, 1973), Siluro-Devonian
brachiopods (Boucet, 1975), Recent, tropical Venend bivalves (Juckson,
|974), Tertlary neogastropads (Hansen, 1980), Cretpceous moliuses (Tablon.
ski, |980; Koch, 1980), and Tertiary bivalves {Hoffman and Szubzda-Stidenc:
ki, 1982 ) display & positive correlation between geographic range and geologic
duration. Geologically long-lived species do tend to be more widely distrib-
uted than short-lived spectes. The cause of this relationship is 1aken to be the
eyolutionary “security” provided by a broad geographic distribution and the
biological properties associated with that distribution. Jackson (1974), for ex-
ample, points out that widespread species, by virtue of their apparent powers
of dispersal, are capable of recolonizing areas affected by regional environ-
mental catastrophes, while endemic species run the risk of terminal extine-
Hon, Species may be olse widespread beoause they are ¢urytopic, regardless of
their means or effectiveness of dispersul. Both Jackson (1974) and Jahlonski
and Valentine (1981) demonstrate o tendency for bivalve species inhohiting
waters less than one moter’s depth to have a greater geopraphic range than
deepur water species, The shallow water species., it is sreued, have broader en-
vironmental tolerances. This assocfation of eurytopy with cosmepolitanism
provides double protection frem many of the causes of extinction. Boucot
(1975) suggests that cosmopolitan species have large populations and that it is
the larger size of the population that provides protection from extinction znd
inhibits speciation. Koch (1980) provides the only test of this hypothesis and
finds it unsupported by the data.

Thar the relationship between geographic distribution and pvolutinnary: loae
gevity 1sone of cause and effect, respectively, is supparted by the predomi-
nurce of planktic lasval stages among widely distributed species of gustripols
(Figure 3). 10 o broad distribution was slinply @ chnssyuence of loagevity,
laeval tvpes would he distrbutéd randomly along 4 seale of incressing geogra-
phic range. Furthermaore, Hoffrun and Szubeds-Studereks {1982) point out
that brosd geogrophic distributions were attiinad guite rapidly in 20 out of
31 species of bivalves thal originated in the Middle Miogene of castern Evrope.

The fossil record sugpests thar (he probahility of extinction decrenses with
increasing geographic range. Models seven, eight, and nine (Table 1) pass both
the test of concavity and the test of the fossil record.

A POSITIVE CORRELATION O PROBABILITIES
OF EXTINCTION AND SPECIATION?

Is there any teason 1o choose one of (he remaining models rather than an-
other? What s the natare ol the relationship between the probuability of
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speciation and geographic range? Little evidence is available, and what there is
is often characterized by reasoning many steps removed from the data.

Again, Hansen’s (1980} analysis of the duration and distribution of volutid
gastropods in the Gulf Coast Tertiary provides some insight. Species with a
nonplanktic larval stage show a slight tendency toward greater speciation
rates than do the species with a planktic larval stage (Hansen, 1980:Fig. 10).
Insofar as those species with a planktic larval stage are widespread, the proba-
bility of speciation seems to decrease with increasing peographic range. More
evidence for this correlation, though even more indirect, is provided by Stan-
ley (1980:260-265).

The lack of much direct evidence notwithstanding, the logic of the decreas-
ing probability of speciation with increasing geographic range has not escaped
many authors. Jackson (1974), Shute (1974), Scheltema (1977}, Vermeij
{1978), and Hansen (1980} have all pointed out that those biological proper-
ties that result in wide geographic ranges (effective dispersal phases, eury-
topy) will act to retard speciation. Peopulations of species with formidable
powers of dispersal will be less likely to become isolated than populztions of
species with limited dispersal abilities. There is an obvious counter-argument.
As the size of a species’ range increases, the chances that that range will be-
come dissected by some vicariant event will also increase. Thus, the probabil-
ity of speciation would increase with increasing geopraphic range. This is the
basis of Rosenzweig’s (1975) argument for continental steady-state diversity,
But this range-dissection argument has force only if the assumption is made
that geographic events affect all species equally. A species that is widespread
because of an effective dispersal phase may not be sensitive to the event that
caused the geographic isolation of a species without an effective dispersal
phase. If geographic range was the only variable and the biological properties
of species were unimportant, then a case could be made for a negative correla-
tion of extinction and speciation probabilities. We doubt that this will be pos-
sthle.

However tentatively, we suspect that as geographic range increases, the
probability of speciation will likely decrease. Model nine (Table 1) seems to
be the most likely combination of evolutionary probabilities.

CONCLUSIONS

1. The distribution of genera of marine bivalve molluscs among 71 regions
follows a “hollow curve.” Most genera are restricied to cne or a few re-
gions while the numbers of those that occur in more and more arcas fall
off rapidly and then persist at a low level. Endemnics are most frequent
while cosmopolitans are few in number.
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2. The similarity of this hellow curve to that displayed by species of mam-
mals, gastropods, and many other animals and plants suggests that it is a
cemmon bicgeographic pattem.

3. Simulations in which the probability of range expansion increases with in-
creasing geographic range produce the hollow curve. The frequency distri-
bution is not sensitive to the probabilities of extinction or speciation,

4. The fossil recerd of molluses and brachiopods indicates that cosmopolitan
species tend to have longer geologic ranges. The probability of extinction
appears to decline with increasing geographic range.

5. Because those properties that enhance geographic spread tend to retard
speciation, the probability of speciation may also decline with increasing
geographic range
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Part IV

DIVERSITY PROFILES OF INDIVIDUAL CLADES

During the late nineteenth century, numbers of leading paleontologists
attempted to infer evolutionary processes from the fossil record. They met
with limited success, partly because they were looking for regularities in the
history of clades which could be regarded as “laws” and used as definitive
components of an evolutionary theory. Youthful, mature, elderly and senes-
cent stages in the history of clades were sometimes claimed as a regularity;
even second childhood was sometunes detected. Although this analogy be-
tween clade history and life history has been abandoned, there are still oc-
casional suggestions as to how the spindle diagram of an average clade should
look, given certain models of evolution and ecology

In this section, two of the likeliest data sets available are analyzed for signs
of agreement with the expectations of some predictive model, Hardy ex-
amines the trilobites in Upper Cambrian biomeres. These faunas are well-
defined, having been studied in great detail systematically and stratigraph-
ically. Ward and Signor, by contrast, review the record of ammonites through
the entire Mesozoic Era. Although this is necessarily a more general study,
vast labors have been expended on the stratipraphy and systematics of this
group also. Strikingly, neither of these groups has yielded clade diversification
patterns that are consistent with any particular predictions. Was this pre-
dictable?

A final paper {(by Valentine) attempts to account for the volatility or
jumpiness of clade diversities in terms of an ecological model which involves a
biosphere kept open to evolutionary opportunity through extinction and the
inhibiting effects on speciation of adaptive minima which act as barriers to
diversification
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INTRODUCTION

“It is at the lower taxonomic levels where evolutionary and ecologic theory is
most robust and it is at this level where interpretive analysis may be the most
fruitful—given the proper data base” (Raup, 1979).

Recently several authors (Gould et al., 1977; Sepkoski, 1978, 1979; Stan-
ley, 1979; Valentine, 1980, 1981; Walker, 1985) have presented models of
taxonomic diversity patterns during adaptive radiations. In order to avoid
problems arsing from the incomplete nature of the fossil record, the primary
emphasis of these studies is on patterns of radiation in higher taxa, over long
periods of time. An important assumption of these studies is that species di-
versity patterns follow those of higher taxa. While Sepkoski’s (1978) simula-
tions appear to support this assumption, documentation using species level
data is lacking. This paper examines a trilobite radiation at the species level
for those charactenstics considered important in these previous studies.

The Ptychasp:d Biomere is generally regarded as a well-documented adap-
tive radiation of Late Cambrian trilobites (Stitt, 1971a,b, 1975, 1977; Palmer,
1979). The data from this biomere were chosen because many of the notori-
ous biases in the fossil record (poor or inconsistent preservation, variability
due to geographic location, and the pull of the Recent; Raup, 1979) are not
thought to be important factors. Due to the detailed nature of these data (see
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below), the dynamics of adaptive radiation at the species level can be ex-
amined with regard to the models cited above.

An adeptive radiation may be defined as a divergent cluster of taxa of
monophyletic origin whose proliferation is due primarily to the opening of a
new ecospace (Valentine, 1973; Eldredge and Cracraft, 1980). This ecospace
can either be a previously unoccupied habitat or a new “adaptive zone” (Sirup-
son, 1944, 1953; Valentine, 1973; Fldredge and Cracraft, 1980). Eldredge
and Cracraft (1980) point out thal this proliferation of species should be
rapid relative to a laxon’s diversification rate before and after the radiation,

The literature on adzptive radiation falls into two basic categories: 1) en-
pirical descriptions of overall patterns of various adaptive radiations; and 2)
predictive models based upon the hypothesized mechanisms underlying
adaptive radiation. The empirical patterns can be summarized as follows:
Rapid speciation occurs at the beginning of a radiation with increasing extinc-
tion as the radiation proceeds (Simpson, 1944, 1953; Gould et al., 1977;
Stanley, 1979; Eldredge and Cracralt, 1980). Thus, species durations are
shortest during the early part of the radiztion when evolutionary rates are
high (Simpson, 1944, 1953 Stanley. 1979; Eldredge and Craciaft, 1980) and
hollow (concave) survivorship curves are produced (Simpson, 1944, 1953,
Stanley, 1979). Most of the higher taxa also originate at the beginning of the
radiation (Valentine, 1977, 1980). Due to this early origination of taxa. a
“heavy-bottomed” clade should characterize adaptive radiations—one with a
center of gravity of less than 0.5 (Gould et al., 1977). Finally, some diver-
sity-dependent factor(s) act(s) to limit the radiation so that a maxjmum di-
versity is attained and speciation then decreases relative to exlinction {Simp-
son, 1944, 1953; Gould et al., 1977; Sepkoski, 1978, 1979; Stanley, 1979;
Valentine, 1972, 1973).

With these basic patterns in mind, a number of medels have heen used to
further predict overall patterns of adaptive radiation. Most of the models pro-
posed so far postulate a sigmoidal pattern of diversity increase—a pattern
which is directly znalogous to the (Lokta-Volterra) logistic growth curve of
populations (see Pearl, 1927, for original application), In the case of taxa,
originations are assumed to increase geometrically early in the radiation. An
environmental carrying capacity for taxz is also assumed {Sepkoski, 1978,
1979; Stanley, 1979). However, a sigmoidal diversity pattern for adaptive
radiation can also be attained using a non-geometric increase of taxa. Such
models do nol require a diversity equilibrium (Valentine, 1980, 1981; Walker,
1985). Sigmoidal diversity increases were also used by Carr and Kitchell.,
{(1980) to model the recovery of taxonomic diversity from saturated and un-
saturated conditions. Diversity patterns of marine metazoan corders and fami-
lies do exhibit a sigmoidal pattern (Sepkoski, 1978, 1979) and Stanley {1979}
presents various clades which are consistent with his model.
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Palmer (1965a:149}) defined z biomere as “‘a regional biostratigraphic unit
bounded by abrupt non-evolutionary changes in the dominant elements of a
single phylum.” He originally used this term to describe a Late Cambrian tri-
lobite assemblage in the Great Basin. Within this unit, the Pterocephalid Bic-
mere, Palmer found a pattern of increasing trilobite diversity towards the top
of the biomere with an abrupt extinction event marking the vpper boundary.
The lower boundary was postulated to be diachronous and was defined by
the appearance of key species within the trilohite families Plerocephalidae
and Elvinidae. Each biomere was considered to be the result of repeated inva-
sions of the shelf environment by ancestral stocks of oceanic species which
then evolved in situ. These newly evolved trilobite species were later extermi-
nated by a global change in oceanic cenditions (Palmer, 1965a,b), perhaps an
influx of cold water (Lochman and Duncan, 1944; Taylor, 1977). The bio-
mere beundaries do not appear te be coincident with major lithologic changes,
ner with ether faunal changes (Palmer, 1965a b).

