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A B S T R A C T

Temporal patterns of origination and extinction are essential components of many paleontological studies, but it has
been difficult to obtain accurate rate estimates because the observed record of first and last appearances is distorted
by the incompleteness of the fossil record. Here I analyze observed first and last appearances of marine animal and
microfossil genera in a way that explicitly takes incompleteness and its variation into consideration. This approach
allows estimates of true rates of origination and extinction throughout the Phanerozoic. Substantial support is provided
for the proposition that most rate peaks in the raw data are real in the sense that they do not arise as a consequence
of temporal variability in the overall quality of the fossil record. Even though the existence of rate anomalies is
supported, their timing is nevertheless open to question in many cases. If one assumes that rates of origination and
extinction are constant through a given stratigraphic interval, then peaks in revised origination rates tend to be
displaced backward and extinction peaks forward relative to the peaks in the raw data. If, however, one assumes a
model of pulsed turnover, with true originations concentrated at lower interval boundaries and true extinctions
concentrated at upper interval boundaries, the apparent timing of extinction peaks is largely reliable at face value.
Thus, whereas rate anomalies may well be real, precisely when they occurred is a question that cannot be answered
definitively without independent support for a model of smooth versus pulsed rate variation. The pattern of extinction,
particularly the major events, is more faithfully represented in the fossil record than that of origination. There is a
tendency for the major extinction events to occur during stages in which the quality of the record is relatively high
and for recoveries from extinctions to occur when the record is less complete. These results imply that interpretations
of origination and extinction history that depend only on the existence of rate anomalies are fairly robust, whereas
interpretations of the timing of events and the temporal covariation between origination and extinction may require
substantial revision.

Origination and Extinction in Earth History

Quantitative analysis of the stratigraphic ranges of
fossil taxa has revealed striking patterns in the his-
tory of life on Earth, particularly during the Phan-
erozoic Eon. At the most overarching scale, there
has been a secular decline in the average rate of
appearance of new species, genera, and families and
in the disappearance of existing taxa since the Early
Cambrian (Raup and Sepkoski 1982; Van Valen
1984; Gilinsky and Bambach 1987). With respect
to the overall statistical relationship between orig-
ination and extinction, peak rates of first appear-
ance tend to lag peak rates of last appearance by
several million years (Kirchner and Weil 2000b).
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There is also evidence that changes in observed bio-
logical diversity are more strongly linked to ex-
tinction than origination during the Paleozoic era,
whereas origination plays a stronger role in diver-
sity variation during the Mesozoic and Cenozoic
eras (Foote 2000a). Numerous other examples
could be cited. What these cases have in common
is, first, that they reflect some of the largest-scale
features that one sees when studying the fossil rec-
ord and, second, that their explanations, which are
yet to be found, are potentially of great geological
and biological importance.

A third factor that these and many other studies
have in common is that, faute de mieux, they take
observed times of first and last appearance as rea-
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sonable approximations for true times of origina-
tion and extinction. We know, however, that this
approximation is suspect and that apparent rates of
taxonomic evolution are distorted by incomplete-
ness of the fossil record in general and by variable
completeness in particular. For example, if many
species become extinct at essentially the same
time, their last appearances will be smeared out
downsection. Thus, the apparent rate of extinction
will be spuriously high leading up to the true event
and spuriously low at the event itself. First ap-
pearances are likewise smeared forward in time.
Moreover, times when the quality of sampling is
unusually high tend to have spuriously high ap-
parent rates of origination and extinction and to be
flanked by intervals with spuriously low rates. A
converse effect is expected when sampling is un-
usually poor.

Although these and related problems have long
been recognized (Darwin [1859] 1964; Signor and
Lipps 1982; Koch 1991; MacLeod and Keller 1991),
some recent developments call for a comprehensive
reevaluation of origination and extinction rates.
Many analyses have been drawing biological in-
sight from the relationship between origination and
extinction patterns (Stanley 1990; Hallam 1991; Er-
win 1998; Foote 2000b; Kirchner and Weil 2000a,
2000b; Plotnick and Sepkoski 2001; Kirchner 2002),
but a number of empirical studies have cast doubt
on these results by suggesting that apparent taxo-
nomic rates are higher when there is more pre-
served sedimentary rock, just as one would expect
if temporal variation in rates were largely spurious
(Smith 2001; Peters and Foote 2002). Moreover,
modeling of sequence stratigraphy suggests that
spurious variation in patterns of first and last ap-
pearance may be quite common in general (Holland
1995, 2000; Holland and Patzkowsky 2002), and
particular events have been called into question on
these grounds (Smith et al. 2001). Finally, empirical
estimates of the amount of preserved sedimentary
rock have been combined with mathematical mod-
els that predict expected patterns of first and last
appearance from true rates of biotic turnover and
preservation (Peters and Foote 2002). This model-
ing shows that, in a broad statistical sense, the ap-
parent pattern of extinction in the marine realm
would look very much like the empirical record if
true taxonomic rates had in fact been constant dur-
ing the past half-billion years.

This last result admits at least two plausible in-
terpretations. First, the apparent variation in rates
may be largely an artifact of variation in the record.
Second, true extinction rates and the quality of the
record may share a latent cause. Distinguishing be-

tween these alternatives and understanding life’s
history on Earth more generally clearly require that
we obtain accurate estimates of origination and ex-
tinction rates. The goal of this article is to develop
such estimates, paying special attention to the re-
ality and timing of observed rate peaks. The ques-
tion of timing is addressed here at a relatively
coarse level; the goal is to identify the stratigraphic
interval or intervals, if any, during which rates were
elevated. As these intervals are on the order of a
few million years long, this work has nothing to
say about whether events such as the end-Paleozoic
extinction were spread out over some years510
(Bowring et al. 1998) or substantially longer (Met-
calfe et al. 2001; Mundil et al. 2001).

Recalibrating Taxonomic Rates

I have analyzed Sepkoski’s (1996, 2002) data on the
stratigraphic ranges of marine animal and micro-
fossil genera, using an approach (Foote 2001b) that
simultaneously estimates origination, extinction,
and preservation rates from recorded times of first
and last appearance. Detailed data on occurrences
within stratigraphic ranges are not yet available for
the entire Phanerozoic, so the approach of sampling
standardization (Alroy 1996, 1998) cannot yet be
applied at this scale. Moreover, making sampling
uniform, though it may alleviate problems that
stem from variable completeness, still leaves the
distorting effects of general incompleteness (Foote
2001b). The Phanerozoic was subdivided into 77
conventional stratigraphic intervals, mostly stages
and substages, with an average estimated duration
of 7.1 m.yr. on the basis of the time scale of Go-
lonka and Kiessling (2002), with modifications fol-
lowing Bowring and Erwin (1998). Stratigraphic ter-
minology follows Sepkoski. All told, I used 31,061
genera whose first and last appearances could be
adequately resolved. A summary of first and last
appearances is given in table 3, available on request
from the Data Depository of The Journal of Geol-
ogy. Results obtained with Sepkoski’s (1992)
family-level data are similar to those found with
genera and are therefore not presented here.

In brief, the approach used here starts with for-
ward modeling of the expected pattern of preserved
first and last appearances corresponding to a given
evolutionary model and a specified sequence of true
rates of origination, extinction, and preservation
(including sampling). It then uses numerical opti-
mization to find the best-fitting set of rates, that
is, the rates that predict a pattern of first and last
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appearances in maximal agreement with those ac-
tually observed in the fossil record.

This approach is similar to capture-recapture
methods that have been adopted from population
biology and applied to paleontological data with the
express purpose of taking incomplete sampling into
consideration (Nichols and Pollock 1983; Conroy
and Nichols 1984; Nichols et al. 1986; Niklas and
Tiffney 1994; Connolly and Miller 2001a, 2001b,
2002). The first occurrence of a taxon in the fossil
record is analogous to the initial capture and mark-
ing of the individual in an animal population, and
subsequent occurrences are analogous to subse-
quent encounters of marked individuals. Numer-
ous models and statistical procedures have been
developed to estimate rates of encounter (i.e., pres-
ervation and sampling when applied to paleonto-
logical data), birth or immigration (i.e., origination),
and death or emigration (i.e., extinction) (Brownie
et al. 1985; Burnham et al. 1987; Pollock et al. 1990;
Pradel 1996; Nichols et al. 2000). The various mod-
els make different assumptions about the structure
of populations and the nature of the data. Two
points are of particular importance for paleonto-
logical applications.

