PATTERNS OF TAXONOMIC AND ECOLOGICAL
STRUCTURE OF THE SHELF BENTHOS DURING
PHANEROZOIC TIME

by JAMES W. VALENTINE

AnsTrRACT. The taxonomic and ecological structure of the shelf biota are intimately related at the species—
population levels. Early Paleozoic faunas contained relatively few species representing relatively many higher
taxa, and ecosystems were relatively generalized. Medial and late Paleozoic faunas contained more species
representing fewer higher taxa, and ecosystems were relatively specialized. This suggests that, as higher taxa
became extinct, they were not replaced except at lower taxonomic levels; diversification was proceeding through
increasing specialization. After Permo-Triassic extinctions. rediversification was chiefly confined to low taxo-
nomic levels. Late Mesozoic and Cenozoic diversification at lower taxonomic levels has been remarkably great,
resulting not only from increasing specialization at the population level but from a marked increase in pro-
vinciality due to rising latitudinal temperature gradients on the shelves and to the fragmentation and isolation
of shelf environments by continental drift.

THis paper examines the historical relationships between the ecological and taxonomic
structures of the marine biosphere, and attempts to account in a general way for the
patterns of their evolution. Each of these structures is hierarchic. The units composing
the levels of the ecological hierarchy include individuals, populations, communities,
and provinces, while the units composing the levels of the taxonomic hierarchy are such
categories as species, genera, and families.

There has been relatively little theoretical discussion of the evolution of these struc-
tures for marine invertebrates, yet the geological record of skeletonized taxa of the
shallow marine invertebrate benthos is longer and more complete than for any com-
parable group of organisms. This paper therefore deals with the rich and lengthy
record of shallow marine environments.

This restriction to a specific group of communities has some special advantages. The
diversity pattern for the world at large is obviously very much influenced by the deploy-
ment of organisms into new environments, such as the invasion of the terrestrial habitat
by vertebrates. By restricting the data to a limited group of communities it may be pos-
sible to investigate the patterns of diversity changes within ecosystems.

Much of the structural evolution which the taxonomic and ecological hierarchies have
undergone is a product of the diversification and extinction of species. There has been
much discussion of the patterns of taxonomic diversifications and extinctions through
geologic time, especially of higher taxa, and ecological relations are commonly invoked
to account for these patterns, particularly for extinctions. The processes of diversification
assumed herein are those of the synthetic theory of evolution based on Darwinian
selection and upon modern genetic concepts. Speciation and the origin of higher taxa
have been discussed from this viewpoint in a number of larger works (for example
Huxley 1942; Mayr 1963; Rensch 1947; and Simpson 1953). As diversity rises, there
must be a mechanism of accommodation of the new forms in ecological systems;
such mechanisms are discussed by Klopfer (1962), MacArthur and Wilson (1967), and

[Palacontology, Vol. 12, Part’4, 1969, pp. 684-709.]



VALENTINE: PATTERNS OF TAXONOMIC AND ECOLOGICAL STRUCTURE 685

Miller (1967), among others. Possible causes of extinction, and hypotheses of the processes
of extinction that have operated to create the Permo-Triassic faunal change, have been
reviewed by Rhodes (1967).

THE ECOLOGICAL STRUCTURE OF THE BIOSPHERE

The ecological hierarchy is regarded as being composed of the levels that are depicted
in text-fig. 1. This paper is chiefly concerned with the functional aspects of the hierarchy,
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TEXT-FIG. 1. Some levels of organization in the ecological hierarchy employed in this paper
(after Valentine 19685).

that is, with the interacting systems of organisms and environments. From the highest
level down, each functional system is composed of subsystems representing the systems
of the next lower level. The lowest functional level in the figure, that of the individual,
is certainly capable of further subdivision into sorts of functions of ‘unit characters’,
each underpinned by a system of genes and its regulators. For the most part, however,
the present discussion concerns population and higher levels.

It is convenient to consider the ecological units in terms of the environment with
which they interact. Hutchinson (1957, 1967) has developed a formal conceptual model
that treats the environment as a multi-dimensional region (see also Simpson 1944, 1953).
Only an informal treatment, based on Hutchinson’s model, is required here. If each
separate environmental parameter is visualized as a single geometric dimension of this
region, then all possible environments are represented by the resulting multi-dimensional
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space or hyperspace, which contains as many dimensions as there are possible environ-
mental parameters. The space extends along each dimension to the physical limits of
each parameter. It is assumed that this multi-dimensional environment model is stan-
dardized by having each axis allotted an arbitrary but permanent direction to form an
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TEXT-FIG. 2. Highly diagrammatic representation of some aspects of environment-organism relations,
visualized as a multi-dimensional space, of which each dimension is some environmental factor,
physical or biotic. Each point within the lattice represents a unique combination of factors. Only three
of the many dimensions are depicted. A, the total possible range of all environmental factors repre-
sented as a multi-dimensional lattice. B, the portion of the environment that actually exists on earth,
the biospace; it is available for occupation by organisms. cand b, the region of environmental space
that coincides with factors tolerated by an organism and that is bounded by its limits of tolerance—
the ecospace of the organism. Only a portion of the ecospace is realized (c); the remainder is prospective
ecospace (p) that may be inhabited if the environment fluctuates so as to include more of that portion
of the lattice. The ecospace concept may be expanded to population, community, province or biosphere
levels, and to species, genus, family, and higher taxonomic levels.

environmental hyperspace lattice, hereinafter called simply a lattice for brevity. Only a
certain portion of the total possible lattice (the prospective lattice) actually represents
conditions of the environment. This ‘realized ecological hyperspace’ may be called
biospace (text-fig. 2), a term employed in a similar but less generalized sense by Doty

(1957).
For any organism there is some more or less small volume (actually a hypervolume)
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within the lattice corresponding to the range of environmental conditions under which
it may live. This functional hypervolume will be called the ecospace of that organism
(text-fig. 2). Each population also has its own ecospace, which is the hypervolume of
its niche within the lattice. Indeed, the ecological units at all levels have ecospaces. A
community ecospace is the multi-dimensional model of its ecosystem, and a provincial
ecospace is the model of the provincial system. Although the highest functional level
standing above that of the provincial system is the level of the biosphere, the system
of the shallow marine realm is being used here in its place as a matter of simplicity,
and this realm has its own ecospace. The total ecospace that an organism or other
ecological unit may utilize if it is physically available may be called the prospective
ecospace, while the portion of the ecospace that actually overlaps with realized biospace
may be called the realized ecospace. These terms are modelled on the discussion of Parr
(1926) and Simpson (1944, 1953).

Dimensions of the lattice which have special properties are those that represent the
real dimensions of space, in which discontinuities occur that permit the occupation of
similar functional regions in different geographic regions (Miller 1967) and of time, in
which the changing shapes and sizes of ecospaces and of biospace are perceived.

The structure of the ecological hierarchy may be illustrated by considering just one
level, for example the community level. Community ecospace is composed of the eco-
spaces of all the niches of the component populations, and includes some dimensions
that are not niche properties but are organizational properties of the ecosystem. The
size of the community ecospace, measured by the number of dimensions occupied and
the extent of occupation along each dimension, depends upon the sizes of the com-
ponent niche ecospaces and to a small extent vpon the organizational properties. Into
a community ecospace of a given size, a relatively large number of small niches or a
relatively small number of large niches may be packed. All niches in a community
ecospace overlap to some degree, for all share a common tolerance for certain salinity
ranges, for example, and for certain oxygen concentrations, and for other parameters.
The more that niches overlap, other things being equal, the more populations that can
be packed into a community ecospace of a given size (Klopfer 1962; Miller 1967).

