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On the Nonprevalence of Competitive
Replacement in the Evolution of Tetrapods

MiICHAEL J. BENTON

The role of competition in evolution has long been debated {Simpson [953;
Stebbins 1974; Stanley 1979; Connell 1980; Schoener 1983; Branch 1984
Strong et al, 1984; Vermeij 1987; Weiner 1995}, At one time, most palecntolo-
gists assumed that the history of life was progressive, and that most change was
mediated by competitive interactions. For example, Stanley (1979, 184) stated
that **paleontologists have almost universally accepted the idea that certain body
plans have been rendered obsolete during modernization of the world ecosys-
tem. From evidence of adaptive morphology alone, the progressive nature of
evolution has long been recognized . . ." Evolutionists thea assumed that prog-
ress, change with improvement (Dobzhansky et al. 1977), and hence clade orig-
inations were part of a continuous cycle of competitive replacement, in which
newly evolved taxa generally possessed competitively superior adaptations and
could thereby replace, or drive to extinction, preexisting groups.

Two species are said to be in competition if an increase in abundance by
either one harms the other (MacArthur 1972, 21). Such competitive interactions
are often viewed as necessary correlates of evolution by natural selection, an
tdea clearly expressed by Darwin (1859) when he made an analogy between the
number of species on the earth and a surface covered with “ten-thousand sharp
wedges.” In his metaphor, he stated clearly that a new wedge could be driven in
only by expelling another; in other words, the origination of a new species can
occur only by the displacement of a preexisting one. Extrapolating from this
model, diversifications of clades in the past might have resulted largely from
competitive replacement of others. )

Further consideration of concrete examples and a weighing of the evidence
for biotic and abiotic control of evolution have led to a broader view. For ex-
ample, Jackson (1988) noted that there is evidence for escalation (Vermeij 1987,
1994), or biotically driven changes in morphology and behavior, in the history
of life, based on the following points: (1) biological interactions among extant
taxa strongly affect their well-being, and hence the distribution and abundznce
of species; (2) variations in morphology and behavior can affect the success of
organisms in finding food or in escaping predation; (3) competition and preda-
tion happened in the past; (4} the diversity and effectiveness of burrowing and
predatory organisms have increased through time; (5) there are many exampies
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of increasing resistance to predation through time. :oéoéﬁ. E.So.cmr ﬁ?:
biotically driven evolutionary changes :E_c_.&ﬂm&w occur, abiotic Emmo.:oam
through the agency of extinction and origination mﬁzzm.:mé also oﬂ?.&::w
affected the course of evolution. This debate over the relative _,.o_nm of biotic and
abiotic influences on evolution is clearly important, but it is sidestepped some-
what when the possibility of expansion is considered.

The older ideas of competitively mediated evolutionary .Rm._moanE de-
pended on an assumption of plenitude, a pre-Darwinian idea Q.N_ovna Em&.v that
there are a fixed number of niches and that life expands to .E._ those available
adaptive slots (Parwin’s field of wedges). Z.F% the initial E:am of ecospace,
a dynamic equilibrium state is maintained, with taxa coming and going, but
with a constant total species diversity. This kind of view formed a backdrop to
many important ideas in ecology (MacArthur and &EmOm _w@ﬁ Arthur 1980,
Rosenzweig 1993), such as the species-area effect, island gomaomn»gx B.oa-
els, character replacement, and character release. In .ﬁmmmon”omomw‘. nQE:JMEB
assumptions lie behind the hypothesis of a m:nnmmm_o:.om evolutionary “fau-
nas” (Sepkoski [984), the Red Queen model of o<omc:w= {Van %.m_o: 1973),
post-invasion extinctions (Simpson 1933), the community mvw:a_ma {Boucot
1975), and many specific examples of evolutionary relays (Simpson 1953) or
competitive replacements (e.g., Stanley 1979; Bonaparte 1982). .

There is no evidence for any fixed maximum number of species on E.w mm.::
(Waiker and Valentine 1984), nor for the inevitability of woﬁ.\wnéﬂo: ox::n:mm
{Marshall et al. 1982), nor for the assumption of competitive replacement in
many particular case studies (Gould and Calloway Mo_mo“.won:o: Emu?? G.mq.
1991). There is no evidence for the pre-Darwinian principle of n_n_:m:.qﬁ (Riep-
pel 1984), but the observation that the diversity of life Bvoamam.mxn_om:&q mmﬂﬂ
an extinction event (e.g., Miller and Sepkoski 1988; Sepkoski. n.wuvﬁ_i c S.Hm
volume) suggests that there have been particular vm:.nn:m o.m mmmn_ﬁm Enw_am in
the past, and that niches emptied by extinction may :.: again in a partially pre-
dictable manner. Evidently, in normal times, species diversity is amﬂw& by com-
petitive interactions, and this control breaks down after drastic species reduction
following an extinction event (Jablonski 1986). o

The existence of long intervals with fixed numbers of Er&.om vmm also Uwo:
proposed by Sepkoski {1984), who discovered that the Q.Em_.w_mﬁm:ow of marine
life during the Phanerozoic followed a logistic pattern, with plateaus in the ﬂE:-
brian and the later Paleozoic and with a third plateau presumably to be mo.:ma,.‘.ma
in the future. Courtillot and Gaudemer (1996) also found that the &«.w%:ﬁw:o:
of life followed a logistic pattern, punctuated by mass extinctions 5.% Late
Permian, Late Triassic, and end-Cretaceous. Their best-fit equations indicated
plateaus in familial diversity during the Paleozoic, the %lmmm,wn, mqa Ew .Zmomn:n..
Benton (F995) found that the diversification of all life, of marine :.rw, and of
continental life could fit an exponential model of increase at the familial .~o<o_. a
pattern especially evident in the diversification of tetrapods m_o.:o. If this were
the case, then there would be no indication even of episodic plenitude. However,
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the logistic models, at present, appear to explain the data better than the expo-
nential model.

Expansior: in the history of life refers to the fact that, over time, the total
number of species on the carth, and the numbers of species in many clades, have
increased. This fact is connected with the observation that many radiations have
involved new adaptations, such as multicellularity, Macroscopic size, skeletons,
deep burrowing, tiered filter feeding, terrestrialization, shell boring, and flight,
Perhaps most of the diversification of life has been associated with expansion
into rew habitats and rew modes of life (Marshall et al. 1982; Benton 1990;
Lidgard, McKinney, and Taylor 1993}, and the constraints implied in the double-
wedge model, or in the idea of the opportunistic radiation of taxa after mass
extinctions, are thereby sidestepped. Such diversifications do not preclude the
presence of equilibria in the intervening intervals.