First, capture-recapture models typically assume
that there is the potential for multiple encounters
in the data, for example, in successive seasons or
years. Band-recovery models, however, assume that
an individual is banded and then encountered only
once subsequently, when it is killed (Brownie et al.
1985). The initial paleontological applications of
capture-recapture methods focused mainly on
band-recovery models, since large-scale taxonomic
compilations typically consist of only first and last
occurrences of fossil taxa (Nichols and Pollock
1983; Conroy and Nichols 1984; Nichols et al.
1986). More recently, capture-recapture models
with multiple encounters have been exploited to
estimate origination, extinction, and sampling
rates from intensively collected data consisting of
multiple occurrences within the stratigraphic
ranges of taxa (Connolly and Miller 2001a, 2001b,
2002). Such comprehensive data are not yet avail-
able for the entire Phanerozoic, however. Methods
that estimate origination, extinction, and sampling
rates from first and last occurrences are therefore
needed.

Second, the models used in capture-recapture
studies generally assume relatively brief time in-
tervals during which individuals are encountered,
separated by longer intervals during which birth,
death, and migration take place. As Nichols and
Pollock (1983) recognized, paleontological data
consisting of the numbers of first and last occur-

rences during a sequence of long stratigraphic in-
tervals violate this assumption. The importance of
this violation can be assessed by experimenting
with different degrees of stratigraphic resolution
(Connolly and Miller 2001b). Alternatively, one can
develop models that explicitly account for the ex-
tensive origination and extinction that take place
within time intervals. This is the approach adopted
herein.

Details of Method

The method assumes that each operational strati-
graphic interval, such as the stage, is characterized
by its own rate of origination, extinction, and pres-
ervation. These rates are free to vary from stage to
stage, but all taxa within a stage are assumed to be
governed by the same rates. Observed data are cast
in the form of a first-last appearance matrix X,
where is the number of genera with first ap-Xij

pearance in stage i and last appearance in stage j.
The observed forward survivorship frequency, ,Frij

is defined as the proportion of genera first appearing
in stage i that have last appearance in stage j, i.e.,

XijF p .rij n� Xikkpi

Similarly, the observed backward survivorship fre-
quency, , is the proportion of genera last ap-FRij

pearing in stage j that have first appearance in stage
i, i.e.,

XijF p .Rij j� Xkjkp1

Evolutionary Models. Two end-member models
of taxonomic turnover were considered. The con-
tinuous turnover model assumes that per capita
rates of origination and extinction are constant
throughout a given stratigraphic interval. The
pulsed turnover model, by contrast, assumes that
all turnover occurs at interval boundaries, with
originations clustered at the beginning of an inter-
val and extinctions clustered at the end. The rel-
ative merits of these models will be touched on
later, but it can fairly be said that neither model is
known to hold more generally than the other. Hy-
brid models (continuous origination with pulsed
extinction and vice versa) yield rate estimates
nearly identical to those obtained using end-
member models (results not presented). A model in
which turnover is pulsed but there are numerous
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pulses within a single interval (Raup 1991) is es-
sentially the same as the continuous turnover
model.

The different models of turnover have important
implications for preservation. If extinctions are
spread throughout a stage, genera that truly become
extinct during a given stage span less of that stage
than they would if they all persisted to its end. It
is therefore easier for a genus to escape preservation
during its stage of true extinction under the con-
tinuous turnover model than under the pulsed
turnover model; in other words, it is easier for a
true extinction in a given stage to be represented
as a last appearance in the previous stage. Similar
reasoning holds for origination.

There is yet another layer to this interplay be-
tween assumed evolutionary model and implied
pattern of preservation. To attribute a large pro-
portion of last appearances in a given stage to a true
extinction event in that stage requires better sam-
pling and/or a higher true extinction rate within
that stage if one assumes constant as opposed to
pulsed extinction. This again is because genera that
become extinct during a particular stage span less
of that stage in reality if extinction is constant
through the stage than if it is concentrated at the
end.

Forward and Backward Survivorship Probabilities.
Because the goal is to infer rates from an incom-
plete fossil record, the probabilities of interest con-
cern preserved patterns of first and last appearance
rather than true times of origination and extinc-
tion. For simplicity, I will refer to these as survi-
vorship probabilities.

The model in which origination and extinction
rate are assumed constant within a time interval
has already been considered (Foote 2001b). In ad-
dition to generalizing the survivorship probabilities
to allow for rates that are constant, pulsed, or
mixed, this section simplifies the previous expres-
sion for the proportion of taxa confined to their
interval of first or last appearance. Here, pulsed
origination is assumed to be concentrated at the
beginning of the time interval. Thus, all taxa that
truly exist during a specified interval, whether they
originate during that interval or carry over from the
prior interval, are necessarily extant at the start.
This is the case whether extinction is assumed to
be continuous or pulsed. Likewise, pulsed extinc-
tion is assumed to be concentrated at the end of
the interval, with the effect that, regardless of the
origination model, any taxon that exists during an
interval is extant at the end of that interval.

is the forward survivorship probability, i.e.,Prij

the probability that a taxon will have last appear-

ance in interval j, given that its first appearance is
in interval i; is the analogous backward survi-PRij

vorship probability. For a given interval of time, let
, , , and be the observed numbers ofX X X XbL Ft FL bt

taxa, respectively, that cross the bottom boundary
and last appear within the interval, that first appear
within the interval and cross its top boundary, that
have both first and last appearance during the in-
terval, and that range through the interval, crossing
both the bottom and top boundaries. , , ,N N NbL Ft FL

and are the corresponding true numbers of taxaNbt

(Foote 2000a).
Although a more complicated derivation was pre-

sented previously (Foote 2001b), , the probabilityPrii

of being a single-interval taxon, given first appear-
ance in interval i, can be expressed simply as the
number of singletons divided by the total num-
ber of first appearances, . Similarly,X /(X � X )FL Ft FL

. The expressions for the X val-P p X /(X � X )Rjj FL bL FL

ues depend on the true numbers and so forthNbL

and on the probabilities of preservation before, dur-
ing, and after the interval in question. is the prob-PB

ability of preservation sometime before an interval,
given that a taxon is extant at the start of the in-
terval. is the probability of preservation some-PA

time after an interval, given that a taxon is extant
at the end of the interval. , , , andP P PDFbL DFFt DFFL

are the probabilities of preservation during thePDFbt

interval, given that the taxon truly belongs in the
category , , , or , respectively. WhenN N N NbL Ft FL bt

necessary to distinguish values for particular in-
tervals, these quantities are denoted in the manner
of for interval i and so on. The origination,P (i)B

extinction, and preservation rates for interval i are
denoted , , and , and the intervals are numberedp q ri i i

from to , where n is the number ofi p 1 i p n
intervals.

Under the assumption of continuous turnover
within a stage, p and q are per capita rates per taxon
per stage (Foote 2000a). Rates are expressed per
stage rather than per millions of years in order to
facilitate comparison between the continuous and
pulsed models; for calculations to be dimensionally
correct, there is a unit time term implied. Under
the assumption of pulsed turnover, p is the factor
by which the starting diversity (equal toN N �b bL

) needs to be multiplied to yield the total numberNbt

of new lineages in the interval. Thus, the total di-
versity for an interval is equal to the starting di-
versity multiplied by . Because diversity can1 � p
more than double, p is not strictly a probability per
starting taxon. Under the pulsed-extinction model,
q is the probability that a taxon extant during the
interval will become extinct during the interval.
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As previously discussed (Foote 2000a), the X values
for a given interval are determined as follows:

X p N P P � N P P (1 � P ), (1)bL bL B DFbL bt B DFbt A

X p N P P � N P P (1 � P ), (2)Ft Ft A DFFt bt A DFbt B

X p N P � N (1 � P )P (3)FL FL DFFL bL B DFbL

� N (1 � P )P � N (1 � P )P (1 � P ),Ft A DFFt bt B DFbt A

X p N P P . (4)bt bt B A

The relevant expressions under the different mod-
els are presented, with explanatory notes, in table
1.