Trilobite biomeres have also been recognized cutside of Paliner’s originial
study area. Two biomeres have been described in Texas (Lengacre, 1970) and
Oklahoma (Longacre, 1970; Stite, 1971b, 1977): the original Pterocephalid
Biomere and overlying it, the Ptychaspid Biomere. It is this younger biomere,
the Ptychaspid Biomere, which is the subject of this paper

On the basis of his work with the Ptychaspid Biomere, Stitt (1971b, 1975,
1977) further divided biomeres into four stages, each representing a phase of
adaptive radiation, The first stage contains relatively lew species, typically
with short stratigraphic ranges and high morphological variability. The next
two stages have successively increasing species diversity, longer species ranges,
and less morphological variability. The final stage has the highest species di-
versity and also has high familial diversity, but here species ranges arc short.
This final stage has been characterized as a time of “evolutionary despera-
tion™ for the trilobite species present (Stitt, 1975:385). Palmer (1979) agreed
with this interpretation of biomeres, although he did feel it wouid be more
appropriate to redefine the end of a biomere to coincide, not with the end of
the fourth stage, but with the end of the third stage where the initial invasion
ol the subsequent biomere occurs.

Because the Ptychaspid Biomere presents a well-studied adaptive radiation,
it provides an excellent opportunity to examine at the species level those
characteristics and patlerns considered important for recognizing adaptive ra-
diations at higher levels

MATERIALS AND METHODS

The dati used o this study were collected by Stitt (1971a, 1977) from the
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Western Arbuckle Mountains and the Wichita Mountains in southern Okla-
homa. Each site comprises approximately 1800 feet of limestone and dolo-
mite that make up the Timber Hills and Arbuckle groups. At both localities
a basal sandstone unmit rests disconformably on the underlying group. Also
present in cach section are aigal-stromatolites, located at about mid-section
{(Figure 1). These deposits record shallow cratonic sedimentation during the
Late Cambrian and Early Ordovician epochs. A transgression, possibly of
Franconian age, is thought to have deposited the basal sandstone unit, A grad-
ual deepening, shallowing, and (hen deepening again appears to have oc-
curred, with the shallowest Interval being recorded by the algal-stromatolite
deposits (Stitt, [971a, 1977).

Stitt (1971a, 1977) sampled a total of four sections: three in the Western
Arbuckle Mountains and one in the Wichita Mountains, Collection intervals
equaied one foot, producing extremely well-sampled sections from these
areas. Although trilebites are not present in every sample, they are found con-
sistently throughout each section and the exception of the dolomite lithologies,

A composite of all four sections was made, for the purposes of this study. I
used Shaw’s (1964) technique of graphic correlation (this removed all sam-
pling gaps caused by the delomite). The composite section was created using
all common species’ originations and extinctions (Figure 2). 1t was not neces-
sary to remove any species with short or aberrant ranges because the initia)
correiztion using the entire trilobite assemblage was extremely high, with a
correlation coefficient equal tc 0.98 (N =146, p < (L.001). While only thes
composiie sectjion is used here, all analyses were done on the original sections
as well, and all conclusions drawn apply to both forms of the data.

The species diversity curve (Figure 3) was calculated using total species’
ranges as determined by the first and last appearances of a given species with-
In the composite section, This method assumes that the species was always
present somewhere within the depositional basin, even if it was not found in
all of the samples lying within its range (a simple range-through assumption}.
Familial diversity (Figures 4 and 5) was also determined using this method. In
this case, the assumption was made that the family was present, even if genera
and species of that family were not present in afl samples throughout that
family’s range.

Species survivorship was calculated for the Biomere as a whole (Figure 6).
This was dene by dividing stratigraphic ranges into ten fool intervals. Percent
survivorship was then determined by measuring the proportion of species sur-
viving fiom one interval to the next. Due to the trimodality of the species di-
versity curve (see Results), species survivorship was also caleulated for each
‘mode’ of the curve (Figure 6). Net change in speciation (Figure 7) was deter-
mined for 100 foot intervals, starting at the base of cach section.

The two spindle diagrams (Figures 8 and 9) were created by placing the
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Figure 1. Stratigraphy of the Chandler Creck Sectien, Wichita Mountains.

diversity curves such that time (here measured in feet) was on the y-axis, A
mirror image of the curve was then drawn. A numnber of “clade statistics,”
based on shape, were proposed by Gould et al, (1977) as important indicators
of evolutionary patterns within clades. Twe of these stalistics were utilized
here: center of gravity and uniformity. Of the original statistics, these two ap-
pear Lo provide the best basis for interclade comparisons. The other statistics
are highly clade-dependent for their values (Stanley, et al., 1977; Ward and
Signor, 1985).

The center of gravity locates mean diversity in time. It indicates where the
average diversity cccurred for a given clade, The center of gravity was calcu-
lated by setting the time axis on a scale of zero to one. This interval was then
divided into twenty equal parts and the species diversity present at each of
those divisions was weighted by the proportien represented by that division.

Uniformily is a measure of how constant a particular clade’s diversity has
been throughout its duration: the more variable the diversity, the lower the
unilormity. Uniformity was determined by enclosing the clade in the smallest
rectangle possible and computing the percent area of that rectangle that the
clade covered (for o mare detaled explanation of (hese statistics and their
contputaiion, see Goald et al, 1977)
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RESULTS

Figure 3 indicates that the species diversity curve for the Ptychaspid Biomere
does not have a sigmoidal shape ncr does the increase from beginning to end
appear to be geometric, as would have been predicted by the models dis-
cussed above. In fact, the pattern is trimedai: there are two minor, rapid in-
creases, followed by gradual declines, and then a final, relatively gradual
increase which peaks at maximum diversity for the Biomere. The extinction
event occurs quickly after this peak and diversity drops very rapidly

In order to control for artifacts which might be due to taxonomic classifi-
cation, two other analyses were done: familial diversity (Figure 4) and within-
family species diversity (Figure 5} The familial diversity curve does not show
a sigmoidal pattern of increase. It is interesting to note, however, the differ-
ences between the species diversity curve and the familial one. At the familial
level there is a gradual increase of diversity until the end of the Biomere but
the species curve lacks its smoothness. The high peak of the species curve is
also lost at the familiel level. This suggests the kind and amount of informa-
tion that is lost when higher taxonomic levels are used to infer species level
patterns.

The within-family species diversity curves (Figure 5) also fail to exhibit sig-
moidal patterns. Five of the twelve [amilies present account for the majority
of the area under the species diversity curve. Two families, the Ptychaspididae
and the Parabolinodidae, are responsible for the first diversity peak {or mode).
The second mode is composed primarily of the Catillicephalidae and the
Plethopeltidae, although the Heterccaryontidae and the Ptychaspididae do
contribute a small amount. The final mode is composed of four families. the
Catillicephalidae, the Plethopeltidae, the Heterocaryontidae, and the Ptycha-
spididae. Once again, none of these individual family diversity curves indi-
cates either a sigmoidal or geometric pattern

Hollow (concave) survivorship curves, resulting from a large number of
short-lived species early tn the radiation, are predicted. The survivorship curve
for the Biomere as a whole (Figure 6) does not provide much insight because
it 1 neither extremely concave nor is it convex, However, survivorship curves
Trem each of the three modes give some indication of the variation in species
survivorship that occurs throughout the Biomere. Those species with the
shortest durations are indeed found at the beginning of the Biomere (the first
mode), while those with the longest durations are in the second mode, The
third mode’s survivorship is lower than that for the second mode but higher
than that of the first mede. This may mdicate that survivorship at the end of
the Biomere would have been Jonger but that species ranges were truncated
by the extinction event. This paitern of short-lived species at the beginning
of the Biomere followed by longer survivorship as the Biomere continues and
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potentially as it ends, is what has been observed in other adaptive radiations
(Simpson, 1944, 1953; Stanley, 1979),

Several authors (Simpson, 1944, 1953; Sepkoski, 1978, 1979; Stanley,
1979) have observed that speciation rates are relatively high compared to
extinction rates at the beginning of an adaptive radiation, As the radiation
progresses, the extinction rates supposedly either equilibrate with speciation
rates or overtake and exceed them. A plot of net changes in species number
{(Figure 7) does not follow such a pattern: rather, episodes of net speciation
and extinction tend to alternate throughout the Biomere. These alternations
coincide with the increases and decreases in species diversity,

Gould et al. {1977) predicted, based upen the pattern of species durations
described above, that adaptive radiations should generate “heavy-bottomed”
clades. They also observed that Cambrian and Ordovician clades have lower
centers of gravity than clades within the same taxonomic group found in later
systemns. This suggests that the Ptychaspid Biomere would have a low center
of gravity, probably below 0.5, However, for families within the order Pty-
chopariida, the center of gravity is higher than those for Cambrian and Ordo-
vician trilobites found by Gould et al. (1977) (Table 1). Tt is also higher than
for trilobites in general. In fact the Ptychopariida clade is not heavy-bot-
tomed, but is top-heavy instead,

Uniformity for families within the Ptychoparid order (Table 1) was much
higher than that found by Gould et al (1977) for all families within trilobite
orders. The uniformity for species within the order was much lower than for
families within the order. This 1s consistent with & trend noted by Gould et al.
(1977) for uniformity to decrease as more disparate laxonomic levels are
grouped {(species being more disparate from orders than families in the taxo-
nomic hierarchy). Gould et al. (1977) alsc supgested that uniformity may be
lower in certain cases in which poor preservation creates variability. Because
preservation is considered consistent for the data presented here (there are
few large gaps and they are small relative to the entire section), this may be a
possible explanation for the high unifermity exhibited by these data

Table 1. Centers of gravity and uniformitics for trilobite clades

This Paper Gouwld et al, 1977
Species Within  Families Within All Cambrign-Ordo
Prychopariide Ptychopariida Trilobites Tn’!obzles
Center ol
Gravily .65 (.59 0410 0.488
Undormaly .52 076 (1.588
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DISCUSSION

Many problems are encountered when analyzing adaplive radiations because
the term *‘adaptive radiation™ is used to describe two very different phenom-
ena. The tirst and perhaps most common use of adaptive radiation occurs as a
general description of any divergent group of taxa. Typically these taxa show
many variations on a theme and thus monophyly is inferred. The second use
appears to be more thecretical in nature and contains many implicit and ex-
plicit assumptions about the processes that produce an adaptive radiation Tt
1s basically this second type of adaptive radiation that is summarized at the
beginning of this paper.