Much of the debate so far about the reality, or otherwise, of competitive re-
placement has focused on the examination of particular case studies, This focus
has been worthwhile in redefining paleontological understanding of individual
events and in building a deeper understanding of how major new clades become
established, but it does not resolve the broader question of the significance of
competition in evolution. A new approach is presented here, in which a quanti-
tative estimate is made of the prevalence of competitive replacement in clade
originations. A census of a major clade, the Tetrapoda, is presented, with an
assessment of the maximum number of group originations that might have re-
sulted from competitive replacement of a preexisting group or groups. This
chapier is based on work begun a number of years ago and presented at the Fifth
North American Paleontological Convention in Chicago (Benton and Storrs
1992), but has been substantially revised and updated since then.

Models of Clade Radiations

There are two simple models of clade radiations: pure “competition,” involving
long-term struggle between clade A and clade B, and pure chance, in which
each clade radiates unopposed. This naive polarization of models is unrealistic
because there are many other ways in which clades might become established,
many of them involving competition at one point or another. Benton (1987,
1991) outlined tests and expectations of patierns of clade replacement and pro-
posed 2 sequence of five types of ¢lade radiation models (hig. 8.1}, which were
discussed by Rosenzweig and McCord (1991) and Sepkoski (chapter 9, this
volume):

I. Competitive replacement. Members of clade B possess a key adaptation
that allows them to compete successfully with, and replace, members of clade A,
The clade B organisms demonstrate the competitive superiority conferred upon
them by the key adapiation by causing the extinction of all clade A organisms.

2. Post-extinction competitive replacement, There is an extinction event, after
which survivors of clade B (with a key adaptation that renders them competi-
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Fig. 8.1. Five models of biotic replacement, in which competition Eﬁ mass extinction
play variable roles. The role of competition diminishes from left to right, mmmuB fully .
competitive replacement (type 1) to noncompetitive radiation qu.n 5}, the “stochastic
broom™ hypothesis, The other models — post-extinction competitive .Rmu_moo:ﬁ:ﬁ {type
2), extinction resistance (type 3), and noacompetitive adaptive radiation (type 4}—ail
involve some measure of competition. (After Benton 1991.)

tively superior) compete successfully in the disturbed post-extinction ecosys-
tems with the survivors of clade A (which lack the key adaptation), and clade B
prevails. Again, members of clade B demonstrate their competitive superiority,
but only after an extinction caused by some other factors. This model was termed
“incumbent replacement”™ by Rosenzwetg and McCord (1991) because mem-
bers of clade B speciate only after the extinction of incumbents, members of
clade A. .

3. Extinction resistance. Members of clade B resist extinction during a time
when other taxa, including members of clade A, are dying out. Clade B organ-
isms demonstrate their ability to resist extinction, but the two groups do not
interact in any way. The ability of clade B to survive extinction may or may not
be related to any adaptations that enable it to radiate after the extinction event,

4. Noncompetitive adaptive radiation, There is an extinction event during
which many A and B organisms die out, and by chance, only a few B organisms
survive, The B organisms have an adaptation that ensures a successful radiation.
Clade B organisms have not demonstrated their competitive superiority over
clade A organisms.
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5. Noncompetitive radiation. There is an extinction event during which all or
most A organisms, and most B organisms, die out by chance. The survivors of
clade B radiate, but there is no particular adaptation that ensures the success of
that radiation. This modef was termed the “stochastic broom hypothesis™ by
Rosenzweig and McCord {1991).

In their discussion of these five models, Rosenzweig and McCord {1991) re-
garded the first as rare and the third, fourth, and fifth as most unlikely. With
regard to type 3, these authors rightly asked for some evidence of the kinds of
key adaptations that wouid confer the ability 10 resist extinctions, but the model
was not refuted. However, in their discussion of the stochastic broom hypothesis
(type 5), Rosenzweig and McCord (1991) assumed 2 clear-cut double-wedge
paitern, in which a species-rich group dwindles to extinction and a rare group
rises to replace it, all by chance. In those terms. the madel is unlikely. In reai
puleontological examples, however, there are many cases of double wedges in
which the two taxa in guestion apparently never interacted, and their relative
waxing and waning was unrelated. Rosenzweig and McCord (1991) feel that
type 2, incumbent replacement, comes closest 10 a realistic evolutionary eco-
logical model for clade radiation.

Case Studies

Until 1980, competition was assumed to be the driving force behind many, or
most, group originations (Simpson 1953; Stebbins 1974; Stanley 1979; Maynard
Smith 1983), and the fuli-scale competitive replacement model {type 13 was re-
garded as appropriate. Since then, some of the classic cases have been reexam-
ined {see reviews by Gould and Calloway 1980; Benton 1983a,b, 1987, 1991:
table 8.1 herem). Many cases in which there is no evidence that the radiating
clade had any effect on other existing groups have been explained in noncom-
petitive ways. Others have been explained in terms of one or another of the mod-
els in which competition plays a lesser role than had been assumed. Debate con-
tinues in a number of cases.

The classic example of supposed long-term competitive interaction between
brachiopods and bivalves, and the eventual success of the latter, was studied by
Gould and Calloway (1980). They argued that bivalves rose to prominence after
the end-Permian mass extinction not as a resull of competition between the two
groups during the Paleozoic, but either by chance or as a result of their superior
adaptability and powers of recovery (model types 4 and 3). Miller and Sepkoski
(1988) and Sepkoski (chapter 9, this volume), on the other hand, suggest that the
rate of diversification of bivalves was damped during much of the Phanerozoic
by biolic interactions, and that the end-Permian and end-Cretaceous extinctions
released the brake by causing extinction of some of their competitors (perhaps a
type 2 model). Donovan and Gale (1990) argued for a type 4 model, in which
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TABLEY.1 Postulated competitive replacements

Duration  Repluacement

Repiacement Age (my) type
Preridosperns v, progymnosperms U, Dev. L. Carb, 20-50G Dift. resp.
ADZIOSPEnng vs. gy mnrosperms L. Cretaceous 10-50 Diff. resp.
Paleozoic vs. Cambrian marine a U. Camb.~L.. Ord. 40-80 Exp./type 4
“Maodern”™ vs. Paleozoic mariae animals Permian~Triassic 10-90 Exp.fiype 4
Bivalves vs. brachiopods Paleozoic 30-330 Type 2/4
Modern sharks vs. hybodonis U. fur. L. Cret. 40-70 Exp./iype 4
Teleost fishes vs. holosteans Jur. zQQ 40140 Exp./iyped
Archosaurs vs. mammal-like reptiles 5-40 Type 4
Birds vs. plerosaurs Cretaceous 50--80 Exp./type 4
Mammals vs. dinosaurs U. Cretaceous 1-36 Type 5
Chetlostome vs. cyclostome bryozoans Cretaceous~Paleogere 30-120 Exp./iype 4
Rodents vs. multitubercelaies Paleogene 10-45 Exp.fiype |
Artiodactyls vs. perissoductyls Oligocene-Pliocene 5-35 Diit. resp.