Once the expression for is in hand, deter-Prii

mining the remaining forward survivorship prob-
abilities rests on the fact that the probability of
truly surviving to the end of an interval, if extant
at the start, is equal to if extinction is contin-�qe
uous and to if extinction is pulsed. Thus, the1 � q
corresponding probabilities of becoming extinct
during the interval are equal to and q. Sim-�q1 � e
ilarly, starting with , the remaining backwardPRjj

survivorship probabilities use the fact that the
probability of being extant at the start of an inter-
val, if extant at the end, is equal to if origination�pe
is continuous and to if origination is1/(1 � p)
pulsed. The corresponding probabilities of origi-
nation are therefore and . To have�p1 � e p/(1 � p)
a last appearance in interval j, given first appear-
ance in interval i ( ), a taxon must survive atj 1 i
least to the end of interval ; the probability ofj � 1
surviving at least this long is equal to for

j�1
�S qkkpi�1e

continuous extinction and to forj�1� (1 � q )kkpi�1

pulsed extinction. To appear last in interval j, either
the taxon can become extinct in j and be pre-
served therein, with probability or�qj(1 � e )P (j)DFbL

, or it can survive to the end of j, be pre-q P (j)j DFbL

served therein, and not be preserved there-
after, with probability or�qj(e )P (j)[1 � P (j)] (1 �DFbt A

. Thus,q )P (j)[1 � P (j)]j DFbt A

P prij

j�1
�S q �q �qk j jkpi�1[(1 � P )e ]{(1 � e )P (j) � e P (j)[1 � P (j)]}rii DFbL DFbt A ,

P (i)A

(5a)

or

P prij

j�1(1 � P )[� (1 � q )]{q P (j) � (1 � q )P [1 � P (j)]}rii k j DFbL j DFbt Akpi�1
,

P (i)A

(5b)

depending on whether extinction is continuous or
pulsed. The division by is necessary to con-P (i)A

dition the probability on the taxon’s occurring
sometime after interval i.

The same reasoning leads to the following ex-
pressions for backward survivorship:

P pRij

j�1
�S p �p �pk i ikpi�1[(1 � P )e ]{(1 � e )P (i) � e P (i)[1 � P (i)]}Rjj DFFt DFbt B ,

P (j)B

(6a)

or

P pRij

j�1(1 � P )[� 1/(1� p )]{p /(1 � p )P (i) � 1/(1� p )P (i)[1� P (i)]}Rjj k i i DFFt i DFbt Bkpi�1
,

P (j)B

(6b)

for continuous and pulsed origination, respectively.
Optimization Procedure. The best-fitting rates

are found by numerically minimizing the sum of
log deviations between and and betweenF Prij rij

and , weighted by the corresponding observedF PRij Rij

number of genera:

n n n jP Prij RijX ln � X ln .�� ��ij ijF F F F( ) ( )F Fip1 jpi jp1 ip1rij Rij

This approach assigns equal weight to each genus.
All told, 230 parameters are estimated from the
data: namely, origination, extinction, and preser-
vation rates for each of 76 pre-Holocene time in-
tervals, plus initial and final preservation proba-
bilities and . All parameters are estimatedP (1) P (n)B A

simultaneously; thus, each parameter takes on a
fixed value for a given stage and must satisfy con-
straints of both forward and backward survivorship.

As described previously (Foote 2001b), the
method of simulated annealing (Press et al. 1992)
is used to explore the parameter space without be-
coming trapped on local optima. For a given set of
first and last occurrences, there are innumerable



Table 1. Expressions Used to Calculate Survivorship Probabilities

Quantity/model Expression

:Nbt

••C �qN eb

•P N (1 � q)b

:NbL

•C �qN (1 � e )b

•P N qb

:NFt

CC p�q �qN e (1 � e )b

PP N p(1 � q)b

CP p �pN e (1 � q)(1 � e )b

PC �qN peb

:NFL

CCa if ,�qN (e � p � 1) p p qb

if
(p�q) �qqe � (p � q)e � p

N p ( qb p � q

PP N pqb

CP pN q(e � 1)b

PC �qN p(1 � e )b

:P (i)A

•C n
k k�1 n n�S q �q �S r �S q �S rm k m k kmpi�1 mpi�1 kpi�1 kpi�1� e (1 � e ) 1 � e [1 � P (k)] � e 1 � e [1 � P (n)][( ) ]{ ( ) } ( ){ ( ) }( )DFbL A

kpi�1

•P n k n
k�1 n�S r �S rm kmpi�1 kpi�1� � 1 � q (q ) 1 � e [1 � P (k)] � � (1 � q ) 1 � e [1 � P (n)]{ ( ) } { ( ) }( )m k DFbL k A( ) [ ]kpi�1 mpi�1 kpi�1

:P (i)B

C• i�1 i�1 i�1 i�1 i�1
�S p �p �S r �S p �S rm k m k kmpk mpk�1 kp1 kp1� e (1 � e ) 1 � e [1 � P (k)] � e 1 � e [1 � P (1)][( ) ]{ ( ) } ( ){ ( ) }( )DFFt B

kp1

P•
i�1 i�1 i�1i�1 i�11 p 1k �S r �S rm kmpk�1 kp1� � 1 � e [1 � P (k)] � � 1 � e [1 � P (1)]{ ( ) } { ( ) }DFFt B( )( ) ( )( )kp1 mpk kp11 � p 1 � p 1 � pm k k

:PDFbt

•• �re
:PDFbL

•Cb �(q�r) �q[r � qe ]/(q � r) � e
�q1 � e

•P �re
:PDFFt

C•c �(p�r) �p[r � pe ]/(p � r) � e
�p1 � e

P• �re
:PDFFL

CCd

if ,
�p �(p�r)N p r 1 � e p[1 � e ]b � � p p q2{ }N p � r p (p � r)FL

if
(p�q) �(q�r) (p�r)N pr[e � 1] pqe [e � 1]b �q p� � e (e � 1) p ( q{ }N (q � r)(p � q) (p � r)(q � r)FL

PP �re

CPe p �rr(e � 1) � p(e � 1)
pp(r � p)(e � 1)

PCf q �rr(e � 1) � q(e � 1)
qq(r � q)(e � 1)

Note. In the two-character code for model, the first character denotes origination and the second extinction; ,C p continuous
. A bullet means the expression applies to either model for the corresponding process. Nb is the true standing diversityP p pulsed

at the start of the interval; because all relevant numbers scale to Nb, this can be arbitrarily set to unity.
a Foote 2000a, eqq. (6b) and (6c).
b Foote 2000a, eq. (27b).
c Foote 2000a, eq. (28b).
d Foote 2000a, eqq. (29b) and (29c).
e Let z represent time within an interval of duration t, where and are the beginning and end of the interval, respectively.z p 0 z p t
By assumption, there is no extinction until the end of the interval. Thus, the density of origination at time z is equal to pz pte /(e �

(cf. Foote 2001a, eq. [3]). Because all lineages originating within the interval extend to the end, the probability of preservation,1)
given origin at z and extinction at t, is equal to . It is necessary to integrate the density of origination times the probability�r(t�z)1 � e
of preservation over all values of z. Thus, , which is equal to the expression in the table once ttpt pz �r(t�z)P p [1/(e � 1)] e [1 � e ]dz∫0DFFL

is set to unity.
f Derived as in the foregoing footnote, with origination and extinction reversed.
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solutions that fit essentially equally well. When
multiple solutions are inspected, the log deviation
varies within narrow bounds, having a standard de-
viation typically around 1% of the mean value.
Thus, the search procedure is unlikely to be settling
for local optima that are far from the global opti-
mum. This result, which is analogous to the ex-
istence of the numerous, equal-length evolutionary
trees that commonly result from a phylogenetic
analysis, does not represent a flaw in the method
but rather reflects the fact that alternative param-
eter sets really are indistinguishably good at ex-
plaining the observed data. The reasonable fit be-
tween model and data supports this interpretation.

