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Extinction: bad genes or bad luck? 

by David M. RAUP, 

Geology Department, Field Museum of Natural History, Chicago, Illinois 60605, USA. 

Extinctionofspecies and highertaxa is generally seenas aconstructive force in 
evolution because it is assumedthat the better adaoted oreanisms are most likelv 
to survive. It is possible, however, that most extinktion is-non-selective and thit  
changes observed in the taxonomic composition of the biota are the result of 
random effects. Two scenarios for non-selective exiinction are evaluated: one 
uses a time homogeneous birth-deathmodel andthe otherpostulates intermittenf 
catastrophic extermination of large numbers of species. In the present state of 
knowledge, neither scenana is mathematically plausible. This may be because 
extinction is, in fact, selective or it may be that our estimates of past diversities 
and evolutionary turnover rates are faulty. If extinction is selective, the time 
homogeneous model suggests that trilobites had species durations 14 to 28 
percent shorter than normal for Paleozoic manne invertebrates. 

La extinción de especies y taxones superiores se ve generalmente como una 
fuerza constructiva en evolución, ya que se supone que los organismos mejor 
adaptados sobrevivenmás fácilmente. Es posible, sinembargo, que gran parte de 
la extinción no sea selectiva y que los cambios observados en la composición 
taxonómica de la biota sean el resultado de efectos aleatorios. En este trabajo se 
evaluan dos guiones para la extinción no selectiva: uno utiliza un modelo de 
tiempo de nacimientGmuerte homogéneo y el otro postula exterminaciones 
intermitentes, catastróficas de gran numero de especies. En el estado actual de 
nuestros conocimientos, ninguno de estos dos guiones es matemáticamente 
plausible. Esto podria serdebido a que la extinción es, de hecho, selectiva, o bien 
podria ser que nuestras estimaciones de las diversidades del pasado y las tasasde 
avance evolutivo fueran erróneas. 

Si la extinción es selectiva, el modelo de tiempo homcgéneo sugiere que los 
Trilobites abarcan especies conduracionesdel14 al 28 por cientomás cortas que 
lo normal para los invertebrados marinos del Paleozoico. 

L'extinció d'especies i taxons superiors es veu generalment com una forca 
constructiva en I'evolució, puix que suposa que els organismes millor adaptats 
sobreviuen mes facilment Es posible, tanmateix, que gran part de l'extinció no 
sigui selectiva i que els canvis observats en la composició taxonomica de la biota 
siguin el resultat d'efectes aleatoris. En aquest treball s'avaluen dos guions per a 
i'exiincio no selectiva un utilitza un model de temps de naixement-mort 
homogeni i I'altre postula exterminacions intermitents, catastrbfiques de gran 
quantitat d'especks. En I'estat actual dels nostres coneixements, cap d'ambdós 
guions es matemhticament plausible. Aixb podria ésser degut a que l'extinció es, 
de fet, selectiva, o bé podria ser que les nostres estimacions de les diversitats del 
passat i les taxes d'avenc evolutiu son errbnies. 

Si I'extinció es selectiva, el model de temps homogeni suggereix que dintre els 
Trilbbits es troben especies amb durades del 14 al 28 per cent més curtes que el 
normal en els invetebrats marins del Paleozoic. 

In the fossil record, extinction of species and higher taxa 
is so common that extinction must play a significant role in the 
evolutionary process. Virtually al1 species that have ever 
lived are now extinct. The paleontological literature contains 
a variety of estimates of species extinction rates but most fall 
within a fairly narrow range. Most observed or calculated 
mean durations are less than 10 million years: Simpson 
(1952) suggested that the means for al1 fossil groups range 
from one-half to five million years; Valentine (1970) estima- 
ted five to ten million years for marine invertebrates; and 
Raup (1978 a) calculated an average of 1 1.1 million years for 
mean species duration of marine invertebrates. Most analy- 
ses based on single taxonomic groups also yield estimates 
within this range: six million years for echinoderm species 
(Durham, 197 1); 1.9 million years for Silurian graptolites 
(Rickards, 1977); and 1.2 to 2 million years for Mesozoic 
ammonoids (Kennedy, 1977). 

With nearly 600 hundred million years of high diversity in 
the Phanerozoic record, it is clear that species turnover is 
relatively rapid. Because the nurnber of living species is large, 
the net rate of species formation must have exceeded the net 
extinction rate but when speciation and extinction rates are 
expressed on a per lineage per million years basis, the two 
rates are, to a first approximation, the same. 

Extinction rates at higher taxonomic levels are also 
substantial: mean durations of genera, families, and orders 
are short relative to the length of the Phanerozoic. Raup 
(1 978 a) estimated the mean duration for marine invertebrate 
genera at 28.4 million years. Because the frequency distribu- 
tion of durations is skewed, the median duration (half-life) for 
the same genera is only 10.6 million years. 