MNorth American vs. Scath American
mammals (Greal American
Interchange) Pliccene - Pleistocene 1-6 Insinuation

Nate: Postalated competitive replacements, based on oft-quoted cxamples from the literature, listing the
“winner” first and (h B second. The age and duration of the replacement are indicated, together with a
chassitication of the replacement according to the five madel types outlined by Bentor (1987, 1991 see text for
::c: al Fm_unr._:ﬁ: Types 35 based on discussions ie Beaton (1987, 1991) and Di Mich-
petilive replacements may Jie outside the five
2 on by inviders into unoccupicd aduptive
,.?F.r, or the reselt o_ differentiad responses 1o envirommental st s, but not invelving competition o
1 1. Abbreviations: Camb., Cambrizn; Carb., Carbonifergus; Cret., Cretaceous: Dev., Devonian: diff. resp..
al response 1 physical eavironmental stresses: exp.. expansion: Jur., Jurassic; Ord., Ordovician,

brachiopods were selectively preyed upon by starfishes during the early Meso-
zole and bivalves were not.

A classic case of major clade replacements among bryozoans has also been
cited (Ryland 1970; Jackson and McKinney 1990) as a strong exampie of com-
petitive replacement (type 1). Today, cheilostome bryozouns regularly out-
compete cyclostome bryozoans by overgrowing them, and such overgrowth in-
teractions are well known from the fossil record. During the Jurassic, oaly
cyclostomes existed. Cheilostomes arose during the Late Jurassic and radiated
rapidly throughout the Late Cretaceous and Paleogene, rising to their present

familial diversity of nearly eighty, compared with eighteen extant families of
cyclostomes, A problem for the proponients of competitive replacement is that
cyclostomes have not succumbed, even after 130 million years of competition.
Further, close scrutiny of the data {Lidgard, McKinney, and Taylor 1993) shows
that cyclostomes diversified slowly during the Jurassic and Cretaceous and have
mazintained a constant familizl and specific diversity since then. Cheilostomes
have increased in diversity, but not obviously at the expense of the cyclostomes.

The radiation of birds during the Cretaceous has been linked to the decline of
the pterosaurs {Unwin 1988). Superficially, this appears 10 be the case, since
pterosaur diversity worldwide declined from six families at the beginning of the
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Cretaceous to oaly two at the end, both of which then disappeared. During the
same time, bird diversity rose [rom negligible levels at the beginning of the Cre-
taceous 1o seventeen families or more at the end (Unwin 1993). However, most
pterosaur families died out before the substantial radiation of birds during the
Late Cretaceous: six pterosaur familics became extinet at the end of the Jurassic,
and a further two during the Early Cretacecus. The four Late Cretaceous ptero-
saur famities (Lonchodectes, Azhdarchidae, Nyctosauridae, Pteranodontidae)
consisted of large or very large flying animals, and it is likely that they did not
interact with the small birds of the time. The only large birds at that time, the
hesperornithiforms, were flightless divers.

Rodents are said to have replaced the multituberculate manmals competi-
tively during the Paleogene (Krause 1986). Both clades include several families
of small to medium-sized gnawing animals, and their temporal and geographic
distributions overlap. Four families of multituberculates died out at the end of
the Paleocene, another at the end of the Early Eocene, and a sixth at the end
of the Eocene. Two families of rodents originated in the Late Paleocene, three
more in the Early Eocene, three in the Middle Eocene, five in the Laze Eocene,
four in the Oligocene, and a further ten in the Miocene. A similar pattern of
apparently correlated waxing of rodents and waning of multitubercutates is seen
for generic data. This case seems to be a possible example of type | competitive
replacement, although there is almost certainly an efement of expansion in that
rodents cccupy a wider array of niches than the multituberculates ever did,

In a debate of this sort, the state of the argument may be assessed from time
to time by adding up the numbers of supporting case studies or each side. Con-
neli (1983) carried out such a tally in trying to resolve some questions about the
frequency and rofe of competitive interactions among extant organisms. A cen-
sus of case studies does not provide an absolute answer, however, since it may
reflect partly the reality of nature and paritly the skill and energy of the protagon-
ists on either side of the debate. A more useful approach may be to carry out a
comprehensive scrutiny of all data within a defined part of the history of life.
Here. an attempt is made 10 assess the relative roles of rc::ur::c: and expan-
sion in macrogvelution by determining the likel ty mode of origination of each
family within a single large clade.

The Database

Many postulated competitive replacements involve the clade Tetrapoda. This
group is well suited for analysis because it contains a large number of families
{1,034 families that have a fossil record of some kind: Benton 1993b), the taxa
are mainly monophyletic (as a result of numerous cladistic analyses}, and their
broad ecological attributes can be assessed by comparison with modern forms.
In this study, marine and nonmarine tetrapods were considered, and the family
and the stratigraphic stage were selected as the focus for analysis. The data on
stratigraphic distributions and on family comtents were taken from the relevant




j92 Michael I Benton

chapters in The Fossil Record 2 (Milner 1993; Benton 1993a; Unwin [993:
Stucky and McKenna [993).

Famities were used as proxies tor lower-fevel taxa, even though, for any ma-
jor group, patterns at the species, genus, and family levels may not be congruent
(Valentine 1968; Lidgard, McKinney, and Taytor 1993). The family level was
selected in this analysis for three main reasons: First, among tetrapods, thou-
sands of species and genera have been described, but their validity is unclear
since many {if not most) have been based on single specimens or limited
samples, and their taxonomy has not been comprehensively revised. Tetrapod
families, on the other hand, have been subject 1o revision, and they show some
measure of stability when databases are compared through research time, possi-
bly because most are monophyletic, being defined by one or more apomorphies.
Second, at generic and specific levels, the data are incomplete because of the
sporadic nature of the fossil record, while the familial-level data are probably
more comprehensive. Finally, tetrapod families are generally homogeneous in
terms of the ecologies and functional attributes of their constituent members,
and hence may be regarded as ecological entities.

The key drawbacks of the tetrapod fossil record are questions about the pre-
cision of dating of fossils and problems of incompleteness. However, these geo-
logical problems are not unigue to tetrapods, and they are probably not critical.
Indeed, the intensity of collection and study of fossil tetrapods over the past 200
years has been greater than the effort invested in other groups, and this effort
probably largely offsets any perceived inadequacies in the representation of
higher taxa in the fossil record when compared with marine invertebrates, for
example {Benton and Simms 1995).