Huxley (1953) has pointed out that all of life is an adaptive radiation and
Gould et al. (1977:25) “argue that steadily increasing diversity marks the his-
tory of clades in ‘nermal’ times. .. Should all clades then be classified as
adaptive radiations or is the term to be applied to phenomena that are not
“normal?”” I adaptive radiation 1s to be used in its mest seneral sense, then
any clade which has diversified becomes an adaptive radiation. Because the
models presented abeve assume a more special case, the general definition is
useless for studies of the type presented here. To analyze an adaptive radia-
tion of the first type using modeis which are based on adaptive radiations of
the second type gives results that are inconsistent with predictions and males
clear explanations difficult indeed. Much of (he disagreement between the
Bicinere data and the models examined in this analysis is probably due to this
lack ef a consistent use (or definition) of the term “adaptive radiation.”

Throughout the remainder of this paper, the term * adaptive radiation” will
refer to the second mere restricted definition. An adaptive radiation will be
defined as a monophyletic group thal undergoes rapid speciation at the be-
ginning of the radiation and then shows a gradual decline in its speciation
rate. This is the definition which most closely matches those used in the
models examined in this paper and, in my opinion, is the more interesting
application of the term under these circumstances. If we are to continue to
use this term for both phenomena, then some dislinction must be made. A
prelimmary discussion on types of adaptive radiations has been given by
Tablonski (1980)

At least two explanations can be offered to explain the lack of agreement
between the predictions made by these models of adaptive radiation (Gould
et al,, 1977; Sepkosk:, 1978, 1979; Sitanley, 1977, Valentine, 1980, 1981;
Walker, 1985) and the Biomere data. Either the Ptychaspid Biomere repre-
sents an adaptive radiation of trilobites that differs from the models or the
Biomere 15 not an adaptive radiation and is the result of other natural pro-
cesses.
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THE BIOMERE AS AN ADAPTIVE RADIATION

Because some of the assumptions of the models are violated by the Biomere
data, their lack of agreement may (at least in part) be caused by this. An im-
portant assumption of all of the models examined here is one of monophyly
for the clade undergoing the adaptive radiation. Eldredge (1977) does not feel
this is the case for the trilobite order, Ptychopariida, used here. The impor-
tance of this assumption can not be delermined but, at least for the Metazoa,
it does not appear to be a necessary condition. Sepkoski’s (1978, 1979) data
on marine metazoan crders and families do show a logistic pattern as pre-
dicted, even though this group as a whole is paraphyletic. This indicates that a
sigmoidal curve can be gencrated when the assumption of strict monophyly is
relaxed. The situation is the same for the Ptychopands used in this study—
they are also parzphyietic and possibly even polyphyletic (Eldredge, 1977).

Sepkoski’s (1978, 1979) and Stanley’s (1979) models of adaptive radiation
both assume that the ecospace being invaded is empty and free of competi-
tors. In the Oklahoma sections, brachiopods, conodoents, and crinoids are all
present (Stitt, 1971a, 1977) and are potential competitors, Once again, Sep-
koski’s (1978, 1979) datz on marine metazoan orders and families also vio-
lates this assumption. Many phyla of soft-bodied organisms are present during
the Cambrian explesion and also throughout the rest of the Phanerozoic
They too arc potential competitors who are not included in the diversity
curves, However, their presence does not appear to affect Sepkoski’s resulis

Since these assumptions de not appesr to he necessary conditions for the
production of a sigmoidal pattern of diversity increase during an adaptive ra-
diation, further explanation is needed to explain why the Biomere data does
not follow the predicted pattern if, indeed, it is an adaptive radialion. One
possibility is that these disparities are the result of taxonomy. This study is at
the species level while other studies (Sepkoski, 1978, 1979; Stanley, 1979) uti-
lize data comprised primarily of higher taxa. Sepkoski’s (1978) simulations
do indicate that a direct relationship exists between higher raxa and specics,
but there is no direct evidence to support this result. In fact, the dynamics
of an adaptive radiation at the species Jevel need not he as simple as those at
higher taxonomic levels. Two pieces of evidence support this conclusion.

One is Sepkoski’s (1978, 1979) data sets for marine metazoan orders and
families. While the overall diversity pattern is basically the same for his two
sets, multiple equilibria are necessary to generate the familial pattern rather
than the single equilibrium needed to describe the ordinal partern, This vari-
ability hints al an increasingly complex pattern as lower and lower taxonomic
units are analyzed within an adaptive radiation. The second piece of evidence
comes lronr the Plychaspid Biomere. While (he overall pattern of increasing di-
versity is apparent in bath diversity curves and diversity peaks are coineident
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for both, the species level curve is far more complex than the familial one.

To a certain extent, these differences between patterns at various taxonomic
levels (Sepkoski’s and this paper’s) are a consequence of taxenomic clessifica-
tien, Unless all the species present in the adaptive radiation beleng to a mono-
specific higher taxon, it is unlikely that the higher taxon will be as variable
through time as the species. This is because species ranges within a higher
taxon are rarely coincident and lend greater stability (i.e., longevity) o the
higher taxon. These differences may also be caused by the fact that species
are far more sensitive to environmental fluctuations than are higher taxa (un-
less the higher taxa are monospecific). Each species within a higher taxon has
its own set of unique resources and tolerances, some, but not all of which,
may be shared with other species. Therefore, the more species a higher taxon
contains the more resources it relies on and the lower the probability that all
of its resources will become unavailable at any given time. This sensitivity
could cause species diversity patterns during adaptive radiations to be ob-
scured by environmental {luctuaticns or changes, even though they might be
present at higher taxonomic levels. However, for the Piychaspid Biomere, at
least, this does not appear to be the case since families de not show the pre-
dicted pattern either.

These data might still represent an adaptive radiation despite the absence of
predicted patterns, if they result from three pulses of adaptive radiation. This
is suggested by the trimodality of the species diversity curve (Figure 3). How-
ever, nene of the three modes shows geometric increase or a sigmoidal pattern
nor do the species survivorship curves (Figure 6) indicate three separate
events. Nonetheless, if each sampling interval represents a sufficiently large
period of time, the initial stages of these adaptive radiations would have been
obscured, either through time averaging of the deposits or due to lack of pres-
ervation of the presumably small initial populations of the newly arisen and
rapidly evolving trilobites (Rosenzweig, personal communication).

A final explanation may be that the models used here are not adequate rep-
resentations of adaptive radiations, especially at the species level. Analyses of
the dynamics of adaptive radiatfons are a relatively recent development (with
the notable exception of Simpsen’s work, 1944 and 1953). Because of this,
very little data exist which can be used to confirm or deny many of the as-
sumptions that have been made about adaptive radiation,

Final evidence to support the conclusion that the Ptychaspid Biomere is not
an adaptive radiation can be found if the global family durations of the fami-
lies present in the Ptychaspid Biomere (Sepkoski, in press) are examined
Thesz data show that enly four of the twelve families originate during the
Biomere—the other eight originate earlier, Of the four originating during the
Ptychaspid Biomere, only one, the family Ptychaspididae, is a prominent fam-
ily within the Biomere (Figure 5); the other three are very minor components
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of the overall species diversity {data not shown). Because the majority of the
families originate earlier, the Ptychaspid Biomere can not be a record of oce-
anic migration and in sifu evolution of these families from a single ancestral
stock. Each of these families could be undergoing their own adaptive radia-
tion but the within-family species diversity curves (Figure 5) give no indica-
tion that this is eccurring.

None of the explanations given above appear to be sufficient to reconcile
the differences present between the patterns exhibited by the Biomere data
and those predicted by the models presented here. Therefore, the Biomere
data do not appear to be an adaptive radiation. This conclusion is-based upen
analogy with Sepkoski’s data {1978, 1979) which have many of the same dif-
ficulties and yet, conform to the predictions of the models.

AN ALTERNATIVE EXPLANATION OF THE BIOMERE DATA

The most obvious alternative explanation for the nature of the Ptychaspid
Biomere is that it records a biofacies migration: Palmer (1982) has recently
presented data that indicates that this may be the situation for the older
Pterccephalid Biomere, A habitat change from shallow to deep water condi-
tions, with minor fluctuations within a general transgressive sequence, could
be the cause of the patterns observed. A long period of time relative to trilo-
bite evolution is represented in this section (73 species in 5-10 million years)
Because of this, recogmition of similar habitats, on the basis of faunal cempo-
sition, may be difficult because faunal composition does not remain constant
long enough to be preserved more than once. Rapid trilobite evolution ob-
scures patterns of faunal composition within a habitat because replacement of
maost species within a given habitat has occurred before that habitat can be
sampled again. Therefore, this secticn may represent changes in both time
(trilobite evolution) and space {habitat migration). With both of these situa-
tions changing, the resulting pattern would he expected to be very complex
and the deciphering of the important generating factors necessarily difficult.

The hypothesis of changing habitat could be tested by a detailed palec-
environmental study of the Oklahoma sections, IT the ftuctuations in diversity
are the result of changes in environment, then a correlation between deposi-
tional environment and diversity 15 predicted. If shallow cratonic seas were
siimilar to modern shelf regions, then the highest within-habitat species diver-
sity should be found in deeper walers. Also a morphological analysis might
prove heiplul 1f morphelogy is being influenced by local habitats, then a
correlalion hetween habitat and morphology should be possible.
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SUMMARY AND CONCLUSIONS

A well-documented assemblage of Late Cambrian trilobites, the Ptychaspid
Bivmere, is examined at the species level for characteristics considered diag-
nostic of adaptive radiations at higher taxonomic levels. Diversity curves of
species, families, and species within a family show neither a sigmoid pattern
nor geometric increase, two characteristics considered important in the dy-
namics of adaptive radiations. Net changes in species diversity are calculated
and do not show the predicted inverse relationship. The clade statistics, cen-
ter of gravity and uniformity, also differ from those predicted for adaptive
radiations. Division of the data into three modes and species survivorship
curves of each of these divisions give the only set of results consistent with
these predicted for adaptive radiations: species with the shortest durations
are found early in the Biomere while those with longer durations occur later,

This data set violates some of the assumptions of the models of adaptive
radiation examined in this paper (most importantly assumptions of mono-
phyly and empty ecospace). One possible explanation is that the data do not
show the predicted patterns because of these violations. However, Sepkoski’s
(1978, 1979) marine metazoan data sets, which also violate these assump-
tions, do exhibit the patterns predicted. Thus, adaptive radiations can pro-
duce the predicted patterns when these assumptions are violated. This sug-
gests that an alternative hypothesis is necessary to exvlain the trilobite data.
Further date to support this conclusion are global family durations of the
trilobite families present in the Biomere. Their durations do not coincide with
an in situ origin and subsequent adaptive radiation

The most obvious alternative hypothesis is that the trilobite data represent
diversity patterns produced by biofacies migration. Habitat recognition, with-
in a general transgressive sequence, on the basis of faunal composition is made
difficult by the high faunal turnover, Two analyses would test this conclusion:
1} Detailed paleoenvironmental work could provide data which would aliow
species diversity to be correlated with habitat, 2} Morphological analyses of
the trilobites could indicate habitat types and again aliow for correlation of
diversity and habitat.
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EVOLUTIONARY PATTERNS OF
JURASSIC AND CRETACEOUS AMMONITES:
AN ANALYSIS OF CLADE SHAPE

PETER D WARD* and PHILIP W SIGNOR, Il

Department of Geology, University of California, Davis

INTRODUCTION

Clade diversity (spindle) diagrams graphically portray changes in the diversity
of monophyletically derived taxa through time. They are often used to depict
examples of evolutionary events, such as radiation or extinction, or to infer
results of environmental events in eveluticnary time, such as competition or
predation. Recently, clade diversity diagrams and their uses have been criti-
caily reexamined, in efforts to reduce the hazards inherent in the uncritical
interpretation of such diagrams and to propose appropriate null hypotheses
against which deterministic explanaticns may be tested (Raup et al., 1973;
Raup and Gould, 1974; Gould et al., 1977; Schopf, 1979; Stanley et al.,
1981). Through production of computer generated clade diversity diagrams,
Gould et al. (1977} were able ta show that cladograms derived from random
modeis offen produce shapes which appear to have deterministic meaning
(but see Stanley et al., 1981 and Raup, 1981). These workers introduced
simple clade statistics that allow quantitative evaluation of different clade
diagrams, so that evolutionary difference intrinsic to the component lineages
could be exarnined.