Extinction is generally seen as a positive or constructive 
force in evolution. The differential survival of species over 
evolutionary time (species selection of Stanley, 1975) is 
throught by most evolutionary paleobiologists to lead to 
adaptation at generic and higher taxonomic levels. Even the 
most spectacular of the group extinctions, such as the 
trilobites, amaonoids, and dinosaurs, are seen by most as 
positive events in the sense of representingthe replacement of 
less weli adapted types by better adapted types. 
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But what do we really know a'aout the extinction process? 
1 submit that evolutionary theoq is currently dominated by a 
strong conve:ntional wisdom (attributable to Danvin and 
Lyell) to the effect that extinction is «easy», given time on a 
geologic scale. It is generally agreed that interspecific and 
intergroup competition, predation (including disease), and 
gradual habiitat alteration (thro~igh climatic and/or tectonic 
changes) provide ample mechanisms for the extinctions 
observed in tlne fossil record. Altlhough this model is certainly 
plausible, and may well be correct, proof in individual cases 
has been eliisive. Well documented cases of competitive 
exclusion or competitive replacement in the fossil record are 
rare and the adaptive superiority of the new taxa or faunas is 
seldom compelling. It is simple 1.0 construct plausible scena- 
rios but not !simple to prove thein beyond reasonable doubt 

In this papler, 1 will play the devil's advocate and explore a 
different interpretation. 1 will ask: if the conventional danvi- 
nian model i!s not correct, what iilternatives on extinction are 
available and can they be rejected on the basis of logic or 
paleontologi~c data? The main alternative 1 will explore is that 
extinctions are randomly distributed with respect to overall 
fitness (or atiaptiveness of the organism) and that extinction 
of a given species or higher groiip is more bad luck than bad 
genes. The conclusions 1 will reach are not definitive but 1 
hope the exercise will stimulate further exploration of the 
problem froin fresh points of view and with fresh methode 
logies. 

THE NATIJRE O F  FOSSIL DATA ON EXTINCTION 

Stratigraphic ranges of species and higher taxa constitute 
the data base for the analysis of extinction. These ranges are 
subject to a host of biases and uncertainties, al1 of which 
detract from the rigor with whic h the extinction phenomenon 
can be stuidied (for discussion, see Newell, 1959% b; 
Simpson, 1960; Raup, 1972, 1079a). Virtually al1 observed 
ranges are ifvncated simply br:cause non-preservation can 
shorten the range but there is no analogous mechanism to 
lengthen the range (except for ireworking by bioturbation or 
erosion and re-deposition of fossils). Al1 too often, a species is 
known only from a single horizon and is thus just a point 
occurrence in time. 

On the other hand, incomplete preservation of anatomy, 
physiology, and behavior may often mean thatwhatpaleonte 
logists cal1 species are actually composites of severa1 (or 
many) biological species. When this is true, actual species 
duration may be shorter than cvhat appears in the stratigra- 
phic record (Schopf, 1979). 

At higher taxonomic levels, stratigraphic range data are 
prone to adiditional uncertainty because of difficulties in the 
underlying eaxonomy. 

1s spite of the problems, pa1~:ontologists have an enviably 
large data base and it should be hoped that broadly applied 
statistical analyses should yielcl meaningful answers to basic 
questions about extinction. Iii the context of this paper, 
however, it is important to exclude two types of extinction 
-types which do not represent the true death of a taxon. 
These are pseudoextinction arid monographic extinction. 

Pseudoextinction is the situation where a single species 
lineage is transformed by phyletic evolution into a new 
species. The new species would presumably have been 
reproductively isolated from tlie ancestral species had they 
lived together at the same tirne but the process is totally 
different from speciation as studied by the evolutionary 

biologist Because pseudoextinction does not represent death 
without issue, instances of pseudoextinction should be elimi- 
nated from the data before extinction is analysed. This is 
difficult because it is usually impossible to determine whether 
a species that is lost from the record actually died out os 
whether it was simply transformed. In view of the growing 
concensus in favor of the punctuated equilibriurn model of 
Eldredge and Gould (1972), one could argiie that pseudoex- 
tinction is not a dominant phenomenon -but good niiinerical 
estimates of its frequency are not available. Pseudoextinctioii 
at supraspecific levels cannot logically occur unless thc 
higher taxon is monotypic and thus the problem is serious 
only at the species level. 

Monographic extinction refers to the rlot uncornmon 
practice among taxonomists whereby species or higher taxa 
are terminated arbitrarily at major stratigraphic boundaries 
even though morphological evidence for the break is lacking. 
This practice has much in commsn with the practice among 
some biologists of declining to place in the same species 
identical organisms that occur sn  widely separatecl conti- 
nents. Both practices are based on theoretical evslutionary 
considerations rather than good morphological or genetic 
data. When fossil groups are subjected to monograpliic 
extinction, it has the unfortunate effects of shortening ranges 
and multiplying the extinctions at major boundaries. Fortuna- 
tely, monographic extinction is becoming less common in 
taxonomy and many of the existing cases are being eliminated 
by monographic revisions. But the data on extinction still 
contain an unknown bias caused by this effect. 

EXTINCTION AS A BIOLOGICAL PROCESS 

The actual mechanisms of extinction are little understood 
and surprisingly little attention has been devoted to the 
problem by population biologists. Cases of extermination sf  
species by human activities are celebrated and well known: 
the extinction may occur directly by human predation 
(hunting, etc.) or indirectly through the effects of other 
species introduced by man. The existence of a fcw particu- 
larly spectacular cases has led the general public to tlie view 
that ecosystems are more fragile than is probably the case and 
has also led to the idea (shared by many biologists) that the 
survival of any species is precarious and in turn, that 
extinction is an almost trivial phenomenon. Yet there are 
relatively few cases (if any) of widespread species becoming 
completely extinct in historic times without human influence. 