The quality of the tetrapod fossil record has been tested stringently in a num-
ber of ways, and these tests have tended to confirm its adequacy for studies of
macroevolution. First, macroevolutionary patterns derived from fossil record
data have not been substantially altered by recent major changes in knowledge
(Maxwell and Benton 1990; Sepkoski 1993). Second, the stratigraphic order of
appearance of fossils matches the order of branching in cladograms (Norelt and
Novacek 1992). Third, new collecting and systematic revision have filled ¢lad-
istically predicted gaps in the fossil record, leading 10 a 5% tmprovement in
knowledge over the past 26 years (Benton and Storrs 1994, 1996). Finally, the
continental tetrapod fossit record is as complete, at the family level, as is that of
(marine) echinoderms (Benton and Simms 1995) and fishes (Benton and Hitchin

1996). The last finding shows that field observations of the relative ubundance
of specimens in particular localities cannot necessarily predict the overall com-
pleteness of knowledge of a group over long spans of geological time: local
abundance does not automatically correlate with globat diversily.

In this study, the origins of 840 tetrapoed families, out of the wotal of 1,034,
were investigated. The remaining 194 families were excluded because they were
singletons—that 15, families represented by a single species from a single
locality. Families represented by multiple species from a single locality and
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familics represented by a single species from several localities were not treated
as singletons. Singletons represent point vccurrences and, with present knowl-
edge, cannot seriously be considered as potential competitors with established
familics,

Before analysis. the 840 tetrapod famiiics in the database were assigned to a
number of ecological and geographic groupings, as follows:

[, Body size, defined as snout-vent feagths of << 130 mm (small), 150 mm-
.5 m {medium-sized), or = 1.5 m {large)

> Fer S T R - : H

2. Diet, defined as carnivory {inscet eaters, fish eaters, predators on tetrapods,
molluse caters, egg eaters), omnivery, or herbivory (browsers, grazers, grain eat-
ers. fruit eaters, nectar drinkers, gnawers)

3. Habitat, defined as predominantly errestrial, freshwater, marine, arboreal,
aerial, or subterrancan

4. Geographic zone occupied by the family during its entire history, defined
as North America, Central America (and the Caribbean), South America. Bu-
rope, Asia, Africa, Australasia, Antarctic, Pacific Islands, Indian Ocean islands

- -p - - - o

or cosmopelitan (if represented in five or more of the geographic zones)

A Data for the category assignmeats of families were taken from the primary
literature, and geographic ranges were largely based on the lists of vertebrate
genera in Carroll {1987}, supplemented by more recent literature when possible.
~.: cases in which there was no clear evidence for assignment of a poorty known
family, it was placed in all possible habitat and ecological categories. In other
cases in which a family included taxa of highly variable sizes, or variable ecol-
ogies, the lamily was also assigned to the maximum number of categories pos-
sible. Finally, in cases in which the date of origin of a family was uncertain
because of poorly known carly taxa. the maximum date was selected.

The Census Method

The census method was simply a search for overlaps of family ranges. Such
averlaps are designated here us candidate competitive ~.cc:ﬁmﬂﬁaz?.r {CCRs),
which require further case-by-case investigation in order 1o establish whether
they are correctly interpreted as such. Two guiding principles operated through-
out the construction of the database. and its anmalysis: First, it was :acm%s@uﬁc
m.r.oé thut postzlated competitors shared some major aspect of their modes of
life (as a proxy for a more precise demonstration that they shared g limiting
resource or a common enemy), and that they could have met each other in at
_wmﬁ some part of their ranges (hence evidence for shared geographic distribu-
tons was sought). Sepkoski {(Chapter 9, this volume) notes that replacement of
ene group by another in the past can be postulated only 1f there is evidence for
wmn_,o_im:a diversity changes through time, as well as evidence for a shared lim-
Lting resource or owna.d\. and at Jeust some overlap of geographic ranges. Second,
tattempted to maximize the potential for discovery of CCRs, chiefly by retaining
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dow over the stratigraphic charts and secking adequate concordance in all di-

B mensions of the data that characterized each family. CCRs were defined as those
o ‘ cases in which (1) both families shared the same habitat, body size, and diet;
ML T ) - (2) both families shared at feast part of their geographic range; (3) the strati-
LMI ' . o " SNRRT} :

A NA graphic ranges of both families overlapped; and (4) the “successful family sur-

S| RUP T3 vived the “unsuccessful™ one, The third criterion was relaxed in order to allow
verl . . .

Bl _ﬂ, m . for the ?E. that the oldest _:.m:&o._.m of the replacing wE.EG, or the youngest

LUT Euma | ovedsp, . members of the replaced family, might not be known as fossils. Hence, counts

bR nether cuthives - ~ . . . - -

wm; of CCRs were made for o<2:€u5m ﬁ_,ﬁ_.m_dmur_n ranges and for those separated
DAN by a gap of zero, one, and two stratigraphic stages. A two-stage gap between the

ARl 2 L . ST : -

m_z_v . , extinction of one family and the origination of its supposed competitive replace-
SAN EU | xame cominem meat represents missing fossils during a time span of 5-22 million years {my;
CON ST

w o mean ca. 12 my), and a one-stage £dp represents a missing time span of 219
&1 CEN millien years {mean ca. 6 my).
ZUALB . ) . . .

m T o Geographic and ecological calegories were deliberately made broad in order
Cimrm| § ] = 3 ol to maximize the CCR values. Hence, only three size categories were employed,
HAU| BU  EUAS . . . . T . L .
<rm - o which allows for potential wide size variations among species within a family
BER m and for size changes during growth. Geographic categories were at the level of

TTH 2-stagpe fap, . . .

i S —— modern contingnts, even though at times in the past many of these were not
OxE[_ T coherent land masses. Hence, assignment of two families to *Asia” means that
CLV inscct-calers i . . . . . -

they may be judged as CCRs, although in reality Stberia, India, and parts of
Fig. 8.2. The search window technigue used in censusing candidate competilive China were long separate, and many contemporaneous “Aslan” families never

replacements (CCRs) from the fossil record of etrapods. CCRs were En:mm.na onty
where there was genuine overlap of two families in terms of M...vmomua geographic area
occupied, body size, and preferred diet. The best-case CCRs involved temporai overlap,

met. This broad view of geography, however, allows the best chance of finding
all CCRs, even if most of them are later excluded afier close study.