In addition to the uncertainty in parameter es-
timates associated with the optimization proce-
dure, there is variance in the data that must be
taken into consideration. This is done by bootstrap
resampling, where the fundamental sampling unit
is the stratigraphic range of a genus. The optimi-
zation is performed 100 times, each time with a
different bootstrap sample. The mean parameter
values from these optimizations are considered the
best-fit rate estimates, and the standard deviation
around each mean measures the uncertainty in the
corresponding rate estimate. The optimization al-
gorithm must be “tuned” for a given problem (Press
et al. 1992). This was done in such a way that fur-
ther varying the relevant variables of the algorithm,
with a consequent increase in computational effort,
yielded a negligible (!1%) decrease in the mean log
deviation and in the standard deviation about this
mean.

In a previous application of this approach (Foote
2001b), I minimized the quantity

n n n jP Prij Rijln � ln ,�� ��F F F F( ) ( )F Fip1 jpi jp1 ip1rij Rij

a procedure that gives equal weight to each nonzero
value of and rather than to each genus. WithF Frij Rij

simulated data that conform to the assumed evo-
lutionary model, both procedures yield accurate pa-
rameter estimates (results not presented). There are
two potential advantages of the procedure em-
ployed here, however. First, there is a theoretical
expectation (Kendall 1948; Raup 1978) that older
genera should have a lower probability of extinc-
tion than younger genera at any given time, and
there is also empirical evidence in support of this
expectation (Raup 1978; Foote 2001a; but see Van
Valen 1994 for a contrary interpretation). Similar
age dependencies may also exist for origination

rates (Foote 2001a). The optimization procedure
that gives equal weight to each value of andFrij

will in essence be forced to compromise be-FRij

tween estimating higher rates for younger genera
and lower rates for older genera. The approach
adopted here lets genera of a given age contribute
to the solution in proportion to their actual num-
bers, thereby reducing the difficulties posed by the
heterogeneity in the data. Second, and conse-
quently, this procedure yields parameter estimates
with smaller uncertainties. Nevertheless, for the
data analyzed here, parameter estimates are gen-
erally similar with either procedure (results not pre-
sented). Thus, although the weighting protocol
adopted here is preferable, the conclusions drawn
in this article do not hinge on this protocol.

Taxonomic Rates for Phanerozoic Marine Genera

Raw Data. Figures 1 and 2 show rates of appar-
ent origination and extinction, assuming that first
and last appearances are equivalent to originations
and extinctions. The origination and extinction
profiles show many familiar features, such as a sec-
ular decline (Raup and Sepkoski 1982; Van Valen
1984; Gilinsky and Bambach 1987) and numerous
peaks superimposed on background levels (Sep-
koski 1986, 1996, 1997, 1998). Some variation in
rates can be attributed to stage length (Foote 1994,
2000a), but the temporal patterns of figures 1 and
2 are largely the same if rates are expressed as per
m.yr. rather than per stage (results not presented).

Revised Turnover Rates. Revised rates of origi-
nation and extinction (figs. 3, 4) are not constant
over the Phanerozoic; evidently, many peaks can-
not be dismissed as artifacts of variability in the
quality of the fossil record. This immediately sug-
gests that the agreement between observed extinc-
tion rates and those expected on the basis of vari-
ability in the record (Peters and Foote 2002) may
reflect a common latent cause affecting true ex-
tinction rates and the stratigraphic record, rather
than a direct influence of stratigraphic variation on
apparent rates of extinction. Because major turn-
over events are not simply times of apparent orig-
ination and extinction but often mark substantial
qualitative changes in faunal composition (Sep-
koski 1981, 1984; Droser et al. 2000), it is perhaps
not surprising that apparent rate peaks seem to be
robust.

Preservation Rates. As discussed above, the con-
tinuous turnover model is expected to yield higher
estimates of preservation rate than the pulsed
model for intervals with high origination or ex-
tinction rates. This expectation is largely borne out
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Figure 1. Observed per capita rates of origination and extinction for 31,061 genera of marine animals and animal-
like protists, assuming the model of continuous turnover within intervals. These rates are based on data taken at
face value, i.e., assuming first and last appearances represent origination and extinction events. Origination and
extinction rates are calculated as and (Foote 2000a). Error bars show �1 SE� ln [X /(X � X )] � ln [X /(X � X )]bt Ft bt bt bL bt

on the basis of bootstrap resampling of genus ranges. Because of edge effects, only Tommotian through Pliocene points
are plotted in this and subsequent figures.

(fig. 5). Otherwise, the two models yield preserva-
tion rates that tend to agree fairly well. Since the
two sets of solutions use the same data, this may
not be surprising. What is striking, however, is that
the preservation rates estimated from taxonomic
survivorship data also bear many similarities in
temporal pattern to those calibrated from recent
estimates of the amount of preserved sedimentary
rock (number of marine formations; Peters and
Foote 2002), shown as the dashed line in figure 5.
The fair correspondence between preservation es-
timates that derive from completely different kinds
of analysis applied to independent data of a fun-
damentally different nature lends further support
to this approach of estimating preservation rates

from first and last appearances alone. Among the
most conspicuous discordances between the two
sets of preservation rates, bearing in mind that the
ordinate in figure 5 is logarithmic, is the fact that
the sediment-based estimate is substantially lower
for much of the Mesozoic and higher for the Upper
Carboniferous. The first discrepancy largely re-
flects the fact that this particular data set on sed-
imentary rock is dominated by North America,
which has a relatively poor Triassic and Jurassic
record (Peters and Foote 2001, 2002), and the second
discrepancy results in part from the large number
of relatively thin formations that have been de-
scribed for cyclothemic deposits (Peters and Foote
2001).
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Figure 2. Observed rates of origination and extinction on the basis of the pulsed turnover model, with all originations
and extinctions assumed to occur at stage beginnings and ends, respectively. Origination rate is equal to number of
new genera in interval divided by number at start of interval, i.e., . Extinction rate is equal to(X � X )/(X � X )FL Ft bL bt

number of genera last appearing in interval divided by total interval diversity, i.e., .(X � X )/(X � X � X � X )FL bL FL bL Ft bt

Compare with figure 1. As with figure 1, first and last appearances are accepted as proxies for origination and extinction
events.

Raw versus Revised Rates. Perhaps the most
striking difference between the revised rates ob-
tained with the continuous and pulsed models is
exactly what one would expect in light of the in-
terplay between evolutionary models and their im-
plicit assumptions about preservation. Origination
peaks often occur later in time and extinction peaks
earlier with the pulsed model than with the con-
tinuous model. In addition to this expected pattern,
there is also a distinct tendency for extinction
peaks to coincide with peaks in the raw data (fig.
4), although there are notable exceptions such as
the Late Devonian. Revised origination rates, by

contrast, agree less strongly with raw values than
do extinction rates.

The taxonomic rates estimated here are about
0.35 per genus per stage averaged over the Phaner-
ozoic (in other words, mean genus duration is about
three stages). Thus, the average stage length—and,
by necessity, the offset between raw and revised
rate peaks when these do not coincide—is on the
order of about one-third the mean genus duration.

In addition to displacements relative to peaks in
the raw data, the revised estimates under the con-
tinuous turnover model show a few instances in
which a single peak in the raw data corresponds to
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Figure 3. Revised taxonomic rates under continuous model, showing true origination and extinction rates that most
closely agree with pattern of observed first and last appearances. See figure 5 for corresponding preservation rates.
Error bars show �1 SE on the basis of 100 independent estimates, each using a different bootstrap sample of the
data. Dashed lines replicate apparent rates from figure 1. This solution shows many significant peaks, but these tend
not to correspond in time with the apparent peaks in the raw data.

two successive intervals with above-average rates
but with large error estimates on these rates. Peaks
in the raw data that follow this pattern include
apparent extinction in the Tatarian and Norian (fig.
3). In such cases, the existence of high rates is fairly
unambiguous, but their timing is uncertain.

Closer analysis of the results yields some insight
into the large uncertainty in rate estimates for
these pairs of neighboring stages. Figure 6 shows,
for selected pairs of stages, the rate estimates for
all solutions that were combined to produce figures
3 and 4. In the first two panels, the estimates are
negatively correlated. Thus, for example, a high ex-
tinction peak in the Norian can be made to fit the
observed data about as well as an extinction peak
in the Hettangian, but a postulated time series with

anomalies in both stages would require interme-
diate values for these rates. A solution with a peak
in neither stage would also conflict seriously with
the data. A different situation holds for extinction
in the Emsian and Eifelian under the pulsed model.
Here high extinction-rate estimates with small un-
certainties (fig. 4) imply that all viable solutions
include high rates for both intervals. It is not clear
why adjacent stages with elevated but highly un-
certain rates are confined to the solutions involving
the continuous rate model. One possibility is that
turnover is truly pulsed. If most extinctions oc-
curred at the boundaries between stages, then, un-
der the continuous turnover model, it would be
arbitrary to assign these events to one stage or the
other.
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Figure 4. Revised taxonomic rates, assuming pulsed turnover model. Compare with figures 2 and 3. Dashed lines
replicate apparent rates from figure 2. Extinction peaks tend to coincide with peaks in the raw data.