Local extinction(especial1y on small islands) is a common- 
ly obsemed phenomenon and large amounts of quantitative 
information on frequencies have been amassed by ecnlogists 
(especially MacArthur and Wilson, 1967, and Simbesloff, 
1974). Unless a species is endemic to the local area, these 
extinctions are not extinctions in the elobal sense althouzh the " w 

processes involved are presumably comparable. But even in 
local extinction, it is rarely possible to dscument causes. It is 
generally assumed that the classically darwinian mechanisnis 
of competition and predation apply but verification has 
proven to be difficult. 

The basic model subscribed to by most ecologists is that 
local extinction results when population size is drastically cut 
down by natural physical disaster, by competition from other 
species, or by predation by other species. Given very small 
populations, random sampling error in reproduction can lead 
to complete extinction. If a population's growth rate (births 
minus deaths) is approximately zero, population size will 



behave as a random walk with an absorbing boundary at zero 
(extinction). Thus, below a certain population size, extinction 
becomes probable as a purely stochastic phenomenon. The 
critica1 population size varies with the species, of course, but 
is generally very small. 

The classic mechanisms of competition and predation have 
been challenged. MacArthur (1 972), for example, wrote: 

«On the mainland ... the degree of synchrony and 
orderliness of the predation needed to cause 
complete extinction can probably only be regularly 
achieved by man.. . ». 

Simberloff (1981) has raised serious doubts about the 
presumed effects of competition by species introduced into an 
area occupied by an established community. 

Part of the problem may be that ecologists and population 
biologists operating as they must on a human time scale, are 
not able to observe a relatively rare and slow phenomenon. 
Yule (1924) estimated that an angiosperm speciation event 
occurs naturally somewhere in the world every 10 to 50 
years. If this estimate is the right order of magnitude, and if the 
angiosperm extinction rate is comparable, the extinction 
process is certainly a difficult one for the biologist to study. 
A similar conclusion may be reached by another route. If we 
take five million years as the average duration for al1 species 
and if there are 1.5 million species of organisms living today, 
the following logic obtains. The extinction rate is approxima- 
tely the reciprocal of the mean duration (assuming a linear 
survivorship curve for species, a la Van Valen, 1973) and 
thus is 0.2 per lineage per million years. Multiplying this rate 
by 1.5 million yields 300,000 extinctions per million years or 
one extinction of some plant or animal species somewhere in 
the world every 3 and 113 years. In terms of human life spans, 
this is indeed a rare phenomenon. 

Hut, as already noted, extinction in geological time not only 
happens but is extremely common. Thus, mechanisms must 
exist. We cannot conclude that comvetition, vredation, and 
gradual environmental change are not effectiie just because 
they are difficult to authenticate but the extinction phenome- 
non does appear to be open to alternate interpretations. 

THE HOMOGENEOUS BIRTH-DEATH MODEL 

Yule (1 924) developed a mathematical model of evolution 
that treated speciation and extinction as random events with 
constant (though not necessarily equal) probabilities. He was 
arguing in effect, that the processes of speciation and 
extinction are so multi-factorial that they are best treated 
formally as random variables. Yule claimed considerable 
success in applications of his model to actual data. This 
approach has been used more recently in Monte Carlo 
simulation (Raup, et al., 1973; Raup and Gould, 1974; 
Gould, et aL, 1977) and by analytical methods (Raup, 
1978a, 1978b) but the breadth of its applicability to the fossil 
record is yet to be demonstrated. 

If we treat evolution as a branching process wherein each 
branch (species lineage) has a stochastically constant proba- 
bility of dividing to form a new branch (speciation) and a 
stochastically constant probability of terminating (extinc- 
tion), we are using what is known as a time homogeneous 
birth-death model. The time homogeneity refers to the 
supposition that the probabilities of speciation and extinction 
do not change systematically through time. The time home 

geneous model has been applied to problems of epidemics, 
genetic drift, colonization of small islands, and a host of non- 
biologic problems. In an evolutionary context, the model 
implies that al1 species have the sarne probability of extinc- 
tion. 

For each species in the time homogeneous model, ultimate 
extinction is inevitable although the time of extinction cannot 
be predicted except probabilistically. The duration of a 
species is descriptively identical to the life span of an atom of 
a radioactive isotope and the survivorship curve for species is 
log-linear. 

Of greater interest in a paleontological context are the 
implications of the time homogeneous model for monophyle- 
tic groups of species. If we define a «group» as al1 those 
species in an evolutionary tree which are descended from a 
single ancestor, then rigorous predictions can be made about 
the probable life span of the group. If the probabilities of 
extinction and speciation are equal, ultimate extinction of the 
group is assured although the expected length of time to 
extinction will depend greatly on the probabilities themselves 
and on the number of coexisting species at some time = 0. 
The lower the probabilities and the larger the «standing 
crop», the longer the expected life span of the group. Even if 
the speciation probability exceeds the extinction probability, 
there is a finite probability of extinction of the group and this 
probability depends on the difference between the two 
probabilities. 

It is conceivable that groups of organisms can, over 
geological time, drift to extinction just because of an acciden- 
tal excess of extinctions over speciations. If this were the 
case, a search for causes of extinction in the conventional 
sense would be meaningless. The workings of the time 
homogeneous model have been suggested as a general 
explanation for some clade extinctions (Raup, 1978 b). 