but maximum numbers of CCRs were assessed by relaxing this criterion and aliowing . Dom::m of CCRs are m_x.wmozﬁa as uo.won:”mmom of the total s:E._u.nn of origina-
for gaps of zero, one, or two stratigraphic stages between the apparent extinction and the tons for all of the span of tetrapod existence (table 8.2). In addition, stage-by-

i ! i L s i . gaom P o . i cao fl e 2 .
mnnwﬁa origination of supposed competitor families. Case | is a clear overlap of two stage data are presented in graphical form (see figs. 8.38.10). The measures

families that share all attributes, and # is thus a CCR. Case 2 might have involved
competitive overlap, and may also be a CCR. In case 3, however, _.:nﬁcna of the

S, . et, and in case 4 neither family outlived the other, so N ) s 3 B . o
con ?:‘.z.__rw Eptacen :oﬁ.un Eﬂ.@p:ﬂmmmmﬁna ’ FABLES.2 Candidate competitive replacements (CCRs) among nonsingleton tetrapod families, listed
competitive replacement cannot be ¢ . sccording 0 beoms mocae

very crude category definitions for habitats, diets, and geographic distributions. i One-stage Twostage
In the future, many, or most, of these CCRs may be excluded from consideration Ha tons - Stages overlap Stages touch gap Maximum CCRx

after case-by-case studies. ) Tercestrial 405 7719+ 38%) 67017 = 3.7%) 48 (12 + 3.29) 146 (36 = 4.7%)
Family ranges were plotted on stratigraphic charts similar to those in The Mﬁ.n.&s..,z& P20 M: mw.u,,“i 403 w ,,._Ns “A 2= uum_ MT * .1“3 um A._V._VH m.om;
Fossil Record 2, and separate charts were plotted for cach broad habitat and ,,::E.. o s M) 610+ 70 B3 LA 23 0 A3%) 13422 2 10.5%)
o8t hecora <z, P o N Subterrancan 27 T0T29.6%) 20 2£96%) 0 1 {4 = 7.49%; I £ 11.8%) ;
ecological grouping. The points of origin of each of the 840 families were S.mm Asboreat 2o 0 o 0 o
inspected in an attempt to determine how many could be regarded mm CCRs. The Acrial 196 1S(8+38%) 12 6+33%) 12( 6+33% o (5L31%) 45023 % 59%) !
definition of a CCR was based on the assumption that the new family must over- Total B0 106 (132 23%) 91(11 % 21%) 65( 8= 1.8%) $3(6+ L6%) 22026 + 3.0%)

cach column are deseribed in the text. The maximum number of CCRs in the
2 four colum| nee some Fu < fall into mare than one of the cidegories.

lap in geographic range and in ecology with its supposed vanguished competitor
\ .. . : . Famili ¢ lap,
family. In addition, the mﬂ,_.mmmamnw_.mo ranges of the :.ao nmﬂ_r.nm w%.m _%,osﬁ. p e some i i ane of the cscgorcs
or at least exist in proximity, m:O«f:N for some muva_G_O B_wm.:uw Ow.m_ f A conlidence fimits are calculuted secording 10 the approximation formula for serors hased on o binamial probability distribution,
The search strategy (fig. 8.2) consisted of moving an imaginary viewing win- given by Raup (1991, 213).
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(raw data and percentages) are given for stratigraptic ce.wm._mcm. ::_c::)_m mﬁ_:..
graphic stages, one-stage gaps, and two-stage gaps, and for the sum of M:a“ﬁc uw
a measure of maximum CCRs. Family originations were nol nc:mao“.,na:hﬂzw
when pairs of families arose at the same time, or when ::.w. ..E&:nﬁ.ﬁ&:_ com-
petitor survived for more than two stratigraphic stages after the minimum date
of origin of its supposed “successtul” competitor.

Results

The majority of family originations cannot be considered CCRs {see EZ.,U mm
appendix 8.1). The proportion of stratigraphic m:_ma overiaps 1o total origina-
tions ranges from 0% to 19% for different broad habitat types, and the proportion
of all CCRs to total originations raages from 0% to 36%. Values are Em:oﬁ for
terrestrial organisms {19%, 36%?), perhaps because this babitat category Eo_:a,nz
the largest number of famiiies (405 of the total of 844), and rc.:na. En potential
for overlaps is much greater than for habitats occupied by few famities. .
For terrestrial organisms (fig. 8.3), the numbers of CCRs vary through time.
broadly in line with the total number of originations. Numbers of CCRs are low

Geological time {Myr.)
400 350 300 250 200 150 100 50 O

N

mOA_,A_ -
. Terrestrial o .
40 Originations m -
I i
@ 30 g Maximum CCRs _ a
= ﬁ ]
0 -
= oo Overlaps x w\ -
10 P, ..
\/‘ -
A WA
0 Umi Carb _, Tert _
wm_mawomn Mesozoic Cenoz

Fig. 8.3. Disteibution in time of originations of terrestrial wirapods, the Ccn_.:._d:nom.&
overlaps (strong candidate competitive replacements, or ﬂﬂx&_ ad the oceurrences
of maximum potentiai CCRs (including temporal gaps of zero, one. and two stages).
Abbreviations: Carb, Carboniferous; Cenoz, Cenozoic; Cret, Cretaceous: Dev,
Devonian; dur, Jurassic: P, Permian; Tert, Tertiary: Tr, Triassic.
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Fig. 8.4. Distribution in time of origirations of {reshwater wirapods, the occurrences
of overlaps, and the occurrences of maximum potential CCRs. Abbreviations and
conventions are as in figure 8.3

during certain phases of major expansion (e.g., Late Permian, Late Cretaceous),
but high during others {i.c., Early 10 Middle Triassic, Paleogene). In these latter
cases, the CCRs include apparent replacements of families that arose early dur-
ing a radiation event by a second wave of family originations. In both of these
cases, the maximum numbers of CCRs are much elevated, probably artificially,
because the stratigraphic gaps of zero, one, or two stages CNCOMPASS MAJOr mass
extinctions. Families originating in the Paleocene (Danian, Thanetian) or Early
Eocene (Ypresiun) are unlikely to have arisen by competitive interaction with
taxa that died out at the end of the Cretacecus (Maastrichtian), but such families
are retained as CCRs by the census method employed here.