In this paper, we continue in this general theme of clade shape analysis.
Rather than using simulated cases, however, we will analyze the clade dia-
grams of a well known, well documented group: Jurassic and Cretaceous
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ammonites. We will examine these clades of ammonite genera within families
using the clade statistics proposed by Gould et al. (1977} in an attempt to dif-
ferentiate evolutionary tempo within the ammonite families. We will then
evaluate the efficacy of Gould et al.’s statistical analysis, and propose an al-
ternative index which we feel may be cqually useful.

Many ammonite {amily clades have a characteristic shape, previously noted
by various workers (Gould et al, 1977, Stanley, 1979): short and wide, indi-
cative of rapid radiation followed by precipitous decline and {inal extincticn.
These shapes result from high rates of extinction and origination. It is, of
course, this rapid evolution that make most ammonites such uselul biostrati-
graphic tools. Not all ammonite clades have these shapes, however

Some workers have viewed the characteristic ammonite clade shapes as per-
haps due to taxonomic practice, rather than reflecting real ammonite evolu-
tionary tempe, and have ignored the presence of other clade shapes within
the ammeonites. For example, “Clades ol genera within families of Mesozoic
ammonites, for example, are extremely short and fat. We do net deny that
evolution may have been very rapid within this group, but prodigious over-
splitling inspired by stratigraphic utility may be the primary cause of these
unusual shapes” (Gould et al., 1977:29). From the same source comes the
following: . ..we may be quite sure that mammals and ammonites are
oversplit at the family level—ammonites for their stratigraphic utility as Meso-
zoic guide Tossils, mammals because we tend to make finer distinctions be-
tween animals that look more and more like us” (Gouldet al., 1977.31). Such
taxonomic practice would tend 1o reduce the size of clades (Gould et al,
found mammal and ammonite family clades to be the smallest 1n average gen-
eric richness per Tamily of the twelve higher taxz they examined). Such rea-
soning, however, must be used conststently. The presence of long, thin am-
monite clades along with the short, fat clades must be reconciled with these
assertions.

Are the characteristic clade shapes of ammonites simply the result of {axo-
nomic practice or is there information about evelutionary tempo in these
groups that is mirrered in the taxonomy? Certainly, not all ammenite clades
are short and fat. Elsewhere (Ward and Signor, 1983), we found a wide
varicty of significantly differeni mean longevities for genera within families of
ten or more genera. While most families were composed of genera with ranges
between 1 and 10 million years, giving a mean generic longevity of about
7 m.y., some families had mean generic ranges far in excess of this figure.
That same families are composed of much longer ranging genera suggests that
the longer ranging taxa are nol randomly distributed among the families, For
example, while only one in ten ammonite genera lust more than 12 my | 11
of 13 tetragonitid genera cxceed that duration The prospect of this occurring

by chance is exceedingly remote. These lmmilics with long-ranging genera also
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tend to be at lower average diversity for any given time than the shorter-rang-
ing families, thereby producing long, thin clade shapes,

Schopf et al. (1975) suggested that evolutionary range may be a lunction of
morphological complexity of taxa; more complex taxa might tend to have
shorter ranges since evolutionary change would be more readily detected than
in morphologically simple taxa. Although some of the long-ranging ammonite
families, most notably the Phylloceratidae and Lyloceratidae, are composed
of many morphologicaily simple genera, other long-ranging emmonite famil-
ies, such as most of the Upper Cretaceous heteromorphic ammonite families,
are composed of long ranging, morphologically complex genera. Furthermore,
virtually all long ranging Jurassic and Cretaceous ammonite genera, irrespec-
tive of taxonomic affinity, share a common morphological trait: siphuncies of
low diameter but high wall thickness (Ward and Signor, 1983). Those genera
with small, thick siphuncles (interpreted 1o be deeper water varieties by
Westerimann, 1971) had lower extinction rates than those taxa with weaker
connecting rings.

These findings suggest that a continuum of evolutionary tempos existed
within Mesozoic ammonites, where at one end clades show high origination
and extinction rates, producing short, fat clades and the other where clades
show the opposite, producing leng thin clade shapes. We will apply the clade
statistics to Jurassic and Cretaceous ammonites to ask two questions: first,
are there predictable relationships between clade shape and evolutionary
tempo and, secend, what are the limitations of clade statistics in evolutionary
analysis?

MATERIALS AND METHODS

Gould et al. (1977) addressed the “general and ahvious concerns™ of paleor-
tolegists studying the morphology of clude diversity diograms: How I-:-ig 158
u.la_:d-:;':’ How wide s it? How much doss s diversity. fluctiate through time?
Where is it widest? To answer these guestions, they proposad the followimg
clade staristics:

|. Size, a measure of persistence and diversity (the total number of lineage-
time units).

2. Duration {DUR)}—the number of time intervals that a clade persists.

3 Maximum Diversity (MAX)~the highest diversity during any one time
period of the clade’s duration.

4. Center of Gravity (CG)—a measure of relative position in time of the medi
an time-diversity unit.
Unidormity (UNIE a measuie of tie unidormily ol diversity tlrough time
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With the exception of CG, all of thess statistics are readily calculated from
raw data, and so can be derived from a clade diversity diagram. We moedified
the size statistic to a measure of total lineage components; in cur treatment
SIZE refers to only the total number of genera in a family. We did not use the
descriptor CG because it was invented as a measure of diversity trends (Gould
et al., 1977), which is not a4 concern here.

We compiled stage and substage level data for 981 genera of Jurassic and
Cretaceous ammonites, distributed among 83 families All data for Jurassic
genera comes from the Treatise on Invertebrate Paleontology (Part 4) and
data for Cretaceous genera is primarily from the Tregrise but has been up-
dated according to more recent literalure. Ammonite genera found in any
part of a stage (or substage for the Bajocian, Albian and Campanian stages)
were considered to range throughout that slage or substage. {This procedure
was used instead of assigning some fraction of the stage duration to an am-
moenite occurring in a stage, as suggested by Sepkoski [1975], because the
stages are defined on the basis of the ammonites.) Absolute durations for the
stages and substages were taken from Obradovitch and Cobban (1975),
Van Hinte (1975a. b) and Van Eysinga (1975). Clade statistics were then cal-
culated treating the genera as the “lineages” within clades (famulies), for fami-
lies with five or more genera.

The clade diversity diagrams of Jurassic and Cretaceous ammonite genera
within families as derived from our sources are shown in Figure 1. From this

Figure 1 ([acing page). Clade shapes of Jurassic and Cretaceous ammonites. Diagrams
are presented as half-spindles to conserve space. The key to the lamily names is as follows:
1, Phylloceratidace; 2, Tissotiidae; 3, Hamitidae; 4, Schloenbachiidae; 5, Lytoceratidac; 6,
Anisoceratidae; 7, Tetragonitidae; 8, Diplomoceratidae; 9, Nostoceratidae; 10, Baculiti-
dae; 11, Scaphitidae; 12, Pachydiscidae; 13, Collignoniceratidae, 14, Sphenodiscidae; 15,
Placenticeratidae; 16, Desmoceratidae, 17, Kossmaticeratidac; 18, Coilopoceratidae; 19,
Acanthoceratidae; 20, Labeceratidae; 21, Heteroccratidae; 22, Deshayesitidace, 23,
Trochlciceratidae; 24, Brancoceralidae; 25, Vascoceratidae; 26, Binneyitidae; 27, Muni-
ericeratidae; 28, Engonoceratidae; 29, Forbesiceratidae; 30, Flickiidae, 31, Douvilleicer-
atidae; 32, Silesitidae; 33, Lyeliceratidae; 34, Turrilitidae; 35, Leymerielidae; 36, Hop-
litidae; 37, Oppeliidae; 38, Olcostephanidac; 39, Protetragonitidae; 40, Ptychoceratidae;
41, Bochianitidae; 42, Heleodiscidae: 43, Ancyloceratidae; 44, Pulchelliidae; 45. Hemi-
hoplitidae; 46, Qousterellidac; 47, Berriascllidae; 48, Kosmoceratidae; 49, Cardioceratidac;
50, Clydoniceratidae; 51, Macrocephalitidae; 52, Reineckeiidae; 53, Tulitidae; 54, Peri-
sphinctidac; 55, Aspidoceratidac; 56, Mayaitidac; 57, Haploceratidac; 58, Pachyceratidae;
59, Stephanoceratidae; 60, Strigoceratidae; 61, Sphaeroceratidae; 62, Psiloceratidae; 63,
Amaltheidae; &4, Juraphillitidae; 65, Derolytoceratidac: 66, Spiroceratidae; 67, Parkisoni-
idae; 68, Oxvnoticeratidae; 69, Otoitidae; 70, Arictitidae; 71, Morphoceratidae; 72,
Hildoceratidae; 73, Pleurocanthitidae; 74, Eoderoceratidac; 75, Sonniniidac; 76, Poly-
morphitidue; 77, Dactylioceratidue; 78, Schiotheimildae; 79. Graphoceratidae: 80,
Liparoceratidae: 81, Hammatoceratidae; 82, Tichioceraidae

LA0IYL 1Y) 21585¥uNn 0
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diagram, it is evident that a variety of shapes are present. (To save space, we
have turned the normal “spindles” of diversity and time into half-spindies.)