Extinction of large groups of organisms by sampling 
accident of the sort just described may be called Galton 
extinction because of Francis Galton's classic use of birth- 
death models to explain extinction rates in human surnames 
(Galton and Watson, 1875) For Galton extinction to be 
viable on a broad scale in the evolutionary record, it must be 
shown that major extinctions such as those of trilobites, 
ammonoids, and dinosaurs were probable events in terms of 
the time homogeneous model. 

We can use the geologic record of trilobites as a testing 
ground (Figure 1). In the Cambrian, most major marine 
invertebrate groups were present but the fossil record is 
dominated by trilobites: about 75 96 of al1 fossil species 
described from Cambrian rocks are trilobites; the other 25 % 
are distributed among about nine other major groups (Raup, 
1976). By the end of the Permian, 350 million years after the 
start of the Cambrian, the trilobites were extinct. Could this 
have been a matter of Galton extinction without the need to 
postulate an adaptive disadvantage for trilobites? As will be 
shown, the probability of simple Galton extinction in this case 
is quite low unless our knowledge of marine invertebrate 
diversity and extinction rates is faulty. 

To take the simplest possible approach to the trilobite 
problem, let us assume that speciation probability (A) was 
equal to extinction probability (p) and that this value was the 
same as that for other Phanerozoic invertebrates. If we 
assume that p is the reciprocal of mean species duration, we 
can use 111 1.1 = .O9 as the value for X and p (from Raup, 
1978a). Using the time homogeneous model, the probability 
of extinction of a group at or before time = t is: 



TRlLOBlTES 
MOLLUSCS 

I I I I 
Comb. Ord. Sil. Dev. Corb. Perm. Tri. Jur. Crel. Ceno 

Fig. 1. - Variation in the taxonomic composition ofthe invertebrate fossil record 
(from RAUP, 1'376). Large fluctuations in composition occurred but only two 
groups (trilobitea and graptolites) went extinct The trilobites constituted about 
75 % of the Cainbrian standing diversity. 

where a is the number of coexisting species at time = O. I t  is 
difficult to estimate a for Cambrian trilobites. The total 
number of Carnbrian trilobite species described is known 
(Raup, 19716) but this is of little help because (1) it is a 
composite of ail Cambrian form,s and thus does not represent 
standing diversity a t a  point in time and (2) the number found 
and described is surely less than the number that actually lived 
One approalch is to use estimates of total marine invertebrate 
standing diversity for the Cambrian and calculate the trilobite 
fraction from this. Valentine, et al., (1978) calculated a 
standing diversity for fossilizak~le shelf invertebrates for the 
Cambrian of about 8,000 svecies. If 75 % were trilobites 
(above), we have an estimaté of 6,000 for a in equation (1). 
Thus: 

This result is so near zero that we can conclude with 
confidence that the time homogeneous model used in this way 
with these values willnot explain the trilobite extinction. That 
is, the probability is negligible that the trilobites drifted to 
extinction. Furthermore, the value of Po (t) is so low that 
minor alter,ations in the constants (such as reducing Cam- 
brian diversity estimate) will not significantly affect the 
result 

It is instructive, however, to investigate how much the 
numerical situation would have to be changed to produce a Po 

(t) in a reasonable range. Table 1 explores this. Equation (1) 
was solved for severa1 values of ~(expressed as its reciprocal, 
mean duration) and severa1 values of a The time estimate of 
350 million years was used throughout The underlined 
values of Po (t) are those that lie in a reasonable probability 
range. Values at or near 1 .O (upper right) are excluded in view 
of the fact that nine other groups were present in the Carnbrian 
in lower diversity and did not go extinct in the Paleozoic. The 
reader is free to interpret Table 1. It appears to indicate that 
the time homogeneous model will explain the trilobite 
extinction only if standing diversity were much lower than has 
been estimated andfor mean duration of invertebrate species 
was much less than has been estimated. Both alternatives are 
conceivable but unlikely in the present state of knowledge. 

TABLE 1. Probability of Galton extinctionin 350 million years as 
a function of the number of coexisting species at the start and mean 
species duration. Equation(1) was used onthe asnumptionof equal 

E probabilities of speciation and extinction(eachbcing the reciprooal 
U of mean duration). 
&lo 
$ 11 MEAN DURATION (MILLIONS OF YEARS) 
LE 

If we accept that trilobite extinction was not the resultof the 
simple form of Galton extinction just presente4 then we can 
entertain more seriously the possibility that trilobites were in 
fact selected against compared with other marine inverteb- 
rates of the Paleozoic. The most likely expression of such 
selection would be a higher than normal extinction probabili- 
ty (p) .  Let us assume, therefore, that the trilobite speciation 
rate was the same as for other organisms (A = .09) but that 
the trilobite p was higher. How much higher would it have to 
have been for selective extinction to be a viable hypothesis? 
The time homogeneous model can be used to investigate this 
using the following equation for group extinction probability: 

This equation is solved for severa1 values of p in Table 2, 
using the value of a and t employed in the initial calculations 
(above). The results shown in Table 2 indicate that if the 
extinction probability for trilobite species was between about 
0.105 and 0.1 25, extinction of the whole group would be 
plausible. This corresponds to an average species duration 
which is 14 to 28 percent less than for other Phanerozoic 
invertebrates. It was noted in earlier analyses (Raup, 1978a) 
that generic durations in the Cambrian cohort were less than 
that of other geologic periods and this may be because of the 
dominance of trilobites in this cohort 



TABLE 2. Probability of Galton extinction in 350 million years as a 
function of species duration. Equation (2) was used with a standing 
diversity at the start of 6,000 and a speciation probability (A) of 0.09. 