Consider, then, a community (A4) composed of relatively few populations that have
very large niches that overlap only narrowly on the whole. The animals tend to be rather
generalized feeders, so that energy flows in relatively broad streams through the trophic
levels. This community, though of low diversity, may displace a large biospace in the
lattice, that is, may have a large ccospace. Consider another community (B) composed
of many populations of different species that tend to have very small niches which
overlap broadly on the average. The animals are highly specialized with relatively
narrow ranges of food sources, so that energy flows through the trophic levels in
relatively discrete paths along chains of organisms that tend to be rather isolated
owing to their high specialization. Energy flow is not like a stream but more like a
shower that breaks up into numerous jets. A community of this sort, though rich in
species, may displace no more biospace in the lattice than community (4) and may
displace considerably less.

These communities have vastly different structures in the lattice, and yet it seems
possible for one to evolve from the other. They may thus represent relatively early (4)
and advanced (B) stages in the evolution of a community ‘lineage’ that has inhabited
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a similar biotope through its history. In this event the ecospaces of the two communities
will approximately coincide, although the way in which each community biospace is
occupied by niches is different. The community structure has evolved.

Structural states of ecological systems at other levels may be described in an ana-
logous way. All the systems evolve by changes in the quality, relative proportions, and
diversity of their subsystems (Valentine 1968b). Thus evolution of ecological systems
need not involve organic evolution, but may result merely from the readjustment of
existing populations in new patterns of association. However in the present discussion
the chief interest lies in changes that are based upon organic evolution, upon changes in
gene frequencies within populations that produce changes in niches, and upon the
accommodation of the changed niches in ecosystem structures. Enough is now known
of these processes to permit the construction of a provisional model of the diversification
of ecosystems. But before proceeding to the model, it is appropriate to examine the main
patterns of taxonomic structure during the Phanerozoic.

THE TAXONOMIC STRUCTURE OF THE BIOSPHERE

The taxonomic hierarchy is too well known to require any general remarks. For pur-
poses of this paper only a few levels need be considered : phylum, class, and order, which
will be called ‘higher’ taxonomic categories; and family, genus, and species, which will
be called ‘lower’ categories. It is possible to visualize the ecospace of any genus as com-
posed of the ecospaces displaced by all its component species, and the ecospace of a
family as composed of all the generic ecospaces, and so on. Thus defined, the ecospace
of a higher taxon displaces the actual regions of the lattice that have been occupied by
the members of that taxon. Thus the taxonomic hierarchy possesses a precise structure
at any time. This structure changes through time in well-defined patterns.

The main trends of evolution of the taxonomic structure may be characterized by con-
sidering the trends of diversity among higher and lower taxa through geologic time.
The fossil record of diversity, however, is certainly biased. An important source of bias
is the differential preservation of taxa. It seems possible to use the skeletonized taxa that
are best represented as a sample, from which to attempt to generalize to the entire biota.
The basic data from which generalizations will be attempted are the records of easily
fossilized shallow benthonic taxa of nine phyla: Protozoa, Porifera, Archaeocyatha,
Coelenterata, Ectoprocta, Brachiopoda, Mollusca, Arthropoda, and Echinodermata.
The ranges of these phyla and of their taxa are taken chiefly from the Treatise on
Invertebrate Paleontology (ed. Moore 1953-67), the Fossil Record (ed. Harland et al.
1967), and the Russian Osnovy Paleontologii (Orlov 1958-64).

As the assignment of groups of organisms to taxonomic categories involves a large
element of subjectivity, it is fair to ask to what extent the trends in taxonomic diversity
are real. In the first place, if one constructs a hierarchical classification of fossils that
appear at different times, the average time of appearance of higher taxa will be earlier
than that of lower, simply because some of the lower taxa appeared later than others,
but none appeared earlier than the higher taxa to which they belong. The mode of first
appearance should shift progressively towards the present at lower and lower taxonomic
levels (Simpson 1953, pp. 237-9). Similarly, the mode of highest diversity will tend to shift
towards the recent at progressively lower levels provided that the earlier taxa at each
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level persist or are replaced. These considerations account for such shifts in the mode

of appearance and diversity in text-fig. 3.
Secondly, there is no doubt that the present data contain monographic artifacts (for
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TEXT-FIG. 3. Stratigraphic variation in diversity of higher taxa of well-skeletonized
marine shelf invertebrates. Data chiefly from Harland et al. (1967) and Moore
(1953-7).

an instructive example see Williams 1957). However some of the main points to be dis-
cussed here concern relative diversities among the several taxonomic levels. Presumably,
monographic artifacts would tend to appear at all levels, and relative diversities would
be much less affected than absolute diversities. It is unlikely that there is a consistent
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monographic bias in the same direction among a majority of the taxa, and I therefore
believe that the major trends are real.

Another important consideration is the extent to which trends among skeletonized
taxa represent the biota as a whole. At present the non-skeletonized Invertebrata have
the same biogeographic and synecological patterns as skeletonized groups (Lipps, in
press), and there is no reason to expect that patterns of diversity of non-skeletonized
taxa would follow different trends than the skeletonized ones. Furthermore Lipps has
pointed out (pers. comm.) that the preserved groups are morphologically diverse and
unrelated, yet they often exhibit similar patterns. Therefore it is assumed that major
trends among skeletonized and non-skeletonized groups tend to be in phase.

Experience has shown clearly that the chances of preservation of an organism that
does not possess a well-mineralized skeleton are exceedingly small. Indeed, the lack
of a record of a taxon that does not have a relatively high probability of preservation
can hardly be taken as proof that the taxon was not living at the time. And the probabi-
lities of preservation cannot yet be specified even for taxa with highly mineralized
skeletons, under many of the stratigraphic situations common in the geologic record.
It is therefore difficult to assess the significance of negative records.

Most of the known phyla had appeared in the record by Cambrian time, although
even among our sample of nine, one (Ectoprocta) does not appear until the Lower
Ordovician. The phyla are well-differentiated and some contain relatively complex
organisms when they first appear, so that a fairly long period of evolution can be assumed
to have preceded their appearance in the record. However, it is possible to argue for many
phyla that their final organization into the ground-plans that are now considered as
characteristic may have only narrowly preceded their appearance in the record (Cloud
1949, 1968). It has been suggested that such a great evolutionary event may have been
permitted by an increase in atmospheric oxygen past a critical level (Berkner and
Marshall 1965). At any rate, it is likely that nearly all of the invertebrate phyla had
become established before the Cambrian, and the relative timing of their appearance in
the record may partly indicate the order in which they acquired hard parts or the chance
occurrences of unusual preservations. Nicol (1966) and others have suggested that the
acquisition of hard parts may have ensued as a result of widespread phyletic body-size
increases.

Many of the nine phyla in the sample contain taxa that are not members of the shelf
benthos or that have relatively low probabilities of preservation. Examples are the
planktonic Scyphozoa and the soft-bodied Keratosa. Such taxa are excluded from the
tallies. A few other taxa probably participated only partly in the benthonic ecosystems.
An important example is the Ammonoidea. The effects of such taxa on the diversity
curves are considered separately. Diversity graphs for phyla, classes and orders that seem
to be chiefly members of the benthos are presented in text-fig. 3; diversities are classed
by geological epochs, and therefore do not exactly represent the standing diversities at
any given time. The diversity levels depicted in text-fig. 3 represent a balance between
diversification and extinction, but the amount of taxonomic turnover that has occurred
in any epoch cannot be inferred from the diversity levels. Text-fig. 4 depicts the numbers
of appearances and disappearances (presumed to be extinctions) among the higher taxa
per epoch.