RESULTS

The lurassic and Cretaceous sammonite families used in this study npe listed iy
Table | Included for each family are overall diversity of the fumlly (S1ZE),
dumation  of the entire family clade (DUR). mean generic duration [op |]I-.I'
famaly (GDUR)Y, maximuwm diversity ut any given time (MAX), and 3 pew
measure which we will describe below, PROFILE (PRO),

CLADE DURATION AND DIVERSITY

The variety of clade morphologies shown in Figure 1 leads to a number of
questions concérning clude structure and evitlutionary, tempa of the hasic
clade units, in this case the geners, One such quastion congerns the possibility
ol o rélulionship between clade duration and total clade diversity. Restated,
we may ask: Is there 2 significant correlation between clade durtion and 1o
til number of compuonent genera in families of Jurassic and Crataceous
ammonites? [F ammonite evolution resembled o random branching process,
with equal probabilities of extimetion and origination, ane would expect such
pegrrelation to exdst (Gould et gl . 1977,

I Figure 2 we have plotted family duration (D LR ngainst the tota] nunthe
of genera (8IZE) for each of the fumilies used in the study. A wide scatter o
points is evident; the correlation ¢oefficient for the linear rogression is nat $ig-
nificant (r = —283). This finding indicates that clade duration s not 4 fune
ton of clade diversity in Jurassic and Cretaceous ammonites. Shart-ranging
clades may be of high or low diversity. However, there does appear to be a e
lationship between tota) clade duration and clade diversity in those clades
Wit many [Gogranging geners. In Figure 2. those families with mean generic
durstions of gredter than 1O million yeurs ure gircled. 1 their duration is plit-
ted separately seainst diversity, & significant correlation is found (r = 636}
suggesting Ihat when generic longevity is long the pradieted reliationship le-
tween SIZE and DUR does necur. The repruning vlades, excluding those with
long-ranging genara, still show a non-significant correlation (= _F.(;[_:I]_

DUR and GENERIC LONGEVITY

If clade duration is not related to clade diversity, can we jsolate the factors
which do control its fate? As pointed out in a vaniety of papers, origination
and extinction rates are important factors (Raup et al, 1973: Raup and
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Gould, 1974; Gould et al.. 1977, Stanley, 1979; Stanley et al,, 1981; Raup,
1981}, A measure of extinction rates for mmnoenite genera is mean generic du-
ration per family. since Stanley (1977) has shown :hat mean duralion is in-
versely proportional to the extinclion rate, assuming survivorship rates are ap-
proximately constant. We have plotted mean generic duration for the clades
against family duiation (DUR) in Figure 3. There is a statistically signilicant
correlation between hese two parameters (r = .802). It appears that duration
of the families is in some way controlied by mean generic duration; the longer
lived the genera the longer lived the family itseif. To some extent. this result
1s not surprising; long-lived genera cannot occur in shert-ranging families. But
It is iuteresting to note that lenglived amimonite families are noimally not
composed of many short-ranging genera

MEAN GENERIC DURATION and UNI

Gould et al. (1977) proposed UNI as a measure of the ‘evenness’ of diversity
through time within a clade; clades with nearly constant diversity through
time had high UNI values, High UNI clades were feund Lo be those with low
probabilities of branching end extinction. In Figure 4 we have plotted UNI
values of the family clades against mean generic duraticn per family. which
we have shown to be a good predictor of clade longevity. As can be seen in
Figure 4, no correlation appears to exist (r = -.205). The long, thin ammonite
clades, such as those of the phylloceratids, lytoceratids, tetragonitids, and
diplomoceraltids appear to have enough fluctuation in diversity to vield a vari-
ety of UNI values (Table 1), For the ammonite clades, UNI appears to be of
little value in characterizing clades of different evolutionary tempos.

MAX

Gould et al. (1977) found high MAX values to occur in clades with high val-
ues of originaticn and extinction. Likewise, we expected that high values of
MAX should be found in clades with shortdived genera. We were surprised to
find that this was not the case; there was no significant relationship between
mean generic longevily and MAX (Figure 5; r=-223). Families with long-
lived genera tended to remain smiall, as predicted, but Tamilies with short-lived
genera varled substantially in their MAX values. Here again, MAX seems Lo be
ol questionable value in characterizing ammonite clades of different evolu-
Lionuy tempos.

PROFILE STATISTIC

Fhe anunomie oy clade shapes appear distinet rom stochastic clade
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Table 1. Continued

abie 1. Clady stitisties of Nirassic int Cratecenii gmmimtte Tanilivs,
AL statistics were cadeulyed with e thme seales ol Von Hinge FAMILY SiZE DUR GDUR MAX UN!_ PRO
VEAT60, b GIUTR-35 the mrean daratinm ol penery issizned o
the Camily; other stutistios e g defined in texy, Placenticeratidae 6 30 9.3 3 62 10.0
- = - = - == — = Pleurccanthidac 7 15 5.0 4 58 38
FAMILY SEE DUR  GDUR MAX UM PR Polymorphitidae 9 5 5.0 9 10 S
Acanthoceratidae 21 7 4.1 14 88 5 tiilceonithe M . %0 h jl; 8
Anisoceratidae 8 22 6.4 3 77 7.3 Pytchoceratidae 5 31 106 : e 5
Ancylocenatidae 25 25 8.3 15 55 1.7 Pulchellidae b o 72 6 1 .0 3
Arietitidae 25 10 52 25 52 4 R 6 ; 5'(3) 4 53 938
Aspidoceratidae 33 24 7.1 16 61 1.5 Scaphitidae 8 39 1 4 50 3.0
Baculitidae 6 35 10.3 2 86 17.5 Sch]oenbAachidac 5 12 4.8 i 1-0 2-5
Berriaseilidac 44 28 82 18 71 16 T ¥ - 20 v 3 8
Brancoceratidae 14 18 6.9 9 59 2.0 Sonninidae. 16 13 2 g . " 0%
Cardioceratidae 32 19 6.7 17 66 9 Sphenodlsclda§ > 7 g g 5 ‘76 2.0
Collignoriceratidas 20 31 5.4 13 27 23 Stephanoceratidae - 10 205 2 69 79
Craspeditidae 11 70 5.6 5 17 14.0 Tetrag(_)mtidae 13 55 2.0 ! % 2-[}
Dactylioceratidae 9 7 2.7 7 50 10 Tissotiidae 6 8 & A T8 59
Desmoceratidae 25 69 14.2 8 64 8.6 Turrilitidac 10 13 4'3 5 .67 18
Diplomoceratidas 7 25 140 5 .78 50 Tulitidae . 7 9 i . 1'0 P
Douvilleiceratidae 13 20 69 8 56 2.5 Vascoceratidae 8 3 : :
Echingceratidas 7 5 5.0 7 1.0 7
Engonaceratidae 7 21 8.0 4 67 533 TH AVERAGE
Ecderoceratidac 17 10 5.3 9 1.0 1.1 @ FAMILY Wi .
Grapheceratidae 17 6 3z 11 82 6 e GENERIC DURATION =10 M.Y.
Hamitidae 5 28 9.2 4 41 7.0 ol e my
Hammatoceratidae 13 8 2.4 8 23 1.0 120
Haploceratidae 10 52 104 4 5 13.0 —
Hildoceratidae 39 13 2.9 25 .34 5 2 00k
Hoicodiscidae 5 11 6.0 4 .68 28 (=
Hoplitidae 23 30 7211 50 27 &
Juraphyllitidae 8 15 63 5 67 3.0 2 80 .
Kosimoceratidae 13 5 5.0 13 10 6 >
Kossmaticeratidae 10 39 7.4 5 38 7.8 = &0+
Liparoceratidae 9 5 5.0 9 1.0 6 E
Lyelliceratidae 7 23 7.1 3 72 7.7 L o ¢
Lytoceratidae 10 114 21.8 4 48 28.5 40 . *
Macrocephalidae 14 9 4.9 12 64 8 .t .
Mayatidae 6 8 8.0 8§ 1.6 1.3 T e
Nostoceratidae 12 30 9.9 7 57 4.3 s ey o .
Olcostephanidae 16 32 9.1 7 65 46 Cleefra® e .
Oppelliidac 60 77 7.5 19 31 4.1 i : r
Otoitidae 8 3 3.0 8 10 4 20 40 60 80 100
Oxynoticeratidae 11 10 5.0 8 69 1.3 TOTAL COMPONENT GENERA
gjz’;lig::ﬁjze 1? 4112 Iig g 241- gg I'igure 2. Relationship of clade size and clu.de clu.rati.o.n. The two parram‘etelrs aredn(;t
Parkinsoniidac 14 13 43 11 42 1.2 significantly aelated = .263). Anmng.lung-lwcd fu-m]hes (hc.l‘low cncle‘:).tmger Th;
Perisphinctidae 105 17 6.2 32 55 1.2 temd 1o he o relationship between clade size and duration but this does nol extend to
PhyNoceratidae 14 132 36.0 8 48 16.5 whole data sel,
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MEAN GENERIC DURATION
Figure 3. Relationship between Clade Duration (DUR) and Mean Generic Duration

(GDUR). The two parameters are hi indicati
. ghly correlated, indicating that long-li ilies :
indeed cemposed of long-lived genera, ) pried fanites e

UNI
.

%

we*

OOL 1 L] i I L i i _
10 20 30

MEAN GENERIC DURATION

r Figure 4. Reiationship between Mean Generic Duration {GDUR) and Uniformity
([.JN.I). The two parameters are poorly correlated {r = -.205), in conirast to the pre-
dictions based on random branching models {Gould et al., 1977).

AMMONITE CLADE SHAPE 409

L
L - .
20 - .
MAX L "
e
.
LT N
10 =
- s
® ® o8 - -
. . - -
..--.c: -
[ ] - e e a = L]
» -
"
5] I | 1 | | I | I I |
10 20 30

MEAN GENERIC DURATION

Figure 5. Reiationship between Maximum Diversity (MAX) and Mean Generic Dura-
tion (GDUR}), MAX and GDUR are not correlated (r = -223), although the clades with
the highest MAX values do tend to be those with short-Jived geners, as predicted by
Gould et al. (1977)

shapes since SIZE, MAX, and duration of the ammonite clades (DUR) do not
appear 1o oe correlated, and since long-lived genera are not randomly distrib-
uted among the clades, but are concentrated in a few, long-lived clades. These
findings lead to an important question: do the morpheclogies of the ammonite
family clades form a continuum hetween short, fat clades and the long and
thin clades, or is there a bimodality in clade shape betwesn these two ex-
tremes? Essentially, we are asking if evolution within the ammonites occurred
at two distincl tempos, or as a continuum between groups with high and low
rates of origination and extinction.

To appioach this question, we would like to employ a single descriptor of
clade shape. To this end, we propose 2 new clade statistic to describe clade
shape: DUR (clade duration) divided by MAX (the highest diversity attained
during any unit of time during the existence of the clade). We will call this
new clade descriptor “profile” (PRO, for prefile of the clade), Long thin
clades will tend to have high PRO values; increasingly short, wide clades will
have lower PRO valyes,

The PRO values (o the ammonite clades aic listed in Table 1. There is a
strong elationship between mean generie longevity and ciade shape (PRO)
() (P o) Clindes with Jong-lived geaera tend 1o be long and thin
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‘ FI_L'I.I_=I-' o Relationship between clade lenothfwidtl (180 and Mean Generic Dura-
tion {GLLUR Y, RO and GOUR are | iuhty eorndated £ = 7250 indicating that clades
WItR liEnz-fived pencen tend 1o remaift wb rebitividy smlber doversies. The ccological and
evolutionury Tesins for s Aresent an Interesting yuestinn: why should longevity trade
of f with ihlversity !