Constraining Preservation Rates. It should be pos-
sible to obtain more tightly constrained estimates
of origination and extinction rates if accurate pres-
ervation rates can be specified (Connolly and Miller
2001b; Foote 2001a), but these estimates will tend
to be biased to the extent that the specified pres-
ervation rates are incorrect. Figures 7 and 8 show
taxonomic rate estimates obtained by forcing pres-
ervation rates to take on values calibrated from the
amount of preserved sedimentary rock (fig. 5; Peters
and Foote 2002). Just like the model of Peters and
Foote (2002), these analyses assume that preser-
vation probability per stage is equal to 1 � (1 �

, where F is the number of formations and theFP)
constant P is the probability of recovery per genus
per formation. Rather than assuming a value of P,
however, it was treated as a free parameter to be
fitted by the optimization procedure. The values
obtained, for the continuousP p 0.0123 � 0.00053

turnover model and for theP p 0.0130 � 0.00063
pulsed model, are similar to the value of P p

used by Peters and Foote (2002).0.01
The taxonomic rates estimated via constrained

preservation rates agree in many respects with the
unconstrained estimates (figs. 7, 8). As stated
above, however, the preservational constraint is far
from ideal. Of course, the more complex model
(with unconstrained preservation) must fit the data
better than the simpler model (with constrained
preservation), but is the improvement in fit suffi-
cient to warrant the 75 additional parameters that
must be estimated? A standard approach to ad-
dressing this question is to compute, for each
model, Akaike’s (1973) information criterion (AIC),
which essentially weighs the complexity of the
model against its explanatory power (Burnham and
Anderson 1998; Connolly and Miller 2001a, 2001b,
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Figure 5. Estimated preservation probabilities per genus per interval. Also shown as the dashed line is an independent
estimate based on a tabulation of the amount of preserved marine sedimentary rock (Peters and Foote 2002). Cambrian
values are poorly constrained (Peters and Foote 2002) and are therefore omitted. Estimated rates from the two op-
timizations show many similarities with each other and with this independent empirical estimate. This rock-based
estimate was obtained by tabulating a sample of marine sedimentary formations and assigning them to stages. If F
is the number of formations in a stage and P is the assumed probability of recovery per genus per formation, then
the probability of preservation per genus per stage R is equal to . For this analysis, P was set to 0.013 (seeF1 � (1 � P)
text) and assumed constant. Because R scales monotonically to F, however, the particular value of P is not very
important for the temporal pattern in R, although it does set the average level of the dashed curve. There is a nonlinear
relationship between per capita preservation rate and preservation probability; if r is the rate of preservation in terms
of occurrences per genus per stage, and if R is the probability that a genus ranging through an entire stage will be
preserved at least once in that stage, then . Thus, if r is so high that R is near unity, r is free to vary over�rR p 1 � e
a wide range of values without affecting R. For this reason, preservation is expressed here as the probability R rather
than the per capita rate r.

2002). To employ this approach, one first requires
maximum-likelihood estimators of the parameters
under each model. These were obtained by modi-
fying the optimization procedure to maximize the
log-likelihood or support function

n n n j

S p X ln (P ) � X ln (P ).�� ��ij rij ij Rij
ip1 jpi jp1 ip1

I previously noted (Foote 2001b) that parameter es-
timates obtained by applying this approach to sim-
ulated data do not always agree with the true rates
used to generate the data, whereas minimizing log
deviations tends to result in accurate parameter es-
timates. Nevertheless, for the genus data analyzed
here, the parameter estimates obtained with the
two optimization criteria are in close agreement for
most stages, so it is probably reasonable to use the
maximum-likelihood solution to compare alter-
native models. For each model, the AIC is com-

puted as , where k is the number of pa-�2S � 2k
rameters estimated from the data. The model with
the smaller AIC value is generally preferred on
information-theoretic grounds. For the continuous
turnover solutions, averaged over 100 optimiza-
tions, the more complex preservational model has
an AIC of , and the model with con-162,000 � 910
strained preservation rates fares worse, with an AIC
of . For the pulsed turnover solu-165,000 � 980
tions, the corresponding numbers are 161,000 �

and . The models with con-1100 163,000 � 1100
strained preservation yield higher AIC values, from
which we can infer that the empirical preservation
constraints are generally not adequate to explain
the data. This result should not be surprising in
light of the deficiencies noted above, especially
with respect to the data on Mesozoic sediments.
Other standard information criteria that explicitly
take sample size into consideration—namely, AICc

and CAIC (Anderson et al. 1994)—yield similar re-
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Figure 6. Revised rate estimates for selected pairs of
adjacent stages. Each point shows the estimate for a sin-
gle solution, of which there are 100. Cases with a strong
negative correlation indicate that data are consistent
with high rates in one stage or the other, but not both.
These correlated rate estimates help account for some
poorly resolved peaks in figure 2.

sults. If, following Peters and Foote (2002), pres-
ervation is empirically constrained and origination
and extinction are constrained to be constant
throughout the Phanerozoic so that only five pa-
rameters are estimated from the data, the AIC val-
ues are and for the177,000 � 1000 176,000 � 990
continuous and pulsed models. Even though the
model of constant taxonomic rates can predict sub-
stantial variation in the observed extinction record

(Peters and Foote 2002), the fully time-varying
model is preferable according to this test.

Summary. Rate peaks appear to be real regardless
of which evolutionary model is assumed and
whether preservation rates are fitted to the data or
constrained empirically. The inferred timing of
these peaks, however, depends in many cases on
whether taxonomic turnover within stages is as-
sumed to be continuous or pulsed.

Fidelity of the Fossil Record

Considering rates for all stages rather than just the
most conspicuous peaks, we can compare raw and
revised rates to gain a sense of how well we would
do to trust the data at face value. In order to factor
out secular trends and to emphasize short-term var-
iation, figure 9 portrays stage-to-stage changes (first
differences) in rates taken from the raw data and
in revised rates. Similar results (not presented) are
obtained if the data are detrended by analyzing re-
siduals of a locally weighted (LOWESS) smoothing
of the rate data as a function of time. Although both
the continuous and pulsed models yield rate esti-
mates that are positively correlated with the rates
tabulated from the raw data, most of these corre-
lations are weak, and the only correspondence that
inspires any confidence is that for extinction under
the pulsed model. The discordance between ob-
served and revised rates does not reflect a poor fit
between model and data, since the apparent rates
predicted by the solution are actually in fairly close
agreement with the apparent rates observed in the
fossil record (fig. 10).

Why should extinction have higher fidelity than
origination, especially under the pulsed turnover
model? Some insight into this question is gained if
we compare revised turnover rates with inferred
rates of preservation.

If we focus on the larger peaks in revised rates
and on the pulsed turnover model, in which the
difference in fidelity between origination and ex-
tinction is most striking and therefore most in need
of explanation, we see that origination and extinc-
tion events tend to covary with preservation in dif-
ferent ways (figs. 4, 5). Specifically, in those cases
in which an extinction excursion is followed by an
elevated origination rate, there is a general ten-
dency for preservation to decline from the extinc-
tion stage to the origination stage (table 2). Inspec-
tion of the excursions in the continuous rate
solution (not presented) shows the same tendency.
Because the estimated preservation rates reflect not
only the quality of the fossil record but also how
well it is sampled, the correlation between extinc-
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Figure 7. Revised rate estimates, assuming continuous model and constraining preservation rates to follow empirical
estimate based on sedimentary rock formations (see fig. 5). Because this rock tabulation is deficient for the Cambrian
(Peters and Foote 2002), only the Ordovician through Tertiary are shown. Dashed line shows unconstrained solution
from figure 3. Note overall similarity between constrained and unconstrained solutions.

tion and preservation could, in principle, reflect the
mere fact that intervals with known extinctions
tend to be sampled intensively. This possibility is
ruled out, however, by the fact that the same pat-
tern is seen if preservation rates are calibrated em-
pirically on the basis of the amount of preserved
sedimentary rock (fig. 5; table 2).