From text-figs. 3 and 4 the following history of higher taxonomic diversity can be
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inferred. The higher the category the earlier it tends to reach its maximum diversity.
If the phyla were not all present throughout the Cambrian, at least they all appear by
early Ordovician time, but the highest diversity is recorded in the Middle and Upper
Cambrian. New classes continue to appear until the Lower Carboniferous, but the
highest class diversity is recorded in the Middle and Upper Ordovician. Orders have
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TEXT-FIG. 4. Appearances and extinctions of phyla, classes and orders of
shelf benthos in the sample, classed by Epochs. Data as in text-fig. 3.

continued to appear until the end of the Cretaceous, but achieved their highest recorded
diversity in medial Ordovician time. Ordinal diversification, however, was great during
early Ordovician time, whereas the greatest class diversification was during the Cambrian
(text-fig. 4).

It also appears that the higher the taxonomic category the less it has been ravaged
by extinction, and the earlier extinction has stopped. Only one phylum (Archaeocyatha),
which comprises 119, of the sample, disappears, although the sample is so small that
this figure cannot be taken as very precise. However, 16 classes comprising 50%, and
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75 orders comprising 649, disappear. These extinct taxa are never fully replaced by
other higher taxa, at least not from among the taxa that we are considering, so that the
diversity of each higher taxonomic category has decreased, rather markedly in the cases
of classes and orders, since the early Paleozoic. For the taxa in the sample, the extinction
of phyla is complete by the end of Cambrian time, of classes by the end of Permian time,
and of orders by the end of the Cretaceous.
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TEXT-FIG. 5. Stratigraphic variation in diversity of skeletonized families
of shelf benthos belonging to phyla included in text-fig. 3. Data chiefly
from Harland et al. (1967), Moore (1953-7), and Orlov (1958-64)

The lower taxa present a somewhat different pattern. Text-fig. 5 depicts the geological
record of family diversity in the sample, again excluding unsuitable taxa such as the
planktonic foraminiferal families, and text-fig. 6 depicts the record of appearances and
disappearances. About 100 families are recorded by the end of the Cambrian, and 300
occur in the Upper Ordovician; diversity remains near 300 until the later Paleozoic,
when it gradually falls off. A marked drop occurs in late Permian and early Triassic
times. The pattern has until this point been not too unlike that of the higher taxa, with
the mode of major diversity shifted towards the present. The Jurassic rise is even anti-
cipated on the ordinal level (text-fig. 3). However it is in the great diversity rise of the
Cretaceous and Cenozoic that the pattern of the families departs in a fundamental way



VALENTINE: PATTERNS OF TAXONOMIC AND ECOLOGICAL STRUCTURE 693

Appearances
e Sy Extinctions

Families

g
I

25—

100

T8

=

€ |o \s\n]chb.\Phlw K [ceno.

TEXT-FIG. 6. Appearances and extinctions of the families of shelf benthos
in the sample, including Nautiloidea and Ammonoidea, classed by
Epochs. Data as in text-fig. 5.

from the pattern of the higher taxa, for the higher taxa reach and maintain rather steady
levels of diversity from Ordovician onwards for phyla, Lower Triassic onwards for
classes, and lower Jurassic onwards for orders. The Cretaceous and Cenozoic diversi-
fication of families marks a major change in the evolutionary trends of taxonomic
structure.

It can be seen from text-fig. 6 that the times of diversification of families tend to alter-
nate with times of extinction. This pattern is well shown in a figure by Newell (1967,
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fig. 7) that is based upon a different taxonomic sample. The pattern certainly suggests
that times favourable for diversification and those favourable for extinction were distinct,
and that there is therefore a complementary relation between these processes. Newell
suggests in effect that there have been extinctions to provide unoccupied biospace
before there are major diversifications, and of course there must be many taxa resulting
from diversification before there can be major extinctions. However, the data in text-
figs. 5 and 6 do not entirely bear out this thesis. The very high extinction peaks in the
Ordovician, Devonian, and Cretaceous are not accompanied by massive reductions in
standing diversity. In fact, the early Ordovician and Cretaceous extinction highs are
nearly hidden in text-fig. 5 owing to the great contemporary diversifications. Late
Ordovician and Devonian extinction peaks reduce the diversity level somewhat, but only
by about 6 and 139, respectively, because diversification is fairly high at these times.
Only near the Permo-Triassic boundary, when diversification is exceedingly low (text-
fig. 5), does the diversity level suffer a major decline of about 50%,. The unusually low
level of Permo-Triassic diversity is not unique because of the extinction peak alone, but
because of the lack of a corresponding peak of diversification.

It is interesting to examine the patterns of family diversification and extinction within
each of the higher taxa. Newell (1967) has presented graphs of family diversification
among a number of higher taxa; I have prepared similar charts for diversification as well
as for extinction of the families of higher taxa in the present sample which confirm the
patterns he has presented. In general, however, the high rates of family diversification
and of extinction within a higher taxon do not alternate in time but are highly correlated.
For example, the Brachiopoda diversify strongly during the Ordovician and Devonian,
but extinction peaks are found at these times also. Secondary levels of diversification
during the Silurian and Lower Carboniferous correlate with secondary peaks of extinc-
tion. Only in the Permian is there a lack of correlation; the great extinction is not accom-
panied (nor is it followed) by diversification at the family level, but is accompanied by
the lowest diversification rate known for brachiopods during the Phanerozoic.

Trilobites display a similar correlation. Cambrian diversification rises to a peak in
the late Cambrian and falls off progressively during Ordovician epochs; extinction levels
do precisely the same, except that they rise a bit in latest Ordovician. There is no follow-
ing rise in diversity, however, although there is a secondary peak of extinction in medial
and late Devonian time. Certainly there is no alternation of diversification and extinc-
tion. The same may be said of diversity patterns of the Porifera, the Echinoidea, and
several of the Paleozoic echinoderm groups. The Foraminiferida, Anthozoa, and Gastro-
poda have more complex patterns, but there is no suggestion of alternating extinction
and diversification except at the Permo-Triassic boundary. In the Ostracoda there is
some indication that extinction follows diversification and not the reverse, and similar
trends are found during parts of the record of other taxa. Even in the Ammonoidea and
Nautiloidea peaks of diversification and extinction tend to correlate and certainly do
not alternate.

The alternation of peaks of diversification and extinction of all families in the sample
(text-fig. 6), then, are chiefly due to the alternation of high rates of family extinction of
some higher taxa with high rates of diversification of different higher taxa (which is
usually accompanied by a rise in extinction among these different taxa also). Except at
the Permo-Triassic boundary, all this tends to be accomplished while diversity as a whole
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remains surprisingly stable considering the magnitude of extinction and diversification
peaks. The major events that alter standing diversity on the family level are the diversi-
fication in Cambro-Ordovician times, the Permo-Triassic diversity low, and the
Cretaceous-Cenozoic diversification (text-fig. 5).
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TEXT-FIG. 7. Stratigraphic variation in the diversity of benthonic shelf

families (dashed line) and genera (solid line) of Foraminiferida, excepting

the poorly skeletonized Allogromiina. Data from Loeblich and Tappan
(1964).

It is possible to demonstrate that with the genera as with the families, there is a striking
rise in numbers in the Cretaceous and Cenozoic. Text-fig. 7 depicts the diversity of
families and of genera of benthonic Foraminiferida through geological time. This is one
of the taxa that contributes strongly to the late Cretaceous and Cenozoic rise in family
diversity. Throughout the Paleozoic there are, on the average, about 3-4 genera per
family described. Across the Permo-Triassic boundary this ratio drops and then rises
again in the Jurassic and early Cretaceous. In the late Cretaceous the genus/family ratio
climbs to nearly 6, and in the early Cenozoic to over 8, where it stands at present after
a late Cenozoic decline. The size of families is somewhat a matter of opinion. There is no
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special reason, however, to believe that the disproportionate Cretaceous—Cenozoic rise
is a taxonomic artifact. The data are certainly subject to monographic and other biases,
but have all been reviewed by the same team of authorities (Loeblich and Tappan 1964).
It is interesting in this regard that the same trend can be inferred from the data charted
by Henbest (1952) based chiefly on the work of Cushman (1948). If the trend is an arti-
fact it is an enduring one. Incidentally, peaks of extinction of genera of foraminiferida
correlate rather than alternate with peaks of diversification, just as is common among
invertebrate families.