Even given the high correlation, however, the PRO statistic does nol neces-
sarily reflect only underlying evolutionary tempo; only about haif the vari-
ance in PRO is accounted for by the correlation with mean generic duration
(R =.53).

Too examine the question of bimodality we made a histozram of PRO
valees. for the family clades {(Figure 7). The fesulting pattermn 51*.:%'5 it
mbvions bonsilulity esists e histogram is continuous and skewed 10 (he
f.J_L-'|I§. This pedtern §similas 10 e listograms for sveraee poneric durition i
Family and for the towl generic duration of the entere-saniple of ginmonites
Lsedd i LhiEs sty

JURASSIC VERSUS CRETACEOUS AMMONITLE CLADY SHAPES

We Tgve shown (g o variety of clade shupes exist For ¢lades of Jurassic s
fllk‘ldL".'IHIB Almonites, A further question of intorest relites 1o 1) prosathil-
ity of differences between the Jurussic and Cretieedys clades, Ate thend con-
sistent putterns which distinguish e eroni ol chades fom e oibe

Combined UNL PRO. dnd e sereril gevily vilies hove hoen
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I T q_

5 10 15 20 25 30
PRO

Figure 7. llistogram of PRO values The PRO vulues tend (o be skewed to the right,
where relatively [ew long, skinny clades exist

tabulated for families of the Lower, Middle and Upper Jurassic and the
Lower ard Upper Cretacecus (Tabie 2). If a family occurred in any part of a
series, il was considered to range through all the series. In this crude fashion,
we have arrived at estimates of average clade shapes in these five series

UNI varies very little through the time interval, ranging from 67 in the
Lower Jurassic to .57 in the Lower Cretaceous. All of these figures are below
the UNI value found by Gould et al (1977) for the entire sample of ammo-
nite families used in their study. The high UNI values for ammonites in gen-
eral are derived from their characteristically short c¢lades, which reach maxi-
mum diversity quickly and then go extinct. Because this enltire life history
often takes place within one stage it leads to a large number of family clades
which are rectangular, giving UNI values of 1.0,

In contrast to UNI, the PRO values for the Jurassic and Cretaceous differ
matkedly. PRO values show a progressive increase in the Jurassic, and then
markedly increase in the Cretaceous, The equality of PRO values for the Low-
¢rand Upper Crelaceous is probably an artifact of the sampling method, since
muny shorl-runging ammonite iamilies of the Albian extend slightly upward
into the Cenomanian and were therefore included among the Upper Crelace-
ons clades. 1Uis our observation thut clade shapes during later parts of the Up-
per Cretaceous show even higher PRO values than the Lower Crelaceous.

The differences in the disoibntion of clide shapes between the Tuiassic and
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Tuble 2. Mean values of UNI, PRO and GDUR for families present in
five intervals of Lhe Jurassic and Cretaceous. As the end of
the Mesozoic approached, amymonite clades tended to become
long and thin. UNI values remained nearly constant. despile

the increuse in mean generic longevity per (amily

" TIME INTER VAL UNT PRO GDUR

Upper Cretaceous 61 Tu2 1077
Lower Crelaccous 57 7.2 11.8
Upper Jurassic 63 6.0 2.0
Middle Jurassic ik} 4.7 50
Lower Jujassic A7 3.7 8.0

Cretaceous can best be illustrated by comparing percent frequencics of vari-
ous PRO clade values (Figure 8}, This figure illusizales the progressive shift to
higher PRO values through time of the Jurassic and Cretaceous ammonite
clades, indicating that average clade shapes became progressively longer and
thinner. Part of this could well be due to differences in taxonomic treatment
Part, however, must refllect real differences in evolutionary tempo

The increase ef the PRO values during the Turassic and Cretacecus may in
part be due to difference in taxonomic practice and effort, Far more paleon-
tological effort has gone into ammanite biostratigraphy of the Jurassic. lead-
ing te a finer taxenomy and ever smaller families. The differences in PRO val-
ues, however, caunotl be due entirely to Lhis factor. There simply are more
long-ranging taxua in the Cretaceous than in the Jurassic. This is demonstrated
by a comparison of the mean generic duration of Jurassic and Cretaceous gen-
era. These valucs range between 8 and 9 million years per genus in the Juras-
sic and between 11 and 12 million years per genus in the Cretaceous. The Cre-
taceous evolution of long-ranging tzxa belonging to the Desmoceratidae, Teira-
gonitidae, Baculitidae. and various Upper Cretaceous heteromorphic ammon-
ite families accounts for this,

DiSCUSSION

Our compilations and analyses of ammonite clade shiapes for tite Jurassic and
Cretaceous suggest that, at least for the clades examined, decisive {and as one
reviewer put it, “delighttul™) differences oceur between real and randem
clades. Ammonites appear to have evalved in decidedly nor-random ways. In
particular, two of the clade statistics proposed by Gould et al (1977), UNI
and MAX, do not behave as predicted when applicd 1o animonite clades As
other workers have already noted that the clade simulatons do not mimic the
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Ligure 8 Percent frequencies of PRO values. Fach clade oceurring ina time interval
wis added to that period’s clades, hence, many clades were added to the clades ol several
different time intervals.

evalution of all real clades, this is not unduly surprising (Stanley et al., 1981.
Ranp, 1981}

Despite the failure of these two statistics to behave as expected (when ap-
plivd (o annnonites), it s clear that some aspects of clade shape reflect varia-
Gons in evelulionary tempo of the component lineages (genera), In particular,
(he correlation belween ammonite family longevity and mean generic dura-
Oon suggests (it some aspeets of clade shape can be used as evidence m esti-
b the evolutionary rates ol compoenent Laxa

As noted ahove, clade duratoen is not correlated with total clade size. This
stands i centiast oo some predictions based upon o random model, where
stze shonld be highly corelaed with the total number of conponent Tingages

Fhe role played by camdoon factors meevolition remaing a subject of contention
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but the results presented here suggest that ammonite evolution did no:
produce patterns which can reasonably be expected from a randem process
In contrast, Amold (1982) found variation in numbers of component species
to be an important factor in determining generic longevity of globigerinid
forams. Whether this reflects a difference in evoluticnary pattern or a taxo-
nomic difference remains to be determined

Elsewhere (Ward and Signor, 1983), we have shown that ammonite generic
duration appears to be correlated with siphuncular thickness, which is be-
lieved by some workers to indicate depth tclerance (Westermann, 1971),
but which is disputed by others (sec Chamberlain and Moo;e, 1982, for a
strong critique of the method). The longlived families, the Phylloceratidae,
Lytoceratidae, Desmoceratidae, and Tetragonitidae, generally possess thick
siphuncles. The more commoen, short-lived families all possess thin siphuncles.
If Westermann’s interpretation is correct, it indicates that amumnonites with
greater depth tolerances (stronger siphuncles) had lower extinction rates than
those ammonites with narrower (and shallower) depth ranges. D. Jablonski
(pers. comm.) has told us that a similar pattern is also apparent in Cretacecus
ciams and snails. Wiedmann (1969, 1973) and Kennedy (1977) have shown
that ammonite extinctions tend to occur during regressions, which should in-
fluence deep-water forms less than those dwelling on the continental shelves.
Thus, habitat differences may explzin much of the variation in evolutionary
pattern ameng Jurassic and Cretaceous ammoniies

EXTINCTION OF THE AMMONITES

Wiedmann (1969, 1973), Kennedy (1977), and Birkelund (1979) have recent-
ly discussed the terminal Crefaceous extinction of the ammonites. They have
shown that ammonite extinction at the end of the Maestrichtian involved on-
ly a smuall percentage of the total number of taxa that existed in the Campani-
an stage. Therefore, the reduction of ammonite genera was a gradual process
from the Campanian through the Maestrichtian,

We have briefly examined this phenomenon in terms of changes in clade
shape. Hancock (1967) has listed 11 families occurring in the Maestrichtian.
The majority of genera in the Maestrichtian belonged to the long-lived famil-
ies Tetragonitidae, Scaphitidae, Baculitidae, Phylloceratidae, and Diplomaoce-
ratidae. The clades of almost all of these families were long and thin, with
high PRO values. A mean PRO value of 8.5 can be computed for the Mae-
strichtian amumonite families, as compared to 7.2 for the Upper Cretaceous as
a whote, and 4.1 for the 61 Jurassic and Cretaceous families with 5 or more
genera used in this study. Mean generic duration of the Maestrichtian families
was 10.7 million years/genus, as compared to a mean value of 7 million years/
genus for the entire sample,
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The gradual reduction in diversity of the ammonites at the end of the Creta-
cecus appears to have invelved the removal of the short, fat clades, leaving
mainly the long, thin clades. These remaining families produced few new tzxa,
but at the same time had very low extinction rates. This type of extinction
pattern, showing removal of the high-turnover taxa first, followed by a sec-
ondary removal of the low-turncver taxa, appears to have also characterized
the graptolite extinction of the Paleozoic (W. Berry, pers. comm.). Stanley
{1977, 1979) has suggested that rapidly evolving taxa should inherently be
more susceptible to adverse conditions, and this is born out by the ammo-
nites. By the end of the Cretuceous, however, the remaining ammonites could
not be classified as “rapidly evolving” compared to their characteristic evolu-
tionary tempo in the Jurassic. Whatever the cause, it is possible that the de-
cline of the ammonites and their final extinction were separate events,

In our opinion, the most interesting aspect of this study was the obvious
difference in evolutionary tempo between Jurassic and Cretacecus amino-
mtes. A quick examination of Figure | points out this fact: the early and
middle Jurassic clades are very wide, but short, and then give way to a greater
number of longer, thinner clades in the late Jurassic and Cretaceous. This
makes biological sense, since the Lower and Middle Jurassic ammonites were
filling the void left by the rearly complete extinction of the amunonids at the
end of the Triassic; following this catastrophe, the Lower and Middle Jurassic
ammonites show the classic pattern of explesive, adaptive radiation, What is
less clear, is why the pattern changes so markedly in the Cretaceous. The intu-
itive answer 1s that by this time the ammeonite niches were all filled, and that
competiticn began to lessen the chance of new adaptive breakthroughs; in
this sense the ammonite pattern is not very different from any period of reor-
ganizaticn fellowing a major adaptive radiation. However, can the magnitude
of the change be related solely to this? Also, although some of the difference
in Jurassic and Cretaceous clade shapes imay be monographic, it cannot all be
atiributed to a greater number of workers working on ever finer Jurassic sub-
divisions.