EXTINCTION EQUIVALENT 
PROBABILITY ( j ~ )  SPECIES DURATION Po (t) 

lo-" 
1 o-' 
0.01 
0.37 
0.81 
0.96 
0.99 - 1 .o0 

The exercise just presented (table 2) illustrates how the 
time homogeneous model can be used to evaluate the 
possibility of inter-group differences in extinction probabili- 
ties. Table 2 suggests that the trilobite extinction was «caus- 
ed» by a higher than average species extinction probability 
for trilobites. The extinction is still a Galton extinction if one 
considers the trilobites as a distinct entity with its own value 
of It should be emphasized that the results shown in 
Table 2 do not prove that the trilobite extinction occurred in 
this manner. The calculations only te11 us how much the 
extinction rate for trilobites would have to depart from the 
Paleozoic norm for the extinction to be explained by the 
model. It remains an open question whether the size of the 
required departure is biologically reasonable. 

EPISODIC EXTINCTION 

The Yule model discussed in the preceding section makes 
the tacit assumption that extinction is geologically conti- 
nuous: ail species risk extinction at al1 times and a short or 
long duration is a matter of chance. Conventional wisdom in 
paleobiology implies continuous extinction although most 
people accept that the frequency changes through time to 
produce occasional periods of mass extinction. But what if 
extinction is not a continuous process but is limited to brief 
episodes of geologically negligible duration? What effects 
would such an extinction regime have on paleontological 
extinction patterns? 

Yule (1924) explored the mathematical implications of 
episodic extinction but did not reach definitive conclusions 
relevant to the present context Episodic extinction has, of 
course, been suggested by many authors in the context of 
mass extinction Cloud (1959) argued that catastrophic 
copper poisoning of the oceans may have been responsible for 
the Permo-Triassic extinctions. Schindewolf (1 962) sugges- 
ted that mass extinctions may result from isolated catastre 
phies of extraterrestrial origin. McLaren (1 970) suggested a 
meteorite impact as the cause of the late Devorian extinc- 
tions. Urey (1973) correlated teklite ages with series boun- 
daries in the Tertiary and thereby related meteorite impact 
and extinction. The most recent proposal for catastrophic 
mass extinction comes from Alvarez, et al. (1 980) who claim 
to have hard geochemical evidence for a collision at the end of 
the Cretaceous between Earth and a 10-kilometer meteorite. 
Although this event is yet to be firmly documented, it has 
considerable credibility. 

With the possible exception of the Alvarez, eta l ,  proposal, 
suggestions of catastrophic extinction through extra-terres- 
trial phenomena have been discarded quickly by most 
paleobiologists as being intractable or untestable. Indeed, 

catastrophic explanations seem to be anathema to most 
students of evolution. However, it does appear that collisions 
between Earth and large extra-terrestrial objects are a fact of 
Earth history and the frequencies estimated by astronomers 
(Opik, 1958, 1973, for exarnple) are such that the biologic 
effects must be considered (see Ijietz, 1961, for further 
discussion). It is appropriate, therefore, to explore the 
mathematical implications of episodic extinction. 

I t  has been argued (Raup, 1979b) that catastrophic killing 
off of species would, if suficiently extreme, cause a change in 
the composition of the Earth's biota even in the absence of 
selective survival. If the number of survivors were very small, 
pure chance would favor some biologic groups over others: 
that is, the percentage of a given group among the survivors 
might be higher or lower than in the pre-extinction biota. 
Furthermore, the re-population process following the mass 
extinction event would be by branching and thus subject to 
groupto-group stochastic variation. This could further en- 
hance the differences between the pre and post- extinction 
biotic composition -al1 in the absence of conventional 
darwinian selection between species. Valentine, et a1 (1978) 
estimated that the Permo-Triassic mass extinction killed off 
77 % of the standing diversity of marine invertebrates. Raup 
(1?79b), using rarefaction methodology, calculated that the 
reduction could have been as great as 96 %. But the 
qiiantitative implications of these estimates in terms of the 
effects on biotic composition and on extinction probabilities 
for large groups were not worked out 

Episodic extinction could occur in at least two forms: (1) 
cat&trophic extinction of al1 species in a single geographic 
region or (2) extinction of a fraction of al1 species on a world- 
wilde basis.' The first scenario, biogeogiaphic extinction, 
probably dates from Cuvier but more recently, Yule (1 924) 
wrote: 

«... the species exterminated would be killed out not 
because of any inherent defects but simply because they 
had the ill-luck to stand in the path of the cataclysm.)) 

Clearly, this provides a mechanism for non-selective, episo- 
dic extinction if levels of biogeographic endemism are high 
enough in relation to the frequency of catastrophies of a given 
size. Although catastrophies of extra-terrestrial origin are not 
required by this model, they are the most likely cause of total, 
non-selective destruction of al1 life in a region. 