Another taxon that contributes heavily to the Cretaceous rise in family diversity is
the Gastropoda, among which the same pattern of disproportionate generic diversi-
fication is present. There is no satisfactory recent review of all marine gastropod genera,
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TEXT-FIG. 8. Families, genera, and subgenera of orders of shallow marine gastropods. The most
advanced orders contain higher numbers of genera and subgenera, on the average, than primitive orders.
Data from Taylor and Sohl (1962).

but Taylor and Sohl (1962) have published a census of gastropod genera and subgenera
combined by family and higher taxa. Itis possible to show that the more recently an order
has appeared in the record, the more genera and subgenera per family it contains on
the average (text-fig. 8). The Neogastropoda, which appear in the Lower Cretaceous
(Albian or possibly earlier) and which diversify chiefly in the Upper Cretaceous and
later, have 56 genera and subgenera per family on the average. This is 3} times as many
as the average of the Archaecogastropoda. Furthermore, even the groups of archaeo-
gastropods with the largest living representatives, such as the trochaceans, tend to have
differentiated strongly at the generic level in the Upper Cretaceous and Cenozoic. For
the Trochacea, for example, there are 14 genera and subgenera recorded from the
Lower Cretaceous, 32 from the Upper Cretaceous, and 66 from the Upper Cenozoic
(data from Moore 1953-7). The other orders of Gastropoda are intermediate, both in
time of appearance and in genus—subgenus/family ratios, between the Archaeogastropoda
and the Neogastropoda. It follows from this situation that, for the shallow marine
shelled Gastropoda, the late Cretaceous-Cenozoic rise in family diversity (from 37
families in the Lower Cretaceous to 66 in the Upper Cretaceous and to 83 or 84 in the
Cenozoic) is disproportionately exaggerated on the generic level. This agrees with the
data for Foraminiferida. Two other groups that contribute especially strongly to
the rise in Upper Cretaceous and Cenozoic family diversity, the Ectoprocta and the
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Echinoidea, appear to display similar trends (see Newell 1952 and the appropriate
Treatise volumes).

In contrast to the preceding groups, the phylum Brachiopoda displayed its greatest
familial diversity during the Paleozoic. It has not diversified during the Cretaceous—
Cenozoic but maintained an average of about 12 or 13 families and about 50-65 genera

o b, 0 iEEemaes Families
S8 i

g & \ / Genera
g8

150+

284 1004

Recent —=

€ |os|[ofcan|P[®r[u] Kk [ceno.

TEXT-FIG. 9. Stratigraphic variation in brachiopod diversity by families (broken
line) and by genera (solid line). The genera/families ratio remains near 4.
Genera after Williams (1965), and family data from Williams et al, (1965).

during this time (text-fig. 9). It is interesting, therefore, that the brachiopods have about
the same genus/family ratio recorded for the Paleozoic as in the Mesozoic and Cenozoic
—about 4 times as many genera as families throughout the Phanerozoic. Even during
the greatest periods of diversification, the numbers of genera per family did not rise
disproportionately, although generic turnover was significantly greater than family
turnover. Judging from a comparison of the graphs of evolutionary rates among trilobite
genera (Newell 1952) with family diversity trends, disproportionate generic diversity is
not found among trilobites during their time of greatest family diversity either.

In summary, diversification on the family level during the Paleozoic and early Mesozoic
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seems to be accompanied chiefly by simple proportionate diversification on the generic
level. Diversification on the family level during the late Cretaceous and Cenozoic seems
to be accompanied by a disproportionately high diversification on the generic level.

It is impracticable to attempt a census on the species level for even a few higher taxa,
and there are strong reasons for doubting the significance of fossil species counts in any
event. It is necessary to approach species diversity at least in part from a theoretical
point of view. Species evolve at greater frequencies than genera or families or higher
taxa, and their standing diversities are therefore more volatile. The appearance of
isolated habitats can produce swarms of closely related species, and the development
of specialized communities may permit the development of a great number of species,
not necessarily closely related, but endemic to the community. Reef communities, for
example, appear to contribute large opportunities for both these types of speciation.
A great number of specializations are possible on reefs, and thus large numbers of
relatively specialized species from various phylogenetic backgrounds may appear. Reef
tracts are also characterized by patchy and discontinuous distributions of reefs, and the
isolation of outlying patches might often serve as a basis for speciation. Communities
such as those on reefs that appear, endure long enough for a highly specialized biota to de-
velop, and then disappear or become greatly reduced, can produce temporally localized
but significantly large fluctuations in standing species diversity. If species diversification is
great within such communities, generic diversity would also be enhanced. Since the
species endemic to such communities are normally specialized, the average niche size of
the shelf biota would be decreased while they flourish and increased when they wane.

At times the middle and upper Paleozoic record contains numerous reef associations
and at these times it is likely that species diversity reaches disproportionately high levels,
relative to families. It is expected that generic diversity might also rise disproportionately
at these times. Although early and middle Permian reefs are widespread and contain
probably the most specialized Brachiopoda recorded (Rudwick and Cowen 1968), a dis-
proportionate generic diversity peak does not appear at that time in the available data
(text-fig. 9). The description and evaluation of Permian reef biota is far from finished,
however.

Another important way in which specific (and generic) diversity may be dispropor-
tionately multiplied is through a rise in provinciality. For example, theoretical considera-
tions suggest that there are many more shelf species today than in the past, owing to
the high degree of shallow-water provinciality at present (Valentine 1967, 1968a). This
provinciality is both latitudinal, correlating with the great latitudinal temperature
gradients at present, and longitudinal, owing to the presence of efficient biogeographic
barriers of continents and ocean deeps. In the early Jurassic provinciality was not
strongly developed. A Middle and Upper Jurassic Boreal fauna that contains endemic
forms has been widely recognized (Neumayr 1883 ; Arkell 1956). Evidence has now been
advanced to suggest that the Boreal fauna of the Jurassic signifies a low-salinity facies
inaregion of rather stable palacogeography rather than a climatic province (Hallam 1969).
Whatever its environmental basis, the appearance of the widespread fauna marks an
increase in environmental heterogeneity on a sub-continental scale and a rise in species
diversity. The general trend towards increasing provinciality in late Cretaceous and
Cenozoic times must have greatly enhanced the numbers of species on the shelves
(Valentine 1967, 1968a). Many genera which contain several species in a given province
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are now represented in different provinces by separate suites of species, so that the total
numbers of their species are immense. Such is the case with species of Nucula, Macoma,
and Mactra among the Bivalvia and Conus, Calliostoma, and Fissurella among the
Gastropoda, to choose a few of the many examples. This situation must have been much
less marked during times of low provinciality. For these reasons alone it is contended
that the number of species in the shelf environment has increased disproportionately
relative to the genera, especially during the Cretaceous and Cenozoic. Thus a species
diversity curve would have about the same pattern as a generic diversity curve, but the
peaks would be exaggerated (and the curve would be offset slightly towards the present).
There are still other reasons, discussed below, for believing this pattern to be correct.