Similar patierns were found in the temporal analvses of data on originations
of freshwater (fig. 8.4), marine (Rg. 8.5). subterranean (Hg. 8.6), arboreal
(fig. 8.7). and serial {tig. 8.8) families. Overall, proportions of CCRs are low
{see table 8.2}, and bursts of CCRs oceur only some time after tetrapods have
expanded into the habitat in question,

The combined data for alt tetrapods (fig. 8.9) show relatively few CCRs in
the Paleozoic, despite several bursts of family radiation. During this time, most
families were expanding unrestrained into new habitats, new ecological modes,
or new geographic areas. Bursts of CCRs in the Early and Middle Triassic and
in the Paleogene may inciude artifacts (families that supposedly might have
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Fig. 8.5. Distribution in time of originations of marine tetrapods, the occurrences
of overlaps, and the occurrences of maximum potentiai CCRs. Abbreviations and

Fig. 8.7. Distribution in time of originations of arboreal tetrapods. There were no

overlaps or CCRs in this case. Abbreviations and conventions are as in figure 8.3,
conventions are as in figure §.3.
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Fig. 8.6. Distribution in time of originations of subterranean tetrapods, the oceurrences

of overlaps, and the occurrences of maximum potential CCRs. Abbreviations and
conventions are as in figure 8.3,

Fig. 8.8. Distribution in time of originations of aerial tetrapods, the occurrences
of overlaps, and the occurrences of maximum potential CCRs. Abbreviations and

conventions arc as in figure 8.3,
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competed with families that actually died out at the end o._.;ﬁ Pernsian or at En
end of the Cretaceous, respectively). The Paleogene period, however, contains
particularly high levels of overlap CCRs, many of EE.nr may turn out 1o be
second-wave families truly competitively replacing families that arose during the
first wave of radiation in the Late Cretaceous and Paleocene. -

The numbers of CCRs, assessed as a proportion of all families originating
during cach time interval (fig. 8.10), show considerable :cn.EE.mc:m. wc::.:..n
numbers of overtap CCRs were highest dusing the latest %:.mm,ﬁn and cariest
Jurassic, during a time of low family origination rates, so the figures may not be
particularly meaningful. Other peaks of refatively high 95.1% OOW?.E the
middle and late Carboniferous, the middle Permian, the Middle Jurassic, and
early to middle Cretaceous ail similarly represent times of tow family origina-
tion. The Late Permian to Middte Triassic, Late Jurassic, and Late Cretaceous
through Tertiary peaks in proportions of overlap CCRs may, however, be more
realistic, since family origination rates were high at those times Gtma new ».Ea_‘
lies per stage; mean ca. 30). The fall in overlap CCRs from Late Z_:OQW:@ :_:mw.
onward (figs. 8.9, 8.10) probably represents in part the “pull of :.sm W.nnﬁ:
{(Raup 1978): CCRs can be identified only when the Hwn._mnna 32.3 dies out
before the replacing family, and yet most families that originated during, or after,
the Late Miocene are still with us.
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Fig. §.9, Distribution in time of originations of tetrapods from all habitats. the
occurrences of overtaps, and the occurrences of maximum potential CCRs.
Abbreviations and conventions are as in figure 8.3,
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Fig. 8.10. Relative importance of CCR for tetrapods from all habizats, measured as the
ratio of overlaps and of occurrences of maximum potential CCRs to total originations
during each stratigraphic stage. Abbreviations and conveations are as in figure 8.3.

Discussion
Refining the List of CCRs

The test carried out here is admittedly very crude. It ignores the possibility of
complex interactions involving more than two families, or invelving only certain
species within particular families. The possible involvement of nontetrapeds in
some cases is also ignored. However, the method used here does not assume that
competitive replacements can occur only close to the origination of a family.
There may be cases in which biotic replacements occurred long after the origi-
nation of the replacing family. A CCR is recorded here for such situations pro-
vided that the successful family arose al the same time as, or after, the family it
replaced, and provided that the successful family outlived the unsuccessful one
by at least one stratigraphic slage.

The discovery that 13% (or 26%. at most) of tetrapod family originations
could have involved competitive replacement of a preexisting family is the first
quantitative indication of the prevalence of competition in macroevolution, It is
likely that the figures of 139 and 26% represent maximum values. New discov-
eries may add further CCRs 1o those considered here, but new work, on the
whole, will tend to diminish these values.

New fossil discoveries may add to the roster of CCRs in the following ways:
First, dates of first occurrence of some families may be moved downward, bring-
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ing the family origination into overlap with a naoim::m E.::J\ .2:: mmm:nm
ecological and geographic atiributes. Second, dates o.m extinction of some r\w::“
lies may be moved upward, with the same effects. Third, new finds may enlarge
the recorded geographic ranges of some families, Q.Em_:m them into .o<olmw
with others, In all three cases, however, the stratigraphic and mowmamm:wn range
expansions will frequently involve rare marginal species, which in reality were
not effective competitors. . ,

New work will tend to cut radically into the list of CCRs considered :oﬂ,o.m:
the following ways: First, detailed study of the ecological attributes of families
will lead 10 refinement of the categories, and this can only show that many o.m the
CCRs identified here actually involve no overlap. Second, _,mm:waoﬁ. of the
rather crude geographic divisions used here will show EE.SNE families cur-
rently considered CCRs actually never met. Third, reexamiration of mcnmomna
oldest members of families may indicate that they have been wrongly assigned
taxonomically. o .

The maximum figure of 26% given here for family oamimzo:m by competi-
tive replacement is likely, then, to be a considerable overestimate, and the lower
figure of 13% may be a more realistic estimate of CCRs. i:.@: all 106 OOWm
[Asee appendix 8.1) have been inspected closely g. experts in .z:w Rmvmo:,.a
groups, it will be interesting to sce how many survive the scrutiny and retain
some likelihood of being genuine competitive replacements.

Equilibriam or Expansion?
Assumptions of equilibrium are prevalent in many types o.m modeling in ecology
and paleontology. The classic work of MacArthur and Wilson (1967) m.“a Mac-
Arthur (1972) laid the foundations for a continuing school of Eocmrm in evolu-
tionary ecology in which the relationships between mﬁaomnm.a_,\o_‘m@.m:a. area,
latitude, habitat aumbers, disturbance, productivity, body size, posttion in the
food chain, and so on are explored and modeled; these topics are presented n._o-
quently by Rosenzweig (1995). Such models assume that there are :xna.oﬁﬂ::m
capacities for islands and other patches of territory, ws.a that these species 9.5.39
sity levels will be achieved in time and will be maintained asa &:E.Ec n@c_mwa-
rium. Hence, as Darwin supposed, in normal equilibrium situations, new species
can originate or establish themselves only by causing the ox::oao.ﬁ of a preex-
isting species. This modeling program has been extended wxv:n:_z to large-
scale patterns in the diversification of life over geological time, omvam—m_g .g
Sepkoski (1984; chapter 9, this volume), who argues for nn:.:_u:ﬁ: dversities
of individual clades, of assemblages of clades (the “evolutionary faunas™), and
of ali life. These fixed diversity ievels may be permanent, or they may be reset
after the passage of tens or hundreds of millions of years. . . B
My question is: What happens to all this elegant theory if .ﬂmz.w 18 no 8:,:&-
rium cap on species diversity? There is no evidence for equilibria, or for fixed
carrying capacities, at the clade level, at the regional level, or on a global scale
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(Marshatl 1982; Rieppel 1984; Walker and Valentine 1984). There is no reason
why the species diversity of an island, or of any other patch of territory, should
not go on increasing forever. With enough time, and with normal rates of origi-
nation (or immigration) and extinction, new species can surely insinuate— that
is, find new things to do—and thereby increase species diversity with almost no
limiv. Granted, the early stages of species addition and Juggling between niches,
as a barren island is colonized or during a radiation event into empty ecospace,
must involve classic competitive interactions leading to species extinction, char-
acter displacement, and the like. Also, obviously, arge patches can hold more
species than small ones, and the reasons are rooted in species interactions, as
Rosenzweig (1995) argues. But why should there be a limit that can never be
cxceeded?