TABLE 3. Estimates by Opik(1973) of frrquencies and biological effects 
of collisions with extra-terrestrial bodies. Lcthal area is defined as that area 
subject to surface temperatures of at least9000 F and ashthicknessof at least 
70 cm; semi-lethal area defined as temperatures of at least 1600 F and ash 
thickness of 7 cm. 

Miniium diameter 
of body (km) 2.1 4.2 8.5 17 34 73  

Average spacing in 
time (my) 1 3  62 260 1100 4500 22000 

Lethal area 
(radius, km) 160 420 1100 2500 5500 global 

Semi-lethal area 
(radium, km) 480 1300 3300 7500 global global 

(France) (USA) (Afnca) 

Opik (1958, 1973) made estimates of the frequency of 
collisions; he expressed size not only in terms of the diameter 
of the body (comet nucleus or meteorite) but also in terms of 
the area he considered would be lethal to al1 land life. A 
portion of his results is reproduced here in Table 3. I t  should 



be noted that the Alvarez, et al. (1980) estirnate of 10 km for 
the diameter of the postulated Crc:taceous-Tertiary meteorite 
is within the probability of Opik's values if one assumes an 
event occurring only two or three times in the Phanerozoic. 

1 have tested the plausibility of Opik's estimates as a cause 
of biogeographic extinction by simulating collisions with the 
modem bioge:ography of al1 families of land mamrnals, birds, 
reptiles, amphibians, and fresh water fish. Targets were 
selected at random on the Earth's surface and for each target 
and each of severa1 lethal areas, the nurnber of endemic 
families was counted. In general, the results of this analysis 
do not support the generality of biogeographic extinction. 
Table 4 shows some of the data and one can see, for example, 
that a lethal area equal to about half the Earth's surface 
(10,000 km radius) produces extinction of an average of only 
about 12 % of the terrestrial vertebrate families. Table 3 
indicates an z.verage spacing in time of more than4 112 billion 
years for impacts with this letila1 radius. The number of 
family extinctions is thus too lour and the spacing in time too 
great to provide a plausible e~pl~anation for the severa1 mass 
extinctions affecting land life in the Phanerozoic. 

-- 
TABLE 4. Ri:sul& of simulation of biogeographic extinction. Extinctions 
are of presentky living families of land hirds, reptiles, mammals, amphibians, 
anci fresh watcr fish. Each computer nin represented a randomly chosen 
impact point iiaving an assigned lethal area 

LETHAL NUMBER MA.XIMUM ME AN 
RADIUS (KM) OF RUNS EXTWCTION(%) EXTINCTION(%) 

o - 

30 
(0) 
1 .E 

(0) 
3,000 0.2 
6,000 30 7.9 1.7 

10,008 30 23.9 12.0 
(hemisphere) 

15,000 15 48.1 34.4 
20,000 - (100) (100) 
(world) 

Thus, if Opik's estimates of lethal area are correct, 
extinction of' endemics alone will not explain mass extinc- 
tions. This is probably a conservative conclusion because 
endemism at the present time is alrnost certainly higher than 
during most of the geologic past. 

We can now consider the second scenario (above): occa- 
sional events that kill off a fraction of the existing species on a 
global basis. We will assume (as a null hypothesis) that the 
species extirictions are non-selective with respect to fitness. 
To do so is tc:, contemplate a sudden stress that is beyond the 
experience alf al1 organisms and thus one for which none are 
adapted. Survival could be a matter of chance in the sense that 
certain species have characteiistics that enable them to 
survive but are not advantageo~~s in normal existence. Non- 
selective survival could also be a fluke of geographic distribut- 
ion (biogeographic extinction in reverse). The basic question 
is whether this kind of episodic extinction produces a 
significantly different extinction pattern from that observed in 
the real world. 

The extinction scenario just described was investigated by 
computer simulation, using numbers scaled as closely as 
possible to real world data and time scales. Table 5 shows 
data on the rnajor extinctions of marine invertebrate families 
during the Phanerozoic (from Newell, 1967). For each 
geologic series, Newell tabulated the percent of families going 
extinct and these are presented as a cumulative frequency 
distribution in Table 5. They are converted to species 
extinctions by the rarefaction nlethod of Raup (1979b): for 
example, a 30 % family extinction is approximately equiva- 

lent to an 87 % species extinction. Also, the frequency data 
are converted to a probability of occurrence (per million 
years) by dividing the number of extinctions by the length of 
the Phanerozoic. 

-- 
TABLE 5. Frequency of extinctions of marine invertebratrs and the 
magnitude of these extinctions. Family extinction data from Newell(1967); 
species equivalen& calculatedusing the method ofRaup(1979h). Values of a 
for equation (3) are calculated from the probability and species columns. 

FAMILIES PHANEROZOIC EQUNALENT PRBBABILITY 
DYING FREQUENCY SPECIES KILL PER MY a! 

At this point, we can use a mathematical model that is 
employed commonly in the study of other rare events: floods 
(Gumbel, 195 8) and earthquakes (Howell, 1979), among 
others. The model assumes that the frequency of a rare event 
decreases exponentially with increasing magnitude of the 
event. In the present context, this can be expressed by the 
equation: 

where y is the probability of an event occurring which is equal 
to or greater than the magnitude x and a is a constant. In this 
application, y is the probability per million years andx as the 
~ercent  s~ecies  extinction. For each entrv in Table 5, an 
estimate 8f a can be made by entering &e frequency .and 
magnitude values in equation(3) and solving for a. (Thus, a is 
the negative of the natural log of the probability divided by the 
percent species extinction.) The severa1 estimates of a are 
included in Table 5. 