The major diversity trends in time among the fossil taxa are assumed to reflect real
diversity trends among the ancient shelf biota, and they can be described in terms of the
structure of the taxonomic hierarchy (text-fig. 10). In the earliest Paleozoic each phylum
was represented by only a few classes, each class by relatively few orders, and so on
down the hierarchy. By the close of Ordovician time, however, the average phylum was
well differentiated into classes, and the average class into orders. Some phyla became
extinct, but were not replaced by other phyla. After the Middle Ordovician the diversity
of classes and of orders declined but the diversity of families rose, so that the structure
became relatively more diversified among the lower taxa (text-fig. 10). It is possible that
the average generic and specific diversity of the Upper Carboniferous indicated in text-
fig. 10 is too low, owing to a disproportionate diversification at these lower levels that
culminated during the early Permian. At about the Permo-Triassic boundary, both the
numbers of classes and of orders were reduced by just less than half relative to their
Middle Ordovician peaks, as were the families. The Permo-Triassic diversity low was
most marked at lower taxonomic levels (contrast the familial and ordinal diversity
decreases).

After the Permian the only gains in diversity registered among higher taxa are on the
ordinal level. The numerous lost classes are not replaced, and even the rise in ordinal
diversity is relatively small. The great climb in diversity at the familial level returns the
hierarchy to a pattern commensurate with the early Upper Paleozoic pattern by Middle
Jurassic time. Thereafter the number of families per higher taxon increases, especially
during the Upper Cretaceous, and the diversities of lower taxa follow suit (text-fig. 10).

The so-called nekto-benthonic cephalopod groups Nautiloidea and Ammonoidea
have not been included in the basic sample because of uncertainty as to the degree to
which they participated in benthonic ecosytems. Nevertheless, some of them were surely
regular members of a benthonic food chain. In text-fig. 5, the families of these cepha-
lopod taxa are added to the families of the sample. The pattern of diversity is not much
altered thereby; there was a slight increase in the steepness of the diversity rise from the
Triassic to the Lower Cretaceous and the appearance of a rough plateau during
the late Cretaceous and Cenozoic. The effect on the ordinal level is to emphasize
the Ordovician rise in diversity and the mid- and upper-Paleozoic decline. Therefore,
the exclusion of these Cephalopoda from the sample has a conservative effect insofar
as the major trends are concerned, and in no way contributes to special conclusions.

Another major group which might have merited some representation in the figures is
the fishes. At the family level their inclusion would raise the curve in text-fig. 5 to an even
higher Devonian peak, and somewhat steepen the Mesozoic trend of rediversification (as
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would almost any additional taxon). At higher levels, they would raise ordinal diversity
in medial Paleozoic and class diversity in early Paleozoic times, emphasizing graph
patterns. Clearly, their exclusion does not affect the major diversity trends.

COADAPTATION OF ECOLOGICAL AND TAXONOMIC HIERARCHIES

The correlation of the structures of the two hierarchies under consideration is best
approached at the species level. The fluctuations in species diversity, which have changed
through a whole order of magnitude and more at times (Valentine 1967), naturally cause
wide fluctuations in the numbers of populations in the ecological hierarchy, which must
be accommodated in some manner.

In general there are three ways in which new species populations might be accom-
modated in ecological units (Klopfer 1962): (1) they may colonize parts of the environ-
mental lattice that were previously unoccupied, in which case their niches represent an
extension of ecospace in the ecological unit but average niche size is little affected; (2)
space for their niches may be created in the lattice by shrinking one or several of the
pre-existing niches, in which case the existing ecospace becomes more crowded by
partitioning and average niche size decreases; or (3) parts of their niches may overlap
with one or several pre-existing niches and thus crowd the lattice by overlap rather than by
partitioning. Thelastsort of accommodation, by niche overlap, occurs hand in hand with
one of the other sorts. The fitting of a new niche into the lattice may commonly involve
all these sorts of accommodation. Theoretical or practical aspects of niche partitioning,
which were touched on by Darwin (1859), have been considered in a modern perspective
by a number of workers (for example, Bray 1958 ; Brown and Wilson 1956; Klopfer and
MacArthur 1960, 1961; Klopfer 1962; McLaren 1963; MacArthur and Levins 1967,
MacArthur and Wilson 1967 ; Hutchinson 1967; and Miller 1967). Yet data on variations
in niche size and its relation to species diversity among marine shelf invertebrates is
scanty. Marine research includes the work of Kohn (1959, 1966) on the gastropod Conus
and Connell (1961) on some intertidal barnacles.

The most recent major rise inferred in species diversity from the late Cretaceous to
the present seems to have involved an extension of ecospace, an invasion of parts of the
lattice which were becoming newly realized, thus expanding the available environment.
This increase in environmental heterogeneity in the shallow marine realm was evidently
due partly to the cooling of shelf waters in high latitudes (Smith 1919; Durham 1950;
Valentine 1967, 1968a), which permitted the rise of new biogeographic provinces in separate
chains along north-south-trending coastlines. New provinces may also have been created
by the drifting apart of some continents, progressively isolating, from about medial
Cretaceous time, shelf regions that had previously been connected. This permitted an
increase in endemism.

Thus this expansion of ecospace is envisaged as due primarily to two factors: (1)
extension of the thermal factors and of numerous other parameters that are related to
temperature, creating one set of biogeographic barriers; and (2) the creation of another
set of barriers through the breaking up of formerly continuous or nearly continuous
epicontinental seaways and continental shelves through continental drift (which in
effect multiplies biospaces along dimensions of real space). The relative timing of these
events is not yet clear, although there is a suggestion that longitudinal provinciality was
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strengthening in the late Cretaceous (Sohl 1961) while latitudinal provinciality was still
weak. The Cretaceous-Cenozoic expansion of ecospace was fundamentally on the level
of the biosphere and involved the rise of provinciality, which in turn permitted new com-
munities based upon endemic populations to appear in each province. The increase in
isolation among the populations living in separate provinces or separate communities
permitted the formation of many new species.

The increase in generic diversity follows from the multiplication of species and their
isolation in separate provinces or communities. Different but related species with similar
morphological adaptations would arise in similar habitats in different provinces, forming
associations such as Thorson’s (1957) parallel bottom communities or becoming
‘geminate’ or twin species such as occur on opposite sides of the Isthmus of Panama
(Ekman 1953). The increase in generic diversity would be proportionately less than in
species diversity, owing to the multiplication of similar morphological types in distinct
provinces that would be grouped as genera by taxonomic practice. The same principle
seems to apply to the family level. A marked increase in the diversity and provinciality
of genera would lead to a more or less modest increase in family diversity. That the pre-
sent biogeographic pattern of diversity is similar at the familial, generic, and specific
levels has been well documented for the Bivalvia by Stehli, McAlester, and Helsley
(1967). Kurtén (1967) suggested that mammalian diversity is high at the ordinal level
because of endemism arising through the isolating effects of continental drift.

At higher taxonomic levels on the marine shelves a different factor must be operating
to control diversity, since higher taxa do not much participate in the Mesozoic-Cenozoic
diversification. Perhaps this diversification has occurred too recently for evolution to
have proceeded to the level of higher taxa. The pattern of ordinal diversity suggests that
this may be the case. Yet class diversity has declined since the Ordovician. A better
explanation may be that the available biospace of the epicontinental seas and shelves
was nearly fully occupied since at least very early in the Phanerozoic, and most increases
in taxonomic diversity had to be accomplished by ecospace partitioning and overlap (see
Rhodes 1962, pp. 270-2; Nicol 1966). Thus only in times of unusual expansion of the
marine shelf biospace, when the realized parts of the environmental lattice increased
persistently, would significant diversity increases result simply from the invasion of new
biospace. Ecospace partitioning involves a decrease in the niche sizes of populations, at
least along dimensions where competition may occur (Miller 1967), and this is not a
process that lends itself to the appearance of organisms with wholly new ground-plans
or with major modifications thereof, such as are required for the development of higher
taxa. It is instead a process suited more to the modification in detail of pre-existing
morphological types, so as to accommodate to smaller ecospaces—in other words, a
process suited to the increase of specialization.