The correspondence between apparent biotic
turnover and factors such as transgression and re-
gression, which affect the completeness of the
stratigraphic record, has long been noted (Newell
1967; Holland 1995; MacLeod et al. 1997; Hallam
and Wignall 1999; Smith et al. 2001; Peters and
Foote 2002). Because the specter of artifact has of-
ten loomed over these discussions, it bears repeat-
ing that the results presented here do not rely on
the assumption that observed first and last occur-

rences are good proxies for true originations and
extinctions.

Discussion

I have not analyzed distinct components of the
data, such as taxonomic or ecologic groups. The
focus of this study has been on the modest but
necessary goal of constraining the magnitude and
timing of rates that stand above background, rather
than the kind of geographic and biologic dissection
that would permit further insight into mechanisms
of mass extinction and evolutionary radiation (Mil-
ler 1997a, 1998; Miller and Mao 1998), or the anal-
ysis of facies relationships that may affect real or
apparent patterns for particular biologic groups
(e.g., Erwin 1989; Sheehan and Coorough 1990; Ja-
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Figure 8. Revised rate estimates, assuming pulsed model and constraining preservation rates to follow empirical
estimate based on sedimentary rock formations (see fig. 5). Dashed line shows unconstrained solution from figure 4.
Note overall similarity between constrained and unconstrained solutions.

blonski and Raup 1995; MacLeod et al. 1997; Smith
and Jeffery 1998). The reason for these limitations
is largely practical. The analyses discussed herein
and the sensitivity analyses needed to support them
required more than 8500 h (1350 d) of CPU time
on 500-Mhz Pentium III processors. Thus, repeating
even a reasonable subset of these analyses for all
the major taxonomic groups would at this point be
prohibitive. Current developments in massively
parallel computing give hope that this limitation
will soon be overcome.

I have attempted to determine the true patterns
of origination and extinction most consistent with
observed data on first and last appearances. Of
course, the results are only as reliable as the data.
Limitations in global correlation will affect the
quality of data, but the stratigraphic binning in this
study is coarse enough that this is likely to be only

a minor problem for most intervals. Nevertheless,
it must be emphasized that the methods used can
only account for distortion caused by incomplete-
ness of the fossil record. They are still vulnerable
to variation in taxonomic practice, such as the ten-
dency to give different names to the same lineage
on either side of a well-known turnover event (For-
tey 1989; Smith 1994). To be effective, taxonomic
standardization must not focus solely on the pu-
tative interval of turnover (e.g., Jeffery 2001; Smith
et al. 2001) but must also encompass the longer
history of a group (e.g., Culver et al. 1987; Adrain
and Westrop 2000), so that the magnitude of the
event can be assessed relative to background levels
of turnover. Although cases of extensive pseudo-
origination and pseudoextinction have been docu-
mented, for example, in latest Cambrian trilobites
(Whittington 1954; Fortey 1983, 1989; Briggs et al.
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Figure 9. Comparison between observed and revised rates. To reduce effect of secular trends and to emphasize short-
term variation in rates, interval-to-interval changes (first differences) are compared. Spearman rank-order correlation
coefficients are given. Similar results hold for product-moment correlation coefficients.

1988; Edgecombe 1992), there are also events that
are known to reflect abundant lineage origination
and termination, for example, in Late Ordovician
trilobites (Briggs et al. 1988; Fortey 1989). On the
whole, the empirical role of taxonomic artifact in
determining patterns of origination and extinction
remains an important but open question.

Provided that observed peaks in first and last ap-
pearances are not attributable solely to mere name
changes, the revised rate estimates suggest that
these peaks reflect real origination and extinction
anomalies rather than artifacts of incomplete
preservation.

There is at least one additional bias, however,
which could in principle imply that this conclusion
is too optimistic. The approach to rate estimation
assumes that the probability of sampling is effec-
tively uniform within an interval of time. Some
support for this assumption comes from the fact

that different continents may share similar histo-
ries of sediment accumulation because of either
eustatic sea level variation (Vail et al. 1977) or cor-
related cratonic uplift and subsidence (Sloss 1976).
A factor that would lead one to question this as-
sumption, however, is that outcrop is nevertheless
patchily distributed geographically. If many en-
demic genera in reality persisted from one time in-
terval to the next but the outcrop were in different
places in successive intervals, it would appear ar-
tificially as if there were an extinction event fol-
lowed by an origination event. The method used
here would be tricked by this and would falsely
conclude that there had been real turnover.

To what extent are observed extinction and orig-
ination events artifacts of this combination of en-
demism and sparse geographic sampling? A com-
prehensive answer is not yet available, but at least
two extinction events can be identified in which
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Figure 10. Comparison between observed rates and rates predicted by filtering the best-fit estimates of origination
and extinction rates through the best-fit estimate of preservation rates, using equations (1)–(4). There is a close
agreement between model and data.

this mechanism is probably not responsible for the
large number of last appearances. Jablonski and
Raup (1995; fig. 3) found that apparent extinction
intensity of marine bivalve genera in the Maas-
trichtian declines with geographic range. This re-
sult in itself is consistent both with a biological
interpretation, namely, that more widespread gen-
era are more resistant to extinction, and with the
possibility that narrowly distributed genera have
artificially inflated extinction intensities because
they are less likely to be sampled after the extinc-
tion event. It is difficult to argue that the extinction
event is altogether an artifact, however, because the
apparent extinction intensity of the widespread
genera is substantially higher than the background
extinction intensity for the stages leading up to the
Maastrichtian (Jablonski and Raup 1995).

A new analysis of data on Ordovician marine in-
vertebrates leads to a similar conclusion. Genus-

level occurrences were downloaded from the Pa-
leobiology Database (http://www.paleodb.org), and
these were supplemented by data kindly supplied
by A. I. Miller (pers. comm., 2000). For the Llan-
virnian through Ashgillian, genus occurrences were
assigned to paleocontinents (see Miller and Mao
1995, 1998; Miller 1997a, 1997b). Genera were then
partitioned into those confined to a single paleo-
continent in the given time interval, those known
from two paleocontinents, and so on. The strati-
graphic ranges of genera in Sepkoski’s database
were used to calculate apparent extinction inten-
sity (i.e., not revised to take incompleteness into
account). Figure 11 compares the percent extinc-
tion per interval with geographic range. This ex-
tinction measure was used to facilitate comparison
with Jablonski and Raup’s (1995) results, but sim-
ilar results are obtained with the per capita extinc-
tion rate. There are two salient results in figure 11.
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Figure 11. Relationship between geographic range and
observed extinction intensity for Ordovician marine in-
vertebrates. Error bars show �1 SE on the basis of bi-
nomial sampling.

Table 2. Preservation Probability per Genus per Stage for Adjacent Stages

Extinction stage Fitted rate Empirical rate Origination stage Fitted rate Empirical rate

Ashgillian .50 � .085 .74 Llandoverian .39 � .059 .43
Frasnian .27 � .034 .46 Famennian .19 � .033 .35
Serpukhovian .28 � .065 .54 Bashkirian .18 � .029 .28
Stephanian .34 � .065 .58 Asselian .30 � .086 .42
Tatarian .24 � .080 .35 Induan .090 � .046 .052

Olenekian .081 � .023 .10
Noriana .31 � .030 .24 Hettangian .12 � .040 .039
Callovian .19 � .029 .24 Oxfordian .19 � .030 .12
Cenomanian .30 � .032 .41 Turonianb .26 � .051 .32

Coniacianb .13 � .036 .30
Maastrichtian .85 � .10 .64 Paleocene .95 � .070 .36

Eocene .57 � .055 .75

Note. Stages show extinction excursion followed by origination excursion, on the basis of pulsed turnover model. Shown for
comparison are empirical preservation probabilities constrained by amount of preserved sedimentary rock (see fig. 5).
a Includes Rhaetian.
b Turonian immediately follows Cenomanian, but elevated origination is in Coniacian.