In Table 5, al1 values for a, except the first, cluster around 
0.06 suggesting reasonable conformity to the exponential 
model of equation (3), at least for the larger extinctions. We 
can thus use the mean of these estimates (0.058, excluding 
the first value in Table 5) as a trial value of a in equation (3). 
With this value, 5 % of al1 extinction events kill off 50 % or 
more of the existing species and about 1 % of extinctions kill 
off 80 % or more species. The probability of 100 % extinc- 
tion is 0.003 per million years and thus might be expected to 
occur about twice during the Phanerozoic (0.003 + 590 
= 1.8). We know that total extinction has not occurredduring 
this time but the expected number of such events is low 
enough that equation (3) and its a value are credible. 

Equation (3) has been used as the basis for a monte carlo 
computer simulation, as follows. The simulation starts with a 
standing diversity of species that is distributed among ten 
higher taxonomic groups. One of the groups is given 75 % of 
the species and the remaining 25 % are divided evenly 
between the other nine groups. This array was inspired by the 
Cambrian fossil record dominated by trilobites (Figure 1). 
The total number of species in the starting array can be varied 
from run to run. The program then moves interatively through 
time with one iteration per million years for 590 steps. At 
each iteration, a y  value betweenO.O and 1 .O is chosen from a 
uniform random distribution and the percentage of species to 
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go extinct (x) is calculated from equation (3). Any value of x
greater than 96 is arbitrarily reduced to 96. This percentage of
species is then «killed»: each species is given a chance of
extinction equal to the kill percentage (x). The probability of
extinction of a given species is, of course, independent of its
membership in a taxonomic group. The actual killing is done
probabilistically (using a random number generator) in order
to introduce natural sampling error.

After all extinctions are accomplished for a given iteration
( an extinction event), the hypothetical fauna is re-populated
by a random branching process. Each of the surviving species
is given an opportunity to branch, with the probability being
determined by the post-extinction number of species. That is,
a branching probability is computed for each iteration which
is that probability necessary to bring the total number of
species back up to the number at the beginning of the run. As a
result of this procedure, total diversity drops but returns
approximately to the starting diversity after each iteration.

A large number of simulation runs were made using several
values of initial species diversity (from 1,000 to 50,000) and
several values of a in addition to the calculated value of 0.058.
The basic questions to be asked of the results are: (1) Is the
typical record of group extinctions significantly different from
that predicted by the time homogeneous model? and (2) Do
the simulations replicate the general pattern of change in
Phanerozoic biotic composition (Figure 1)?

It should be emphasized that this kind of simulation is
dangerous: when one has the possibility of varying several
input parameters (starting diversity, initial distribution of
species among groups, and extinction probability), one may
be able to devise a combination of parameters that will
reproduce real world patterns spuriously. The results must
therefore be interpreted with great caution.

500	 400
	

300	 200	 100	 0

"TIME" (Myr BP)

Fig. 2. — Example of simulation output. Starting diversity was 1,000 species
(750 «trilobites» and 27 in each of the other nine groups). Only three of the
smaller groups survived and the size of the large group fluctuated fairly widely.

The results of simulations will not be described in detail
here. It will suffice to show two examples of output and
present some qualitative generalizations. Figure 2 shows one
run where the starting diversity was set at 1,000 species:

«trilobites» had 750 species and the other nine groups had 27
species each. The graph shows changing group composition
through time. Extinction events involving greater than 70 %
kill are indicated. Figure 3 shows a run with identical
starting conditions except that initial diversity was 10,000.
10,000.

From these and other runs, several general conclusions can
be drawn. By far the most important in terms of the original
objectives of the simulations is that when properly scaled the
simulations do not satisfactorily replicate the sort of pattern
seen in the real fossil record (Figure 1). When diversity is
large ( such as the «trilobites» starting with 7,500 species in
Figure 3), the number of species is far more stable through
time than in the actual fossil record. Even where the initial
diversity of «trilobites» was lowered to 750 species (as in
Figure 2), the group did not go completely extinct in any run
although there were some where other groups developed
dominance. Therefore, if our estimates of standing diversity
of major fossil groups are reasonably accurate (6,000 Cam-

PRINCIPAL EXTINCTIONS
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300	 200	 100

"TIME" (Myr BP)

Fig. 3. — Example of simulation output Starting diversity was 10,000 species
(7,500 «trilobites» and 277 in each of the other nine groups). Three of the smaller
groups went extinct and the size of the larger group was stable.

brian trilobites species, as used above, for example), then the
simple episodic extinction model will not explain the actual
evolutionary record in the absence of selective survival of
species in certain higher groups.

In spite of the primary failure of the simulations to replicate
the Phanerozoic record, a number of generalizations can be
developed from the computer results which are useful and
applicable to real world problems of extinction. The most
important of these are listed below.