By Cambrian time or shortly thereafter the ground-plans that are the hallmarks of
the major invertebrate phyla had been established. Most of the species were by present
standards primitive and functionally generalized; modal niche size was no doubt far
larger than at present, though there certainly may have been some highly specialized
forms. Evidently, diversification in the Cambrian and Ordovician led to the presence
in late Ordovician time of a large number of higher taxa. This may have been partly due
to an expansion of biospace and should have included an increase in resources. As much
of the former marine shelf biospace may have been occupied by soft-bodied organisms,
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the expansion of skeletonized forms may have involved the appropriation of some re-
sources that had formerly been utilized by soft-bodied groups. On the other hand, on
the assumption that soft-bodied taxa should have responded to the same opportunities
as skeletonized taxa, it seems even more likely that there was a concomitant diversi-
fication of soft-bodied lineages. These are debatable points, but it is clear that it cannot
be assumed that Cambro-Ordovician radiation was occurring in vacant biospace. Vast
regions of the lattice must have been occupied, and this may have served to channel the
evolutionary pathways of diversifying lineages.

Certainly there was unusual extinction among higher taxa during this time. Higher
taxa in the sample that appear in the Cambrian, but which are not known to have sur-
vived the Ordovician, include the phylum Archaeocyatha, the echinoderm classes
Homostelea and Helicoplacoidea, the inarticulate brachiopod orders Obolellida, Pateri-
nida, and Kutorginida, the monoplacophoran order Cambridoida, and the trilobite
orders Redlichiida and Corynexochida. Numbers of other taxa that are poorly known
also disappeared early, and may have represented higher taxonomic levels. They were
not included in the sample because of their questionable status. These include some
trilobitoids, some early echinoderm stocks, and early gastropod-like molluscan stocks.
Perhaps most of these are functionally generalized forms, the morphological architecture
of which proved unsuitable to the demands for specialization.

Biospace formerly occupied by populations of extinct lineages would soon be re-
colonized by populations of the lineages that remained, if such colonization did not
actually precede and contribute to the extinction. This easily leads to the diversification
of extant lower taxa, but not to the creation of taxa on a comparably high level. In the
early Phanerozoic the large average size of the former ecospaces of extinct taxa provided
ecological room, so to speak, which allowed the lineages that reoccupied vacated bio-
space a certain leeway for progressive morphological modification that could still lead
to the establishment of a higher taxon. Later, when vacated biospace was to be in smaller
parcels, opportunities for morphological modifications became limited, as during medial
Paleozoic time, when the diversity of classes declined markedly (text-fig. 3). Although
diversity of orders (text-fig. 3) and families (text-fig. 4) also declined during that time,
the decline was less marked, and order/class and family/order ratios were both rising.
This suggests that the extinction of a higher taxon was not usually accompanied by
replacement at the level of the higher taxon but at a lower level. It also suggests that
biospace was decreasing. In the Lower and Middle Permian the numbers of species and
genera may well have been disproportionately higher than is suggested by the number
of families, owing to the development of reef associations.

Towards the close of the Paleozoic the change in the taxonomic structure suggests
a great reduction in the heterogeneity of the shelf environment. Provinciality was
already low. It is not certain, therefore, whether a significant further reduction occurred
or indeed was even possible in late Permian time. However the numbers of communities
certainly decreased (for example, the late Paleozoic reefs disappear) and, although there
are not well-documented field studies, it appears from faunal lists that the numbers of
populations in the remaining communities also declined. Thus the ecological structure
shrank at all, or nearly all, levels, suggesting a general decline in biospace. There are
too few data on the ecological hierarchy of Permo-Triassic times, however, to support
speculation on the precise causes of the extinctions on this basis. Rhodes (1967) has
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reviewed the major hypotheses of extinction and remarks that probably none of them
alone would cause the sorts of changes found at the Permo-Triassic boundary.

Rediversification evidently began by medial Triassic time, unless the increase in
family diversity then is an artifact, If it is real (and it includes the beginnings of Sclerac-
tinian radiation as well as the expansion of gastropod families), it suggests that generic
and specific diversification was proceeding at even higher rates. Presumably biospace
had expanded (or was expanding) once more and the newly realized parts of the environ-
mental lattice were being recolonized. However, compared with Cambro-Ordovician
lineages, Triassic lineages were rather specialized, with smaller modal niche sizes, so that
the average colonizing lineage must have occupied a relatively smaller part of the lattice.
The opportunities now presented for the formation of higher taxa could not be much
exploited by the relatively specialized populations. There may be exceptions; the Sclerac-
tinia may have taken advantage of biospace vacated by Paleozoic coelenterate lineages
to become skeletonized and reoccupy some of the same biospace. Finally, at some time
in the Mesozoic a diversification involving the marked rise in provinciality discussed
previously began to occur as well. It seems likely that the Jurassic and early Cretaceous
diversity increases, which are not inconsiderable and which take place at a high rate
(text-fig. 5), are partly owing to an increase of latitudinal provinciality due to cooling
poles and to an increase of longitudinal provinciality due to the separation of some
continental masses in Jurassic time. A thorough analysis of the biogeographic patterns
of Mesozoic diversification is badly needed.

The Cretaceous—Cenozoic boundary is marked by extinctions of some benthonic
marine groups (see Hancock 1967), but if there was any appreciable alteration in the
taxonomic diversity structure at the family and higher levels it was of so short a duration
that it does not appear in the present data. The structure of communities, provinces and
of the entire shelf realm must have undergone qualitative changes, but this is a more or
less continuous process on the broad scale we are considering. The Late Cretaceous rise
in diversity extends unabated across the Cretaceous-Cenozoic boundary. Surely there
was no large-scale reduction in biospace.

Two major modes of taxonomic diversification have been described, both proceeding
at progressively lower taxonomic levels through time. The first involves a biospace that
fluctuates about some size that does not vary much in time. Diversification at the popula-
tion level at first proceeds by colonization of untenanted biospace, but soon must be
accompanied by a progressive decrease in average niche size. Communities therefore
become increasingly packed with more and more specialized populations and begin to
fragment into portions, each of which has an energy flow that is partially independent of
the others. The isolation and independence of these portions will increase with further
specialization until they form ecosystems that are as independent as the original one
from which they fragmented. Slighter and slighter environmental discontinuities will
form community boundaries until the environmental mosaic of a given primitive com-
munity, relatively heterogeneous but occupied by primitive populations with large
niches, is broken up into a number of smaller environments, each more homogeneous
than the original and each occupied by more specialized populations. Provinces become
packed with more and more communities that have progressively smaller ecospaces. The
diversity of provinces is not so sensitive to this progressive specialization, although it may
eventually be affected if the trend continues long enough. Any widespread partitioning
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of temperature or temperature-correlated parameters would lead to increased pro-
vinciality even in the absence of progressive changes in the latitudinal temperature
gradient. If partitioning were to continue, smaller and smaller changes in thermal regimes
would act to localize range end-points, and thus form provincial boundaries (Valentine
1966). In sum, in this mode the ecological structure evolves from lower levels towards
higher.

The other mode of diversification involves a biospace that expands to create new
environments or to add new dimensions (or at least to extend old dimensions) to old
environments. New environments may be created, for example, through climatic changes,
and old environments may be extended through the improvement of limiting factors,
that is through the amelioration of conditions which tended to inhibit diversification.