First, apparent extinction intensity in all time in-
tervals is inversely correlated with geographic
range. Second, and more important for this discus-
sion, widespread Ashgillian genera have a rate of
disappearance that is generally higher than the rate
for geographically restricted genera earlier in the
Ordovician. It is therefore hard to maintain that
the high rate of extinction in the Ashgillian is an
artifact of endemism coupled with geographically
discontinuous sampling from the Ordovician into
the Silurian.

These analyses of geographic distribution are by
no means the last word on the subject, and I would
not want to stifle future discussion by asserting
that all sources of artifact have been ruled out. I
would submit, however, that the analyses pre-
sented in this article have subjected the fossil rec-
ord to a few rigorous tests and that it has passed
them insofar as observed rate anomalies seem not
to be explained away as artifacts. I keenly hope that
others will continue to propose and test mecha-
nisms that could cause the record to be distorted
not only in a general sense but also in particular
instances, especially in ways that would thwart the
methods used herein. In the meantime, there is
some reason to suppose that there really have been
profound origination and extinction peaks through-
out the Phanerozoic.

True rates of taxonomic turnover appear to be
nonrandomly associated with the quality of the fos-
sil record, presumably via a common latent cause
(Peters and Foote 2002). The greater fidelity of ex-
tinction versus origination (figs. 1–4; table 2) sug-
gests that the larger extinction events occur just as
the record is starting to decline in quality, either
shortly before or coincident with major regressions
(see Hallam and Wignall 1999; Smith et al. 2001).
This correlation with sea-level variation seems to

hold for extinction in the Ashgillian, Tatarian, No-
rian, and Maastrichtian, for example (Holland and
Patzkowsky 1996; de Graciansky et al. 1998, chart
1; Jacquin and de Graciansky 1998; Hallam and
Wignall 1999). Biological recovery in the wake of
extinction events, by contrast, occurs when the rec-
ord is relatively poor, in some cases evidently be-
cause of relatively low sea level. Examples include
the Llandoverian, Late Devonian, Early Triassic,
and Hettangian (Hallam 1994; Ross and Ross 1996;
de Graciansky et al. 1998, chart 1; Jacquin and de
Graciansky 1998; Hallam and Wignall 1999). Smith
et al. (2001) pointed out that there is no widely
accepted, general mechanism to link sea-level var-
iation with biotic turnover at a global scale, and
they suggested that the apparent correlation be-
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tween extinction and sea-level change may be more
artificial than real (see also Smith 2001). Although
the results presented here do not identify origina-
tion or extinction mechanisms, they do imply that
the correlation is real rather than artificial in a
number of cases. The precise nature of the joint
controls on evolution and stratigraphy clearly de-
serves further attention (Holland 1995; Patzkowsky
and Holland 1996).

In light of the revised rate estimates obtained
under the continuous versus pulsed models, it is
evident that assessing the fidelity of the fossil rec-
ord of origination and extinction is largely, albeit
not entirely, a matter of determining whether true
taxonomic rates within stages are closer to one
model or the other. If originations and extinctions
are spread throughout stages, then observed first
and last appearances at the stage level are mislead-
ing and a number of true rate peaks are likely to
have occurred one stage before or after that in
which they appear in the raw data. If rates are
highly pulsed, by contrast, with turnover concen-
trated at stage boundaries, then a fair number of
extinction peaks—but to a much lesser extent orig-
ination peaks—may be faithful essentially at face
value.

Abundant, among-stage variation in turnover
rates (Raup 1991) is equally consistent with con-
tinuous or pulsed variation within the stage. De-
termining whether the pulsed or smooth model of
rate variation is more appropriate will therefore ul-
timately require data on taxonomic occurrences at
a much finer scale of stratigraphic resolution than
that which is used here (e.g., Hallam 1986; Jablon-
ski 1986; Kauffman and Harries 1996; Smith et al.
2001; House 2002). The biostratigraphic literature
is replete with high-resolution data on taxonomic
occurrences. It is therefore reasonable to suppose
that addressing the question of continuous versus
pulsed turnover may be more a matter of compiling
existing data at a large scale (Alroy et al. 2001) and
analyzing them appropriately rather than collecting
new data. Of course, raw patterns of first and last
appearance in fine-scale stratigraphic occurrence
data, especially if biased by factors that particularly
affect single sections or regions (Holland 1995), will
not by themselves answer the question of contin-
uous versus pulsed turnover. Such patterns must
be analyzed in a way that takes incompleteness
into consideration (Kemple et al. 1995; Cooper et
al. 2001). Unfortunately, this has generally not been
done. I would offer a few general observations and
recommendations.

1. One important approach to testing whether
clusters of first and last appearances provide sup-

port for the pulsed turnover model is to determine
whether they occur at times when they would not
be predicted as artifacts, for example, within high-
stands as opposed to flooding surfaces or sequence
boundaries. Holland (1995) applied this strategy to
Upper Ordovician sections in the Cincinnati Arch
to distinguish those turnover pulses that are likely
to be real from those that may be artificial. Smith
et al. (2001) also studied last appearances in a
sequence-stratigraphic context, arguing that an ap-
parent extinction excursion in the Cenomanian oc-
curs precisely where one would expect it as an
artifact.

2. Confidence limits on stratigraphic ranges rep-
resent another approach with which to assess turn-
over models. For example, on the basis of oc-
currences leading up to the Cretaceous/Tertiary
boundary at Zumaya, Spain, and related localities,
Marshall and Ward (1996) found that true extinc-
tions for a subset of Maastrichtian ammonoids
were likely to be clustered. A similar analysis by
Raup (1989) suggested a mixture of gradual extinc-
tion leading up to the K/T boundary and a final
pulse at the boundary. Because these analyses as-
sume uniform preservation not only throughout
the Maastrichtian but also into the Paleocene, the
survival of lineages into the Tertiary cannot be
ruled out if there is in reality a change in preser-
vation potential around the K/T (MacLeod et al.
1997). Nevertheless, the hypothesis of a constant,
elevated extinction rate throughout the late Maas-
trichtian is not supported. Similar analyses argue
against gradual extinction in the Late Permian (Jin
et al. 2000). To be maximally useful, calculation of
confidence limits to determine whether true turn-
over is pulsed should avoid the assumption of uni-
form preservation probability. This step has not
generally been taken, but it can be effected, for ex-
ample, by constraining preservation on the basis of
knowledge of sequence stratigraphy or density of
sampling (Marshall 1997; Connolly and Miller
2001a).

3. As discussed above, the pattern of extinction
in the stage following the cluster of last appear-
ances (and that of origination in the stage preceding
a cluster of first appearances) must be constrained
in addition to the pattern in the stage of apparent
turnover. To determine whether there was a true
extinction peak in the Tatarian, for example, we
need to know not only whether extinction follows
the pulsed model in the Late Permian but also
whether it does so in the Early Triassic. This re-
quirement has been all but overlooked in origina-
tion and extinction studies.

4. Fine-scale analysis of first appearances de-
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serves the same attention that has been paid to last
appearances. With a few exceptions (Holland 1995;
Kemple et al. 1995; Cooper et al. 2001), the extent
to which origination is pulsed in reality, not just
as it appears from first appearances, has been
largely ignored.

Some insight into continuous versus pulsed mod-
els should, in principle, be gained by using the
methods of this article to analyze data at the sub-
stage level of resolution. The pulsed model predicts
that peaks evident at the stage level should tend to
be resolved as single peaks at the substage level.
Unfortunately, the data are sparse at this level.
Only about 60% of the genera resolved to the stage
level are also resolved to the substage level, and the
substantially smaller number of first and last ap-
pearances is spread out over about twice the num-
ber of intervals.

Substage-level data were analyzed with a focus
on the stages that flank five system boundaries
with unusually high turnover (Ordovician/Silurian,
Devonian/Carboniferous, Permian/Triassic, Trias-
sic/Jurassic, and Cretaceous/Tertiary). The results
(not presented here) are not entirely conclusive.
Some events evident at the stage level are nearly
confined to single substages, for example, extinc-
tion in the upper Ashgillian, upper Norian, and up-
per Maastrichtian. Others may reflect elevated
rates in more than one substage. For example, un-
der the pulsed model there is a single origination
peak in the middle Llandoverian, while the contin-
uous model yields subequal peaks in the lower and
upper Llandoverian, and the continuous model
yields a single Famennian peak in the upper part
of this stage, while the pulsed model yields sub-
equal rates in the middle and upper parts.