(1) The average speciation rate (branches per lineage per
million years) is higher than the mean extinction rate even
though mean diversity remains level. The reason for this is
that if an extinction reduces diversity by 20 %, for example,
re-population must be at a 25 % rate to bring diversity back to
the original level. With a value of a of 0.058, the mean
extinction probability is about 0.17 but the corresponding
branching probability necessary to regain original diversity is
about 0.20.
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(2) The number of groups going extinct is much higher 
than the num,berpredicted by the time homogeneous model. 
This is most striking in the higher diversity runs. In Figure 3, 
for example, three of the nine small groups went extinct. But if 
the probabilities are calculated using equation (2), with A = 
= .17, p= .20, a =  277, and t =  590, the probability of any 
one group going extinct is 3 + 1Ci-20 and the probability of as 
many as three groups going extinct is essentially zero. One 
could argue, of course, that equation (1) should be used withX 
= p = 0.17 because if extinctioin had not been episodic the 
species extinction and branching rates would have been the 
same. But in ihe case of Figure 3,  equation (1) yields a Po (t) 
of0.064 and (he probability of at least three of the nine groups 
going extinct is only 0.002. 

(3) It is nc~t z~ncommon for a group to linger for severa1 
million years afer  a mass extinction event. This was seen in 
severa1 runs: a particularly 1ar;;e extinction event greatly 
reduced the nurnber of species in a group but did not eliminate - - 
the group con~pletely. ~ a t h e r ,  subsequent smaller extinctions 
((finished the iob» even though the mass extinction was the 
primary cause. This can be ilhstrated by two examples from 
the run shown in Figure 2. Groulp 6 was cut down sharply by 
the 74 % extinction from 18 to 6 species but the group did not 
go extinct for another 18 ((million years» and its demise was 
caused by a relatively minor exiinction event Group 5 was 
reduced froni 32 to 8 species by the 80 % extinction at 322 
Myr B. P. but it survived at low diversity past the 89 % 
extinction at 272 Myr B. P. ancl finally went extinct at 253 
Myr B. P. 

This general situation is undoiibtedly analogous to cases in 
local extinction of species (discussed above) where a disaster 
of some sort reduced population size to the point where 
smaller chance factors can colmplete the extinction. This 
factor may also be involved in those cases in the fossil record 
where taxa linger beyond a mass extinction. 

(4) Many majorextinctions cnnnot be seen in the simulat- 
ed fossil record. In figures 2 and 3, some of the mass 
extinctions Eire noticeable (aftei the fact) by the changes in 
group sizes t!lat they produced. Elut since the changes in group 
sizes (and therefore relative taxonomic composition) are the 
result of variable sampling error in extinction and re- 
population, the effect may be negligible in a given case. This is 
especially tiue where groups have many species. In the 
Phanerozoic record, we recognize mass extinctions only by 
their effects. The sirnulations suggest that the effects of mass 
extinctions are not always obvious and may, in the general 
case, be seen only in groups already small. The effect for a 
given group may be either an increase or decrease in numbers 
relative to other groups. 

( 5 )  The si'ability of a group through time depends on its 
size. It is clear from comparisons of the ((trilobites)) and other, 
smaller groups in Figures 2 and 3 and from overall compari- 
son of the two runs that the larger the group, the less 
fluctuation is experienced in number of species. This is 
simply a matter of scale and coinfms the argument made by 
Stanley, et tzl. (1981) regarding monte carlo simulations of 
evolutionary patterns. In the simulations performed in this 
study, with an cw of 0.058, a groiip having a standing diversity 
of more thaii 750 species is virtilally irnmune from extinction 
and one with severa1 thousand species shows virtually no 
significant change in diversity through time. 

(6) Ifonegroup dominates the fauna, it has a tendency to 
take over completely. In situations where groups are small 
enough to experience size fluctuation, extinction is common 
(as in Figure 2). This produces an inevitable increase in 

relative dominance of one or more large groups and may, 
depending on groups sizes, leüd to the extinction of al1 but the 
largest group. 

CONCLUSIONS 

The darwinian model of selective extinction remains a 
plausible hypothesis. The time homogeneous birth-death 
model, which assumes that al1 species have the samc 
probability of extinction regardless of fitness, is insufficient to 
explain the extinction of major biologic groups that have once 
attained high species diversity. A model based on cpisodic 
extinction followed by random re-population predicts an 
extinction pattern closer to the observed record but still falls 
short of being mathematically plausible. The extinction of 
once successful groups such as the trilobites is thus most 
reasonably exp!ained on the basis of bad genes rather than 
bad luck, at least in the present state of knowledge. If this 
conclusion holds, both the time homogeneous model ünd the 
episodic extinction model can be used to measure the 
selective disadvantage of groups such as trilobites. In the case 
of the time homogeneous model, mean duration of specics 
would have to have been 14 to 28 percent shorter for trilobites 
than for other marine invertebrates for the extinction of the 
group to be a mathematically plausible event. 

The foregoing assumes that our knowiedge of species 
diversities and average species durations in the geologic past 
is reasonably accurate. If either were an order of magnitude 
lower than we now think, the alternative models prcsented 
here would become viable. 

The conclusions reached in this paper apply only to 
consideration of the behavior of species as members of 
phylum and class groups. To say that stochastic models do 
not apply at one scale says little about their applicability at 
other scales. It may be, for example, that models based on 
non-selective extinction are appropriate and valid when 
applied to the behavior of genera within orders of a single 
biologic group (such as the analysis of Cenozoic marnmal 
genera by Raup and Marshall, 1980). In other words, 
evolution may be treated deterministically at some scales and 
probabilistically at other scales. 
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