From what is known and can be inferred of the hierarchies of the Paleozoic, diversi-
fication (at least after an initial radiation of skeletonized taxa and probably before) was
proceeding chiefly in the first mode, from the bottom of the ecological hierarchy up-
wards, implying a relatively stable biospace. Rediversification following the Permo-
Triassic extinction was probably in the second mode, involving an amelioration of
factors that had inhibited diversification, and the Upper Cretaceous and Cenozoic
diversification seems to have also been in the second mode, but involved the creation
of new environments. Nevertheless there must have been continuing specialization
and thus the first mode was also active in the taxonomic and ecological evolution,
Processes that bring species that appeared during biospace expansion into sympatry
with older lineages, such as ‘species pumps’ of various kinds (Valentine 1967, 1968a),
may link these two modes into a single system of diversification. Finally, the more
lineages that exist the greater the opportunity for large-scale diversification under
appropriate circumstances in either mode. This factor is certainly at work in the dis-
proportionate multiplication of lower taxa during Cretaceous and Cenozoic times.

A number of authors have suggested that extensive changes in sea level may control
some of the diversification and extinction patterns (Newell 1952, 1956, 1963; Moore
1954 see Rhodes 1967 for other references). Widespread epicontinental seas, it is asserted,
provide more inhabitable area for shelf invertebrates and therefore more opportunity
for diversification, while regressions reduce the inhabitable area and thus the diversity.
There is some theoretical support for this position in the species-area work of Preston
(1962), Williams (1964), MacArthur and Wilson (1967), and others. Little work has
been done in marine environments; the areas of ancient shelf seas, especially during
regressive phases, are difficult to estimate (though see Ronov 1968); and the effects that
could be expected in a biosphere of vastly different ecological and taxonomic structure
and composition are largely uncertain. The problem is further complicated by facies
differences between epicontinental seas and shelves bordered by open oceans. Although
uncertainties in calculations must be great, preliminary estimates suggest that the species-
area effect would have been far too small to account for major diversifications and ex-
tinctions by itself. Moreover, we live at present in a time of great continental emergence
yet the shelves are richly diverse in lower taxa and in ecological units at all levels, pre-
cisely the opposite of the pattern of Permo-Triassic extinction. Indeed, a relative lower-
ing of sea level must commonly result in the emergence of land barriers which isolate
regions formerly connected and permit the rise of an endemic biota in each region. This
would have the effect of increasing the total number of species in these regions.
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Nevertheless, the elimination or rise of species resulting from shelf-area fluctuations
would certainly contribute to diversity patterns, and further evaluation of this sub-
ject is clearly merited.

CONCLUSIONS: THE PROGRESSIVE CANALIZATION OF ECOSPACE

It is concluded that a major Phanerozoic trend among the invertebrate biota of the
world’s shelf and epicontinental seas has been towards more and more numerous units
at all levels of the ecological hierarchy. This has been achieved partly by the progressive
partitioning of ecospace into smaller functional regions, and partly by the invasion of
previously unoccupied biospace. At the same time, the expansion and contraction of
available environments has controlled strong but secondary trends of diversity. Present
marine biospace is in fact unusually extensive, and the world’s shelf seas are therefore
unusually heterogeneous and support a large number of ecological units today. The
relations of these trends to trends within the taxonomic structure of the benthonic
invertebrates are intimate.

Assuming for the moment that evolutionary trends among marine benthonic inverte-
brates will continue and that biospace does not change much (a dim prospect in view of
rising pollution), what might be predicted of the future structures of the ecological and
taxonomic hierarchies ? Speculation on this point may be of some value to underline the
sort of process that is postulated to have gone before. Clearly, the trend towards
specialization would further reduce the average niche sizes of species. It would be
increasingly difficult for evolving lineages to depart much from their modal functions
and morphologies, as biospace would become available only in increasingly smaller
compartments. The amount of change necessary to produce a new family would be
increasingly difficult to attain, and eventually no new families could appear. In fact,
some families would become extinct so that familial diversity would decrease, and
lineages from other families would fill any vacated biospace. After some time genera
could no longer appear, for biospace would be packed too tightly to permit morpho-
logical variation even at that level, and generic diversity would decline for a while as
some extinction, inevitably, occurred. Eventually, all the biospace would become filled
with evolving lineages with an incredibly small modal niche size, each lineage constrained
by the presence of all the others to evolve in only a narrow pathway directed by the trends
of evolution of the entire biota, and of changes in the entire biosphere. Ecological
units are now exceedingly small by today’s standards, with virtually every few food-chains
forming a separate community and every moderate topographic irregularity forming
a provincial boundary. Canalization of ecospace is complete. The biosphere has become
a splitter’s paradise.

Although this extrapolation cannot be taken too seriously, it does point to some
important consequences of ecospace partitioning. First, average species of the
early Paleozoic, with their broad niches, may have had different patterns of morpho-
logical variation than the specialized species of today. Secondly, the occurrence in the
early Paleozoic of numbers of unusual ‘aberrant’ higher taxa that contain few lower taxa
is not necessarily due to a poor fossil record but is probably the natural consequence of
adaptive strategies that prevailed in primitive ecosystems of low diversity. Finally, extinc-
tion of taxa of high diversity is less likely than extinction of taxa of low diversity, other
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things being equal (Simpson 1953), simply because so many more lineages must dis-
appear. Similarly, the markedly rising provinciality of the late Cretaccous and Cenozoic
will tend to make the extinction of the newly diverse taxa that have representation in
many provinces—a common situation even on the generic level—more difficult.

Acknowledgements. Gratitude for extensive discussion of the ideas presented herein is expressed to
Dr. A. Hallam (Oxford University) and Professor A. L. McAlester (Yale University). The manuscript
was carefully reviewed by Dr. W. S. McKerrow (Oxford University) and Professor R. Cowen, Pro-
fessor J. H. Lipps, and Robert Rowland (University of California, Davis). All this attention resulted
in much improvement. The manuscript was written during a Guggenheim Fellowship spent at the
Department of Geology and Mineralogy, Oxford University, and at the Department of Geology and
Geophysics, Yale University. The generosity of the Guggenheim Foundation and the hospitality of
these departments is gratefully acknowledged.

REFERENCES

ARKELL, W. 1. 1956, Jurassic geology of the world. Edinburgh.

BERKNER, C. V. and MARSHALL, C. C. 1965. Oxygen and evolution. New Scientist, 28, 415-19.

BRAY, J. R. 1958. Notes towards an ecologic theory. Ecology, 39, 770-6.

BROWN, W. L., JR. and WILSON, E. 0. 1956, Character displacement. Syst. Zool. 5, 49-64.

cLoup, P. E. 1949. Some problems and patterns of evolution exemplified by fossil invertebrates.
Evolution, Lancaster, Pa. 2, 322-50.

1968. Pre-metazoan evolution and the origin of the metazoa. In DRAKE, E. T. (ed.), Evolution
and environment. 1-72. New Haven, Conn.

CONNELL, J. H. 1961, The influence of interspecific competition and other factors on the distribution
of the barnacle Chthamalus stellatus. Ecology, 42, 710-23.

CUSHMAN, 1. A. 1948, Foraminifera, their classification and economic use. Cambridge, Mass.

DARWIN, C. R. 1859. On the origin of species by means of natural selection. London.

pOTY, M. 5. 1957. Rocky intertidal surfaces. In HEDGPETH, J. W. (ed.), Treatise on marine ecology and
paleoecology. Mem. geol. Soc. Am. 67, 1, 535-85.

DURHAM, 1. W. 1950, Cenozoic marine climates of the Pacific Coast. Bull. geol. Soc. Am. 61,1243-64.

EKMAN, S. 1953. Zoogeography of the sea. London.