The greatest single difference between the Jurassic and Cretaceous lies in
the great radiation of heteromorphic forms in the latter. A second major differ-
ence is in the increasing number of heavily ornamented ammonites which oc-
cur in the Cretaceous (Ward, 1981). Finally, the last two stages of ammonite
record, the Campanian and Maestrichtian, seem to show two directions of
aclaptation: either streamlining, as shown in the great radiations of spheno-
dicids, pachydiscids, placenticeratids, engoniceratids; and a complete lack of
streamlining, or even rapid swimming ability, us evidenced by the diverse het-
cromorphis with unpainly, U-shaped hody chambers. We cannot believe that
this major diverpenee meform was due te chance factors, An ammonile in the
Late Cretaceons hid (o Laee aovery dilferent sel ol ceological conditions than
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did the Jurassic forms. We feel that clade shape differences are perhaps re-
lated to this as well

A second aspect of ouranalyses also warrantsattention: why should longev-
ity trade off with diversity? There is no inherent reason why the long-lived
families were often of relatively low diversity, and that the longest lived, such
as the Phylloceratidae and Lytoceratidae were always at extremely low gener-
ic diversity. This again, appears to stretch the realms of chance, and begs to
be explained in causal, biological terms rather than stochastic ones. Although
Phylloceratids and Lytoceratids are commonly considered as “‘deepwater”
ammonites because of their occurrence 1n more offshore facies, it is our expe-
rience that they are found in a variety of facies, indicating that they were ca-
pable of a wide depth range. Can depth tolerance translate into characteristic
clade shape?

CONCLUSIONS

Application of clade statistics to Jurassic and Cretacecus ammonite families
has produced mixed results; some statistics seem to reflect evolutionary tem-
po (DUR, PRO), while others do nct (UNI, MAX). Even those statistics
which do correlate with evolutionary tempo leave censiderable room for er-
ror. At the present level of development, little is gained from analysis of clade
geometry that cannot be gained from more conventional tests

Jurassic and Cretaceous ammonites exhibit a wide range of evolutionary
rates, Clades composed of rapidly evolving genera are often diverse but short-
lived, while clades composed of long-lived genera tend to persist for long peri-
ods at low diversities.
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Chapter 14

BIOTIC DIVERSITY
AND CLADE DIVERSITY

JAMES W VALENTINE

Department of Geological Sciences, University of California, Santa Barbara

Many interesting themes recur in the preceding papers, and this is an attempt
to relate one of them to the body of data and interpretation available in the
literature at large. However, it is written from a certain point of view, and the
assumptions and inferences offered here would certainly not be granted by all
palecontologists, or even by all contributors to this volume

BIOTIC RATES OF DIVERSIFICATION AND
EXTINCTION AND STANDING DIVERSITY

Some investigators who have considered the kinetics of diversity regulation
on an evolulionary scale (MacArthur, 1969, Rosenzwe:g, 1975) have assumed
a theoretical equilibrium value for species diversity which is controlled by a
batarice of speciation and extinction rates. By analogy with the assumptions
of the island biogeographic model of diversity elaborated by MacArthur and
Wilson (1963, 1967), the speciation rate in these models is assumed to fall
with increasing diversity because opportunities are becoming more limited.
The per species extinction rate, on the other hand, is assumed to increase
with increasing diversity because of the multiplication of competition pres-
suzes atlendant on the increased species numbers
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Hewever, there is little empirical support for the idea that competition regu-
lates strongly the diversity of ecosystems. On the contrary, the effects of
competition m excluding species that immigrate into established ecosystems
do not appear to be very significant. Simberloff {1981) reviewed data on over
800 cases of the successful establishment of invading species into ecosystems;
the invaders rarely caused extinctions (less than 10% of the time) and only a
few of the extinctions that did occur (three) could be attributed to classic
competition. Usuaily the invading species was simply 2dded to the ecosystem,
which thus proved to be less than full,

The failure of this data to corroborate a modei that considers ecosystems
to be full al equilibrium and that regards competition as a powerful force in
diversity regulation, renders more attractive the alternative hypothesis that
per capita extinction rates arc independent of diversity (Walker and Valentine,
1984). In this case extinction presumably depends upon intrinsic biological
properties of the taxa and the pace of environmental change, and the per cap-
ita extinction rate is coustant with respect to diversity. The expression for
change in species numbers under this hypothesis is

AN C i Ny N
U PR (N
where N is the number of species present, N_ .« the maximum number of

“niches” or petential places for species in the ecosystem, “a” the speciation
rate and “b” the extinction rate inherent in the circumstances (Walker and
Valentine, 1984). Then when an equilibrium condition is reached so that
dN/dr =0,

N=(1-b/a)N_,. (2)

In this situation, ecosystems are never ““full,” with all potential niches oc-
cupied by species, so long as the extinction rate “h’ is ahove zero, Competi-
tion does not affect niche availability disproportionately as the ecosystem ac-
quires more species. When rates of “a” and “b” observed in the fossil record
are substituted into equation (2) one can calculate the proportion of “empty
niches” or unfilled opportunities that are available at equilibrium. For ex-
ample, if Nmax is arbitrarily set at 100, then N is the percentage of filled
niches and the percentage of empty niches is Nmax — N orin this case 100 —
N. Because the observed extinction and speciation rates vary among laxa,
therc are mere empty niches typically available for some taxa than olhers;
there are more empty niches for ammonites, for exampie, than for corals.
Chiefly because of uncertzinties about speciation and extinction rates it is
only possible to give a rough estimate of the usual or average percentage of
open niches. At most wimes in most ecosystems the number should lic he
tween 10% and 50% (Walker and Valentine, 1984); perhaps the average
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number in the average Phanerozoic benthic ecosystem 1s near 30%. In today’s
world, this would mean that there are over 150,000 openings for additicnal
marine invertebrate species.

Why should adaptive space be so empty, assuming this model is roughly cor-
rect? Partly because extinction rates are fairly high, but alse in large measure
because observed speciation rates (which are rates ol merphospeciation), even
at times of the most extensive radiations (“‘unbridled speciation” of Stanley,
1979), do not begin 1o approach the maximum theorelical rates. Lande
{1980) has estimated that morphospecies can be evolved in hundreds of thou-
sands of generations under optimum circumstances; allowing for slightly less
than optimum conditions we might say conservatively that such speciations
can occur in about 10,000 years. Beginning with an ancestral species, then,
and permitting only one speciation per lineage at this rate, more species could
appear within a million years than have existed altogelher since the origin of
life. Ohserved rates of unbridled speciation, which are presumably not im-
peded by extinction and are supposed to represent radiation within rather
empty parts ol adaptive space, range around 0.25 te 0.60 new species per lin-
eage per milion years (Stanley,1979). Even when speciation is unbridled,
something is holding it back.

It seemns likely that the difference between the potential maximum specia-
tion rate (which is certainly even higher than the estimates here) and the ob-
served speciation rale, 1s a measure of the effectiveness of the barriers which
separate niches {or the adaptive valleys between adaptive peaks, to use the
common melaphor of an adaptive landscape). Presumably, opportunities re-
main unfulfilled because lineages which might produce daughter species capa-
ble of cccupying an open adaptive space are restricted by stabilizing selection
1o their own adaptive peaks, unable to produce the less fit intermediates
which can cross adaptive valleys leading to empty adaptive peaks. Such an ex-
planation follows from the adaptive models of Wright (1931) and others. To
the extent that this is true, evolution (via stabilizing selection} is acting to
prevent the rapid filling of open adaptive space and thereby promoting rather
apen ecosyslems.

The adaptive space actually occupied by lineages al one time or another
may thus be kept partially empty by extinction and by the difficulty of speci-
ation across adaptive barriers, even if the barriers have been previously
hioached and the adaptive space previously occupied. One can imagine also
that some small iraction of empty adaptive space is fully as accessible 10 ex-
ant lincages as is the occupied space, but happens never to be occupied sim-
ply by chance. 1t is the density ol occupation of the rather accessible previ-
ously occupicd adaptive spuce that is eslimalted ot about 30% on average.

ICaris troe that the adaptive harriers beiween niches are as strong as sug-
pested abave, then some of The puzzlmp patters in the Tossil record seem less
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enigmatic. This is particularly true of the abruptness with which many inver-
tebrate taxa appear, at all levels from phylum to species. The famous punctu-
ational pattern at the species level (Eldredge, 1971, Eldredge and Gould,
1972) can be viewed as representing episodic breakthroughs across adaptive
barriers into “open niches.” Once a niche is occupied, stabilizing selection
will tend to prevent morphological change, except for improvements which
should usually be accomplished early, and except for the tracking of new
conditions as they arise,

However, there are other regions of adaptive spacc that are surrounded by a
different, more formidable class of barriers, regions i which life can readily
exist but to which entrée is particulerly difficult for the extant lineages;
whole new body plans or major modifications of existing ones, with all the
physiological and behavioral changes implied, may be required. For example,
most adaptive zones of the terrestrial environment represented such a space
for animals of the earliest Paleozoic. Indeed, many of the adaptive regions
which today contain rich communities of organisms were not occupied at the
beginning of the Cambrian, while others were sparsely occupied but con-
tained adaptive subregions or patches which were unoccupied {Bambach,
herein; Ausich and Bottjer, herein). Many adaptive regions were occupied
abruptly, sometimes in association with the origin of a new morphology dis-
tinctive enough to become classed as a taxon of ordinal or higher rank. This
patiern can be reasonably interpreted as owmg lo the strong adaptive bar-
riers surrounding the unoccupied regions and subregions, barriers broached
only with difficulty. These barriers need not necessanly be higher than those
surrounding some occupied regions; they may not have been penetrated ow-
ing in part to histerical reasons or to chance, This pattern of zonal invasion is
quite similar to that proposed long ago by Simpson (1944) from chiefly ter-
restrial vertebrate evidence, although evolution at the rapid rates that he
termed “‘tachytely”™ may involve processes of genome change of which we
were then unaware (and of which we are still largely uncertain). At any rate,
the chances of penetrating barriers of a given magnitude would seem always
to be better when there is much open space in the zones to be invaded, and
when there are many such open zones available for invasion, Both these con-
ditions were present near the Precambrian-Cambrian beoundary, when so
much evolutionary invention occurred. Furthermore, a weak but evidently
real assoclation of first appearances of higher taxa with the radiations that
foliow mass extinctions (Newell, 1967; Valentine, 1969) suggests that adap-
tive space formerly occupied by lineages removed by the extinctions became
available for invasion and therefore played & role in the origin of some impor-
tant clades
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CLADE RATES OF DIVERSIFICATION AND
EXTINCTION AND DIVERSITY HISTORIES

Aside from the requirement that they must expand to appear and contract to
disappear, clades seem Lo obey no particular rules insofar as their diversity
histories are concerned (for example, Hardy, herein, Ward and Signor, here-
in). On the contrary, at the famly level, clades present such a rich variety of
spindle shapes that they have been under suspicion as undergoing rancom
fluctuations in response to stochastic processes (Raup et al., 1973). However,
subsequent studies suggest that at least the largest and mest abrupt changes in
clade diversities are deterministic (Stanley et al.,, 1981, Raup, 1981). The rela-
tive volatility of clade diversity contrasts with the relative stability of family
diversity in the marine biota as a whole (Kitchell and Carr, herein; Sepkoski
and Hulver, herein; Sepkoski and Miller, herein). This disparity obviously re-
flects the differential representation of clades through time within their eco-
systems.