As time intervals become shorter, the continuous
and pulsed models should, in principle, agree more
closely, because more taxa will span the entire in-
terval and because the difference between the mod-
els in the relevant quantities that dictate apparent
survivorship (table 1) decreases as the rate per in-
terval decreases. Substage-level rate estimates do
indeed allow some discrepancies between the two
models to be resolved. For example, at the stage
level, the continuous model yields high origination
estimates in the Induan and Paleocene, whereas the
pulsed model yields peaks in the Olenekian and
Eocene. At the substage level, both models yield
peaks in the lower Olenekian, the lower Paleocene,
and the lower Eocene.

For a wide range of questions, it is the reality of
rate peaks rather than their exact placement that
matters. Examples include the nature of selectivity
and whether extinction events disrupt long-term

evolutionary trends (Jablonski 1991, 1998; Hallam
and Wignall 1997). For other questions, however,
the timing of events is crucial. These include the
statistical lag between origination and extinction
(Hallam 1991; Erwin 1998; Kirchner and Weil
2000b) and the relationship between short-term di-
versity fluctuations and variation in taxonomic
rates (Foote 2000b). The face-value timing of orig-
ination and extinction peaks seems in some cases
to be clearly reliable and in others to be clearly
unreliable. For example, the origination peak in the
Llandoverian and the extinction peaks in the Ash-
gillian and Maastrichtian are present in both the
raw data and the revised rate estimates regardless
of the evolutionary model assumed, and the con-
tinuous and pulsed models agree in pushing the
apparent origination peak of the Anisian back into
the Induan or Olenekian. In many cases, however,
the continuous and pulsed models yield discordant
results, and deciding when an event occurred there-
fore requires additional information on temporal
variation in taxonomic rates at a finer scale than
is generally available in global databases such as
the one analyzed here.

Conclusions

1. Reanalysis of stratigraphic range data for Phan-
erozoic marine genera enables the reality and tim-
ing of origination and extinction events to be as-
sessed critically.

2. The timing of a few apparent events is de-
monstrably reliable or unreliable. The timing of
many, however, is ambiguous.

3. Despite uncertainties in the timing of rate
peaks seen in the raw data, the reality of such peaks
is largely supported by the analyses presented here.
Thus, studies that rely only on the existence of rate
anomalies, irrespective of their precise magnitude
and timing, are generally upheld. Previous work has
shown an agreement between the observed extinc-
tion record and what one would expect from a con-
stant extinction rate distorted on the basis of
known variability in the fossil record. This agree-
ment is likely to reflect a common latent cause that
affects true extinction and the quality of the fossil
record.

4. There is some indication that the record of
origination is more seriously distorted by incom-
plete and variable preservation than is that of ex-
tinction. Extinction events have a somewhat
greater tendency to occur during stages with high
preservation potential, while origination events
that follow these extinctions are more likely to oc-
cur during times that are more poorly represented.
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These factors may tend to exaggerate artificially the
lag between extinction and origination events.
More generally, studies that have interpreted the
covariation between raw origination and extinction
rates may need to be reconsidered.

5. Certain distorting factors, such as taxonomic
practice and geographic and environmental heter-
ogeneity of sampling, are likely still to affect
perceived patterns of origination and extinction.
That these factors are at work is without question.
How important they are empirically is yet to be
determined.

6. Somewhat better constraints on the magnitude
and timing of events may be possible with the help
of independent data on preservation rates. Given
the similarity among solutions that allow preser-
vation to be fit to the taxonomic data and those
that force preservation to follow empirical patterns
of preserved sediment, however, it is not clear that
constraining preservation will prove the ultimate
key to taxonomic-rate estimation for marine ani-
mals over the course of the Phanerozoic.

7. On the basis of the results presented here, an
essential component of better rate estimation will
be independent evidence for the evolutionary
model used to fit rates, specifically whether origi-
nations and extinctions tend to occur continuously
throughout stages or to be concentrated near stage
boundaries.
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ERRATUM

In “Origination and extinction through the Phanerozoic: a new approach” by Michael Foote (Journal of
Geology 111:125–148), table 1 contained several errors. The corrected version of the table appears here.
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Table 1. Expressions Used to Calculate Survivorship Probabilities

Quantity/model Expression

:Nbt

•C �qN eb

•P N (1 � q)b

:NbL

•C �qN (1 � e )b

•P N qb

:NFt

CC p�q �pN e (1 � e )b

PP N p(1 � q)b

CP p �pN e (1 � q)(1 � e )b

PC �qN peb

:NFL

CCa if ,�qN (e � p � 1) p p qb

if
(p�q) �qqe � (p � q)e � p

N p ( qb p � q

PP N pqb

CP pN q(e � 1)b

PC �qN p(1 � e )b

PA(i):
•C n

k�1 k�1 n n�S q �q �S r �S q �S rm k m k kmpi�1 mpi�1 kpi�1 kpi�1� e (1 � e ) 1 � e [1 � P (k)] � e 1 � e [1 � P (n)][( ) ]{ ( ) } ( ){ ( ) }( )DFbL A
kpi�1

•P n k�1 n
k�1 n�S r �S rm kmpi�1 kpi�1� � 1 � q (q ) 1 � e [1 � P (k)] � � (1 � q ) 1 � e [1 � P (n)]{ ( ) } { ( ) }( )m k DFbL k A( ) [ ]kpi�1 mpi�1 kpi�1

PB(i):
C• i�1 i�1 i�1 i�1 i�1

�S p �p �S r �S p �S rm k m k kmpk�1 mpk�1 kp1 kp1� e (1 � e ) 1 � e [1 � P (k)] � e 1 � e [1 � P (1)][( ) ]{ ( ) } ( ){ ( ) }( )DFFt B
kp1

P•
i�1 i�1 i�1i�1 i�11 p 1k �S r �S rm kmpk�1 kp1� � 1 � e [1 � P (k)] � � 1 � e [1 � P (1)]{ ( ) } { ( ) }DFFt B( )( ) ( )( )kp1 mpk�1 kp11 � p 1 � p 1 � pm k k

:PDFbt

•• �r1 � e
:PDFbL

•Cb �(q�r) �q[r � qe ]/(q � r) � e
�q1 � e

•P �r1 � e
:PDFFt

C•c �(p�r) �p[r � pe ]/(p � r) � e
�p1 � e

P• �r1 � e
:PDFFL

CCd

if ,
�p �(p�r)N p r 1 � e p[1 � e ]b � � p p q2{ }N p � r p (p � r)FL

if
(p�q) �(q�r) (p�r)N pr[e � 1] pqe [e � 1]b �q p� � e (e � 1) p ( q{ }N (q � r)(p � q) (p � r)(q � r)FL

PP �r1 � e

CPe p �rr(e � 1) � p(e � 1)
pp(r � p)(e � 1)

PCf q �rr(e � 1) � q(e � 1)
qq(r � q)(e � 1)

Note. In the two-character code for model, the first character denotes origination and the second extinction; ,C p continuous
. A bullet means the expression applies to either model for the corresponding process. Nb is the true standing diversityP p pulsed

at the start of the interval; because all relevant numbers scale to Nb, this can be arbitrarily set to unity.
a Foote 2000a, eqq. (6b) and (6c).
b Foote 2000a, eq. (27b).
c Foote 2000a, eq. (28b).
d Foote 2000a, eqq. (29b) and (29c).
e Let z represent time within an interval of duration t, where and are the beginning and end of the interval, respectively.z p 0 z p t
By assumption, there is no extinction until the end of the interval. Thus, the density of origination at time z is equal to pz pte /(e �

(cf. Foote 2001a, eq. [3]). Because all lineages originating within the interval extend to the end, the probability of preservation,1)
given origin at z and extinction at t, is equal to . It is necessary to integrate the density of origination times the probability�r(t�z)1 � e
of preservation over all values of z. Thus, , which is equal to the expression in the table once ttpt pz �r(t�z)P p [1/(e � 1)] e [1 � e ]dz∫0DFFL

is set to unity.
f Derived as in the foregoing footnote, with origination and extinction reversed.