HALLAM, A. 1969. Faunal realms and facies in the Jurassic. Palaeontology, 12, 1-18.

HANCOCK, J. M. 1967. Some Cretaceous-Tertiary marine faunal changes. /i HARLAND, W.B. ef al. (eds.),
The fossil record, 91-104. London (Geological Society).

HARLAND, W. B. ef al. (eds.). 1967. The fossil record. L.ondon (Geological Society).

HENBEST, L. G. 1952. Significance of evolutionary explosions for diastrophic division of earth history—
introduction to the symposium, J. Paleont. 52, 299-318.

HUTCHINSON, G. E. 1957. Concluding remarks. Cold Spring Harbor Symp. quant. Biol. 22, 415-27.

—__ 1967. A treatise on limnology, Volume 2. Intraduction to lake biology and the limnoplankton. New
York.

HUXLEY, 1. S. 1942. Evolution, the modern synthesis. London.

KLOPFER, P. M. 1962. Behavioral aspects of ecology. Englewood Cliffs, N.J.

— and MACARTHUR, R. H. 1960. Niche size and faunal diversity. An. Nat. 94, 293-300.

— __1961. On the causes of tropical species diversity: niche overlap. Am. Nat. 95, 223-6,

KOHN, A. J. 1959. The ecology of Conus in Hawaii. Ecol. Monogr. 29, 47-90.

— — 1966. Food specialization in Conus in Hawaii and California. Ecology, 47, 1041-3.

KURTEN, B. 1967. Continental drift and the palacogeography of reptiles and mammals. Soc. Scient.
Fennica, 31 (1), 1-8.

LEVINS, R. 1962, Theory of fitness in a heterogeneous environment. 11. Developmental flexibility and
niche selection. Am. Nat. 97, 75-90.

LIPS, J. H. (in press). Plankton evolution. Evolution.




708 PALAEONTOLOGY, VOLUME 12

LOEBLICH, A. R. and TAPPAN, HELEN. 1964, Protista 2, Sarcodina, chiefly ‘ Thecamoebians’ and Fora-
miniferida. Jn MOORE, R. c. (ed.), Treatise on invertebrate paleontology, Part C. Geol. Soc. Amer. and
Univ. Kansas Press.

MACARTHUR, R. H. and LEVINS, R. 1964, Competition, habitat selection and character displacement in
a patchy environment. Proc. nat. Acad. Sci. U.S. 51, 1207-10.

—— —— 1967. The limiting similarity, convergence, and divergence of coexisting species. Am. Nat.
101, 377-85.

—— and WILSON, E. 0. 1967. The theory of island biogeography. Princeton, N.J.

MAYR, E. 1963. Animal species and evolution. Cambridge, Mass.

MCLAREN, I. A. 1963. Effects of temperature on growth of zooplankton, and the adaptive value of
vertical migration. J. Fish res. Bd. Canada, 20, 685-727.

MILLER, R. 8. 1967, Pattern and process in competition. In CRAGG, 1. B. (ed.), Adv. Ecol. Res. 4,

1-74.

MOORE, R. C. (ed). 1953-7. Treatise on invertebrate paleontology. Geol. Soc. Amer. and Univ. Kansas
Press.

NEUMAYR, M. 1883. Ueber klimatische Zonen wihrend der Jura- und Kreidezeit. Denkschr. Akad. Wiss.,
Wien, Math.-nat. K. 18, 277-310.

NEWELL, N. D. 1952, Periodicity in invertebrate evolution. J. Paleont. 26, 371-85.

—— 1956. Catastrophism and the fossil record. Evolution, Lancaster, Pa. 10, 97-101.

—— 1963. Crises in the history of life. Scient. Am. 208, 76-92.

—— 1967. Revolutions in the history of life. Spec. Pap. Geol. Soc. Am. 89, 63-91.

NICOL, D. 1966. Cope’s rule and Precambrian and Cambrian invertebrates. J. Paleont. 40, 1397-9.

ORLOV, Y. A, 1958-64. Osnovy Paleontologii, Akad. nauk SSSR., Moscow (in Russian).

PARR, A. E. 1926. Adaptiogenese und Phylogenese; zur Analyse der Anpassungserscheinungen und ihre
Entstehung. Abh. Theor. org. Entw. 1, 1-60,

PRESTON, F. W, 1962, The canonical distribution of commonness and rarity. Ecology, 43, 185-215,
410-32.

RENSCH, B. 1947. Neuere Probleme der Abstammungsiehre. Stuttgart,

RHODES, F. H. T. 1962. The evolution of life. Baltimore, Md.

—— 1967. Permo-Triassic extinction. /n HARLAND, W. B., et al. (eds.), The fossil record, 57-76. London
(Geological Society).

RONOV, A. B. 1968. Probable changes in the composition of sea water during the course of geological
time. Sedimentology, 10, 25-43.

RUDWICK, M. J. 8. and cOWEN, R. 1968. The functional morphology of some aberrant strophomenide
brachiopods from the Permian of Sicily. Bol. Soc. Paleont. Ital. 6, 113-76.

SIMPSON, G. G. 1944, Tempo and mode in evolution, New York.

—— 1953, The major features of evolution. New York.

SMITH, J. P. 1919. Climatic relations of the Tertiary and Quaternary faunas of the California region.
Proc. Calif. Acad. Sci. (4) 9, 123-73.

SOHL, N. F. 1961. Archaeogastropods, Mesogastropods, and stratigraphy of the Ripley, Owl Creek and
Prairie Bluff Formations. Prof. pap. U.S. geol. Surv. 331A, 151 pp.

STEHLI, F. G., MCALESTER, A. L., and HELSLEY, C. E. 1967. Taxonomic diversity of Recent bivalves and some
implications for geology. Bull. geol. Soc. Am. T8, 455-66.

TAYLOR, D. W. and SOHL, N. F. 1962. An outline of gastropod classification. Malacologia, 1, 7-32.

THORSON, G. 1957. Bottom communities (sublittoral or shallow shelf). In HEDGPETH, 1. w. (ed.), Treatise
on marine ecology and paleoecology. Mem. geol. Soc. Am. 67 (1), 461-534.

VALENTINE, J. W. 1966. Numerical analysis of marine molluscan ranges on the extratropical north-
eastern Pacific shelf. Limnol. Oceanogr. 11, 198-211.

—— 1967. Influence of climatic fluctuations on species diversity within the Tethyan Provincial System.
In ADAMS, C. G. and AGER, D. V. (eds.), Syst. Ass. Pub. 7, 153-66.

—— 1968a. Climatic regulation of species diversification and extinction. Bull. geol. Soc. Am. 79,
273-76.

—— 1968b. The evolution of ecological units above the population level. J. Paleont. 42, 253-67.

—— 1969. Niche diversity and niche size patterns in marine fossils. Ibid. 43, 905-15.

WILLIAMS, A. 1957. Evolutionary rates in brachiopods. Geol. Mag. 94, 201-11.



VALENTINE: PATTERNS OF TAXONOMIC AND ECOLOGICAL STRUCTURE 709

WILLIAMS, A. 1965. Stratigraphic distribution. In MOORE, R. C. (ed.), Treatise on invertebrate paleon-
tology, Part H. H237-50. Geol. Soc. Am. and Univ. Kansas Press.
— et al. 1965. In MOORE, R. C. (ed.), Treatise on invertebrate paleontology, Part H. Geol. Soc. Am, and
Univ. Kansas Press.
WILLIAMS, C. B. 1964. Patterns in the balance of nature and related problems in quantitative ecology.
New York.
J. W. VALENTINE
Department of Geology
University of California
Davis, California, 95616
Typescript received 8 April 1969 U.S.A.