Large clades are presumably extinguished because they share some trait
which becomes disadvantagecus owing te conditions arising. The trait may
prevent these organisms from coping with new physical or biological condi-
tions, or it may simply inhibit their speciation rates relative to other clades
which may take over the adaptive space to which the slower-growing clades
would have had access. In {his way, extinctions owing to causes unrelated to
any common characteristic of a clade will, nevertheless, not be replaced be-
cause of a common characteristic, and the clade will dwindle (see Stanley,
[979)

Il scems likely that most clade expansions occur in unoccupied adaptive
space, in which organisms have not previously been present or from which
lormer occupants have been erased. It then seems plausible that since there
hive commonly been adaptive regions unoccupied for many tens of millions
ol years, and perhaps always many empty niches, the key to the differential
swceess of clades has often been associated with their kinetics, particularly
with the ability of their members to penetrate njche and zone boundaries,
tither than with any superiority in physiological and behavioral tolerances ar
lequirements per se,
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CONCLUDING REMARK

The papers in this volume have described unexpected patterns of biotic
diversity, of clade diversity, and of some of the events which contribute to
each. Some patterns are unexpected because they indicate that widely held
hypotheses are likely to be incorrect; some because they were simply un-
known previously; and some because they provide new perspectives from
which to anaiyze an established pattern. That many of the new findings and
interpretations concern global patterns of the history of life involving whole
eras of geologic time suggests that we have only begun to realize the potential
of Phanerozoic diversity studies. The sympostum contributors, though they
have their differences, are certainly at one in their hope that this volume may
represent at least a small step towards the successful exploitation of this rich
scientific resource.
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terrestrial, orders 52 families 33 terrestrial, genera 54 by orders 1§
anapsids, families 57 conodontophorana, by families 234 t.erre‘stngl., orders 52 _ families 33 N
animals, by classes  16-17 corel orders, by families 203 marine fainilies, Phancrozoic  266- pterobranchs, by families 234
annelids crinoids, orders, by genera  229-230 267’_268 reptllﬁs‘ _ 56-39
by orders 19 definition 5 marine invertebrate families  56-38
myarjne familics 33 echinoderms families, Phanerozoic  146-148 families, Devonian-Triassic 66
archosaurs, families 57 by orders  24-25 orders, Phancrozoic  146-148 terrestrial, genera 54
arth 6 od; classes, by families 228 species, Phanerozoic  131,140- terrestrial, orders 52
. br'lzrdérs 28-29 families 34 | 144,146,148,194 rugose orders, by genera 204
c!}asses by families 221 subclasses, by families 232-234 marme, trace fossils, Phanerozoic sauroplerygians, families 57
continental families 34 superorders, by families 231-234 194 soft-.boched ph.yla 212213
marine families 33 equilibrium 282,420 merostome orders and suborders, by species by family, Prychaspid Bio-
: ; 2
marine, by orders  22-23 evolutionary faunas 7 genera 222-723 ) B mere 385,388
artiodactyl by families 292-292 odern evolutionary fauna, families species
) . 154 consensus model 131,133,139
. N f - k) » L)
families 8(?7 don;];‘lgnt SR 037 (Biiles molluscan clagses, by families 213- 146
genera 214 L
asteroid orders, by genera  230-231 families moIIl.}sks Ernpﬁljc?l mode; 130-132,139,146
barnacle groups  226-227 Plychaspid Biomere 385,388 equilibrium model  131-133,139

birds  59-60
orders, Cenozoic 51
terrestrial, genera 54
bivalves
by families 217218
subclasses, by superfamily 217-
218
brachiopods
by orders [9
classes, by families 206
families 33
orders, by famiiies 208
orders, by genera 207
suborders, by families 208-209
bryozoans
by orders 19
classes, by families 206
familics 33
arders, by genera  210-211
Cambrian cvolutionary fauna,
families 153-154
cephalepod subclasses, by gencra
214-215
chaotic 283
chordate classes, by families 234-
237
class level taxa, by families 194
coelenterates
by orders 18
classes, by families 202

ptychaspariids 387
fishes, families, Devonian-Triassic
606
fossilizable marine invertebrates
Cenezoic 137
Recent 137
species 146
graptolithines, by [amilies 234
hemichordates
by orders 19
families 34
ichithyosaurs, familics 57
invertebrates, marine
by classes 12-13, 1383
families, Phanerozoic 194
gencra, Phanerozoic  146-148,
194
land plants
Late Pzleozoic and Mesozoic
107
specics, Silurian-Devonian 103
lepidosaurs, families 57
logistic 282
lophaphorate classes, by families
206
malacostracan groups, by genery
224226
mammals  60-63
genera 61
orders, Cenozoic 51

conlinentai families 34
marine families 33
marine, by orders 20-21
ophiuroid orders, by genera  230-
231
oscillatory 282
ustracodes, Paleozoic orders, by
genera 223224
Paleovoic evolutionary fauna.
lamilies 154
peak
ammonoid gencra 47
coral gensra 47
lish genera 47
tepiile genera 47
pelycosaurs, families 57
puerssodacty]
Lamilies 87
penera Bo
Mhancrozoic patterns 247249
phoonids, by Family 206
HEIES
by hipher groups 16-17
oy, Mesosaic-Cenozoic (]2
Pelyelimeres 212
purtvran
Clisses, by Taniilies 197-19R
oders, by Linnlies 198205
tosnhoanch ordeis, iy penea 217
R0

marine invertebrates 129 ft
ptychopariids 387
species-richness model 131,132

sponge

by orders 18
families 33

stelleroid orders, by geners  230-

231

tabulate orders, by generz 204
therapsids, families 57
trilobite orders, by lamilics  220-

222

turties, families 57
urochordates, by families 234
vertebrate

classes, by genera 49 51
classcs. by orders 49,50
continental families 34
marine families 34

maring, by orders  26-27
nonmaring, by orders  30-31
terrestrial genera 54

Duration
ammonite

familics 2401413414
penera 408410412

mean, ol penera 408410412

spore pencrn, Devornan 105
thyniophy e penerg and spuecics ()4
spevies, angiospernms (1315
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Duration (continued)
species, plant groups 122
vascular plant groups 100-101

LEcospace 193,196,220,240,244,245,
247,380
Equilibrium diversity, species  115-116
Equilibrium models 278,285-286
Evolution, explosive 47-48
Evoluticnary faunas 97,153,155,2606,
287 ff
principal classes 154
time-environment, Paleozoic 174
Evolulionary innovation 284-286
Exponential model 311,31 3-318.324,
326,327
Extinction
Late Cretaceous, archosaurs  58-59
Permian-Triassic, vertebrates  64-68
probability  361-364,366,367,369,
371
rates
artiodactyl genera 62,86
carnivores, terrestriai, genera 62
perissodactyl genera 86
primates, genera 62
rodentia, genera 62
Extinctions
artiodactyl families 87
background 81-82
Cretaceous-Tertiary
ammmonites 414 415
terrestrial  74-83
Eocene-Oligocene 80
mass  81-82,300-304,335,336,341,
346,347
perissodactyl families 87
Permian-Triassic  341-343,345-348
plants, Cretaceous-Tertiary 78
Pleistocene, terrestrial 83-87,89
Pliocene, L. Hemphillian 85
Triassic-Turassic, tetrapods  68-71
via gasteroid impact  79-81

Factor analysis, Q-maode 161 ,163-172

Factors, ordinal composition  164-166

Fauna I: See Cambrian evolutionary
fauna

Fauna II- See Paleozoic evolutionary
fauna

Fauna III: See Modern evolutionary
fauna

Faunal equilibrium 86

First appearance
amniotes, orders 53
artiodactyl! families 87
birds, orders 53
mammals, orders 53
perissodactyl families 87
placentals 47
reptiles, orders 53
tetrapods 46

verfebrates
classes 51
orders 50

terrestrial, orders 52
Fossil record, quality  32-35, 4245,
98-99,129-130, 145-146, 256-257,
379

Genes, regulatory 123

Genetic variability  118-121

Geographic range extension probability
361-364,366,367,371

[ridium anomaly 79-80

Lagerstatten  32-34,43 202,212,220

Larammide Revolution 4748

Logistic equation  279-381,380

Logistic model 311,313-318,330

Lotka-Volterra equation: See Logistic
equation

MAX See Clade, maximum diversity of

Malthusian law 314

Malthusian parameter: See r value

Mesophytic age 9§

Mesozoie-Cenozoic fauna: See Recent
evolutionary fauna

Modern evolutionary fauna 153,165
170,171,173,175,177,288 ff

Niches, empty 420422
Nonequilibrium medels  285-286
Nonplanktotrophic larvae 345

Origination rates
angiosperm species 113-115
arliodactyl genern 62 80

Origination rates (continued)
carnivores, terrestrial, geners 62
perissodactyl genera 86
plant groups, species 122

Mesczoic 110
vascular  99-101,105
plants, Carboniferous-Permian,
species  108-109
spore species, Devonian 105
primates, genera 62
rhyniophytes 104
rodents, genera 62

PRO: See Clade, profile of
Paleoenvironments
Cretaceous-Tertiary 76
U. Carboniferous-Perimian 66
Paleontologist Interest Units 134-136,
139,143,145,148
Paleophytic age 98
Paleczoic evolutionary fauna 153,164.
165,170-173,175,177,248-249 288 ff
modes of life of 241-242
Planktoirophic larvae 345
Plate teclonics 258
Population growth model 311

Province
bivalve 357
launal 336

Provinciality  144,145,264,269,270,
339,341,358
Puncluated equilibrium 4

rvalue 313 ff

Ranges, tetrapods, M. Triossic-M.
Jurassic 72

Rurelieclion method 133,138

Rufes of speciation  117-119,347

Recent evolutionary fauna  248-249
nrades ol life ol 242-244

Rucovery, fossilizable marine
Invertebrute species 146

Rivhiness: Sece Diversity

SPCC See Communitics, sofi-sulb-

strnhim suspension-feediny
Sunspling intensity  (33,134,136,1 38,
1M 143,144
Sviva praph, principul vectmy 163
Sellovs sppeading LY, 544

SUBJECT INDEX 441

Sediment map area  134-136,143
Sediment volume  134-136,143
Speciation probability 361-364,366,

367,369,370,371
Species

biological 44

marine invertebrate, by Period

130

morphological 44
Species-abundance distribution,

lognormal  134-138
Species-area effect 335,341,342
Species packing 143,258,266
Sponges: See Poriferans
Stability-time hypothesis 258
Slochastic models 278
Stratification, ecological: See Tiering
Survivorship curve, species, Ptychaspid

Biomere 386,388
Systematics, phylogenetic 356

Tachytely 42
Tesserae  319-322,330
Tiering 145,255 ff
and diversity correlation 261272
epifaunal
history 257
Phanerozocic 268
In communities
Early Mississippian  262-263
Holocene 264,265
Late Cretaceous 263
Late Crdovician 261
Plioccene 262,264,265
infaunal, history 257
Time resolution 6,14
Time-environment diagram 156-158,
165-171,174

UN: See Clade, uniformity of
UNI: See Clade, evenness of diversity of

Vendian-Cambrian faunz: See Cambrian
evolutionary fauna
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