The Great American Interchange (GAI) is an excellent test case for distin-
guishing between equilibrium and expansion. The GAI invoived the exchange
of mammal species between South America and Central and North America
3 million years ago, after the formation of the Isthmus of Panama, Oider work
suggested that there was a major extinction of South American mammal spe-
cies when they encountersd the North American invaders—a fine example of
straight competition at the regional level, in which the equilibrium number of
mammalian species in South America was apparently maintained. However,
more recent analtyses (Marshall et al. 1982) dispose of the equilibrivm view once
and for all. The North American mammals did invade South America, but equal
aumbers went the other way, into Central and North America. A great number
of South American mammals, such as giant ground sloths, glyptodonts, lit-
opterns, notoungulates, and marsupial carnivores. died out, but this happened
3 million years later, at the end of the Pleistocene, at the same time most of the
large North American mammals, such as horses, camels, mastodons, and mam-
moths, also died out. North American mammals entered South America in large
aumbers, bul they insinuated, and raised total generic diversity from 77 to 120
generd. Almost nothing was directly killed by competitive interactions during
the GAL but total regional diversity increased. Perhaps expansion is the normal
circumstance in nature, not equilibrium carrying capacities.

A further telling assertion of equilibrium modelers is that the diversity of life
rose rapidly to modera ievels—the long-term giobal equilibrium—and that
these levels have been maintained throughout the Phanerozoic at least, if not for
most of the time since the origin of life. Rosenzweig (1993) follows Sepkoski
(1984) in admitting that global diversity has passed through two or three equilib-
rium levels, but probably no more. Rosenzweig (1995) admits that there have
been times when life invaded major new sets of habitats and thereby increased
in overall diversity, but he mentions only a few such occasions: the colonization
of muddy sea floors in the Ordovician, the move of piants and animals onto land
in the Siturian and Devonian, marine community diversification in the Creta-
ceous, and the radiation of angiosperms in the Cretaceous. But why stop at those
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few? It is not clear that these expansion phases are any different from countless
others, such as the invention of tiering among burrowers in seabed sediments,
the invention of tiering in the benthic organisms that fiiter-feed in bottom waters,
the invention of trees and tiering of trophic levels on land, flight, endotherny,
shell piercing and crunching in marine predators, lignin digestion, large size,
internal skeletons, tree climbing, tool use, and many more. Each of these repre-
sents the conquest of previously unoccupied ecospace, and each is associated
with a jump in total global diversity, without any major depression of diversity
in other ecological settings, Why admit to only a small aumber of such oppor-
tunistic leaps in global species diversity when there appear to have been dozens
of such events?

All the plots of global diversification through time show evidence for a con-
tinuing increase in diversity through time, punctuated by plateaus here and there
(interpreted by some as temporary global equilibrium levels, but perhaps indi-
cating nothing at all) and sudden declines at times of mass extinctions. However,
the post-Paleozoic portions of all such plots, whether for marine invertebrates,
plants, or tetrapods, seem to show continuing rapid raies of diversity increase,
with no sign of a levelling off. Rosenzweig (1995) has argued that these plots of
diversification patterns are largely meaningless, since they simply show the poor
quatity of the fossil record and the fact that it becomes worse with time. This
criticism presents paleontologists with the fundamental chalienge of testing
whether the Paleozoic fossil record s strikingly worse than that of the post-
Paleozotc. If both halves of the Phanerozoic fossit record are of comparable
quality in terms of how well they represent reality, then expansion has dominated
competitive replacement, both in terms of numbers of new taxa and in terms of
the amount of time involved.

Swmmary and Conclusions

The role of competition in shaping large-scale biotic patterns has often been
assumed, but is difficult to test in the fossil record. In this chapter, tests were
carried out on the fossit record of tetrapods (amphibians, reptiles, birds, mam-
mals), both marine and continental, to discover how many family-level origina-
tions might potentiaily refate w0 biotic interaction between clades. An attempt
was made to maximize the number of candidate competitive replacements
(CCRs), which required that clades overlap geographically (at the continental
scale), temporally {at the scale of the geologic stage). and ecologically (using
broad habitat and habit categories). In this survey of 840 nonsingleton families
of tetrapods, the maximum prevalence of CCRs was 13% of family originations,
The highest value of CCRs (19%) occurred among terrestrial tetrapods, with
lower values for freshwater (2%), marine (15%), subterranean (7%). arboreal
(0%}, and aerial (8%) forms. Thus, competitive replacement was apparently rare
in the evolution of tetrapod families, and family originations were most often
associated with expansion into new niches.
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Appendix 8.1

Families of Tetrapods that May Have Radiated
by Competitively Replacing a Preexisting Family

This [ist includes all 106 families that show overlaps of one or two stages
duration with a preexisting family. The “successful” family is given first, its
“unsuceessful™ competitor second. Families are listed in stratigraphic order of
origination, and total aumber of candidate competitive replacements is indicated
tor each stratigraphic stage. The geographic area in which the overlap occurs is
noled: AF, Africa: AS, Asia; EU, Europe; NA, North America; SA, South
America.

CARBONIFEROUS
Bastikirian (1): Limnoscelidae vs. Dendrerpetonidae (NA)
Moscovian (1) Disserophidae vs. Dendrerpetonidae (NA/EU)
Gzarian (1) Pantylidae vs, Tuditanidae {NA)

PERMIAN
As
ARt

¢ (1): Brachystelechidae vs. Scincosauridue (U3
swian (1) Caseidae vs, Eduphosauridae (NA)
Usisnan (1) Leptorophidac vs, Intasuchidae (EU)
Kazanian (1 Procolophonidue vs. Caplorhinidae (NA/EU)
Tararian (2): Proterosuchidae v, Phthinosuchidae (1

¥ Kingoriidae vs. Roberti-
wlae/Pristerodontidac/ Dicynodontidae fAulacephalodontidac/Cryptodontidae /Endothio-
dontidac (AF)
TRIASSIC

Scyrman (6): Prolacertidae/ Trirachodontidae v, letidosechidac/Scaloposauridac/
Galesavridae (AF); Ctenosauriscidae vs. Eochambersiidae (EU), Euparkeriidae/Cynog-
nathidae vs. Eochambersiidae {AFY: Bauriidae vs. Emydopidae (AF)

Anistan (3): Rauisuchidae vs. Eryihrosuchidae {AF): Poposauridac vs. Euparkeri-
idae /Ctenosaurischidae /Proterosuchidae (AF/EU ) Placochelyidue vs. Placodoatidae
{EU)

Lapmian (1): Simesauridac vs, Pachyplevrosauridae (EUI/NA)

i
i
i
f
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CarnNiAN (4): Stagonolepididac vs. Rhynchosauridae (NA/EU/SAY; Trilophosauri-
dae vs. Rhynchosauridae (NA); Podokesauridae vs. Poposauridae (NA)Y: Shonisauridae
vs. Shastasauridae (EU/NA)

RHazTiaN (4): Tritylodontidae vs. Traversodontidae (SA); Protosuchidae vs. Sphen-
osuchidae (AF); Megalosauridae vs. Podokesauridae/Sphenosuchidae/Rauisuchidae
(EU); Leptopterygidae vs. Shonisauridae (EU/NA)

JURASSIC

Herrancian (2): Vulcanodontidae/Massospondylidae vs. Melanorosauridae (AF)

SINEMURIAN (2): Ceratosauridae vs. Podokesauridae (NA); Amphilestidae vs. Sino-
condontidae (AS)

Toarcian (1) Elasmosauridae vs. Plesiosauridae (EU)

Baruownian (3): Stegosauridae vs. Huayangosauridae (AS); Dryolestidae /Peramuri-
dae vs. Morganucodontidae (EU)

Careovian (1) Nodosauridae vs. Scelidosauridae (EU)/Huayangosauridae {(AS)

OxForDIAN {1): Camarasauridae vs. Cetiosauridae {NA JAS)

KmMermnGian (3): Titanosauridae vs. Cetiosauridae (SA); Pleurosternidae vs. Pla-
tychelyidae (EU); Dermodacrylus vs. Rhamphorhynchidae /Pterodactylidae (NA)

TirHONIAN (2): Aiglalosauridae vs. Ichthyosauridae (EUY; Azhdarchidae vs. Rham-
phorhynchidae /Pterodactylidae (EU)

CRETACEQUS
BArREMIAN (1): Pachycephalosauridae vs. Dryosauridae/Camptosauridae (EU/AS}
ALsiaN (1} Abelisauridae vs. Megalosauridae/Allosauridae/Baryonychidae {SA)
SanTONIAN (I): Baptornithidae vs. Ichthyornithidae (NA)
CampANIaN (2): Pediomyidae vs. Spalacotheriidae (NA); Alligatoridae vs. Gonio-
pholididae (NA)
MaasTrICHTIAN (2): Cheloniidae/Osteopygidae vs, Desmatochelyidae /Protostegi-
dae {NA)

TERTIARY

DaniaN (6): Bemalambdidae/Harpyodidae /Pastoralodontidae vs. Wangliidae (AS);
Nycuithertidae/Microplernodontidae/Anagalidae vs. Gypsonictopidae (NA)

TraneTIAN {0): Barylambdidae/Stylinodontidae vs. Mioclagrrdae Hypsodontidae
(NA); Pantolambdodontidae vs. Bemalambdidae/Harpyodidae/Pastoratodontidae (AS):
Potydotopidae vs. Sudamericidae/Caroloameghinidae (SA): Oxyaenidae /Pristichampsi-
dae vs. Taeniolabididae/Arclocyonidac/Periptychidae /Mesonychidae (NA Y

Yeresian (8): Cylindrodontidae vs. Eucesmodontidae (AS); Myoxidae vs. Cimolo-
doutidae/Cimolomyidae (EU); Eutypomidae vs, Pritodontidae/Cimolodontidae/
Cimolomyidae (NA), Homacodoniidae vs. Stylinodontidae (NA); Brontotheriidae vs.
Uintatheriidae (NA); Peltephilidae vs. Caroloameghinidae (SA); Plesiosoricidac vs.
Palacoryctidae {(NA/AS); Diatrymidae vs. Gastornithidae (NA)

LUTETtAN (10); Agrochoeridae/ Leptomerycidae/Oromerycidae/Protoceraticae vs.
Stylinodontidae (NA): Soricidae vs. Palagoryctidae {NA); Nimravidae vs. Oxyaenidae

The Nonprevalence of Replacement 207
f i

(EU/NA); Dipodidae vs. Cocomyidae (NA);, Aegialornithidae vs. Sandcoliidae (NA);
Emballonuridae/Rhintophidae vs. lcaronycteridae/Palacochiropterygidae (EU/NA})

BARTONIAN (4): Anoplotheriidae vs. Lophiodontidae (EU}: Vespertillionidae vs. Pa-
laeochiropterygidae (EUY; Ardeidae/Halcyonidae vs. Sylphornithidae (EU)

PRIABONIAN (4): Cainotheriidue/Geolcidae /Hypertragulidae vs. Amphimerycidae
(EUy/Cebochoeridae (EU)/ Mixtotheriidae (EU)/Homacodontidae (NA}YOromerycidae
(NA); Mesotheriidae vs. Oldficldthomasiidae (SA)

RUPELIAN (4); Moschidae vs. Dichobunidae/Discodexidace {AS/EU); Tapiridae vs.
Palacotheriidae/Lepertellidac/Helaletidae (EU/AS); Sagitariidae vs. Horusornithidag
(EU); Trogoenidae vs. Archaeotrogonidae/Jugornithidae (EU)

CHATTIAN (2): Cervidae vs, Anoplotheriidae/Dacrytheriidae/ Diacodexidae/Dicho-
bunidae (EU/AS): Distylomyidae vs. Chapattimyidae (AS)

Lower MIOCENE (4): Antilocapridae/Dromomerycidae vs. Hypertragulidae/Eepto-
merycidae/Agriochoeridae {NA); Cracidae vs. Gallinuloididae {NAY: Columbidae vs,
Gallinuloididae/Quercymegapodidae {Et))

MnpLe MioCENE {6): Vombatidae vs. Wynyardiidae (AUY: Caviidae /Hydrochoeri-
dac/Chinchillidae/Capromyidae vs. Eocardiidae (SA): Phaethontidae vs. Plotopteridac
(NA)

UprPerR MIOCENE (3} Abroconidae vs. Neoepiblemidae/Eocardiidae ($A); Elephanti-
dae vs. Amebelodontidae (NA /EU/AF): Phocoenidae vs. Kentriodontidae {(NA)
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