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Fossil preservation and the stratigraphic ranges of taxa

Mike Foote and David M. Raup

Abstract. - The incompleteness of the fossil record hinders the inference of evolutionary rates and
patterns. Here, we derive relationships among true taxonomic durations, preservation probability,
and observed taxonomic ranges. We use these relationships to estimate original distributions of
taxonomic durations, preservation probability, and completeness (proportion of taxa preserved),
given only the observed ranges. No data on occurrences within the ranges of taxa are required.
When preservation is random and the original distribution of durations is exponential, the infer-
ence of durations, preservability, and completeness is exact. However, reasonable approximations
are possible given non-exponential duration distributions and temporal and taxonomic variation
in preservability. Thus, the approaches we describe have great potential in studies of taphonomy,
evolutionary rates and patterns, and genealogy.

Analyses of Upper Cambrian—-Lower Ordovician trilobite species, Paleozoic crinoid genera, Ju-
rassic bivalve species, and Cenozoic mammal species yield the following results: (1) The preser-
vation probability inferred from stratigraphic ranges alone agrees with that inferred from the anal-
ysis of stratigraphic gaps when data on the latter are available. (2) Whereas median durations based
on simple tabulations of observed ranges are biased by stratigraphic resolution, our estimates of
median duration, extinction rate, and completeness are not biased. (3) The shorter geologic ranges
of mammalian species relative to those of bivalves cannot be attributed to a difference in preser-
vation potential. However, we cannot rule out the contribution of taxonomic practice to this dif-
ference. (4) In the groups studied, completeness (proportion of species [trilobites, bivalves, mam-
mals] or genera [crinoids] preserved) ranges from 60% to 90%. The higher estimates of complete-
ness at smaller geographic scales support previous suggestions that the incompleteness of the fossil
record reflects loss of fossiliferous rock more than failure of species to enter the fossil record in the
first place.
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Incomplete Preservation and
Stratigraphic Ranges

Nearly all aspects of evolutionary paleo-
biology are affected by the incompleteness of
the fossil record. Because taxonomic durations
potentially convey rich information on evolu-
tionary rates (Simpson 1953; Van Valen 1973;
Raup 1975, 1978; Stanley 1979), speciation pat-
terns (Eldredge and Gould 1972; Cheetham
1986; Jackson and Cheetham 1994), and ex-
tinction mechanisms (Van Valen 1973, 1985a;
Raup 1991; Marshall 1994a), it is crucial that
we understand how observed (truncated) tax-
onomic ranges reflect true (original) durations
(Shaw 1964; Paul 1982; Strauss and Sadler
1989; Marshall 1990, 1994b). The proportion of
taxa that have left some fossil record (which
we will refer to as completeness; cf. Valentine
1989) greatly influences our ability to under-
stand evolutionary radiations (Valentine 1986;
Wagner 1995), and to reconstruct genealogical
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relationships (Fortey and Jefferies 1982; Fisher
1994; Smith 1994; Huelsenbeck 1994). Clearly,
the probability of preservation per unit time,
the proportion of taxa that are preserved, the
distribution of original taxonomic durations,
and the distribution of fossil ranges are all in-
timately related. Here, we develop an analytic
approach that enables us to infer original du-
ration distributions, preservation probability,
and the proportion of taxa preserved, given
only the readily available data on stratigraphic
ranges, and without need of detailed infor-
mation on occurrences within ranges. As il-
lustrated with several empirical examples,
this approach can uncover fundamental pa-
leobiological information even in the face of an
incomplete fossil record.

Consider the relationship between the orig-
inal duration and the fossil range of a taxon
(Fig. 1). Even when reported at a fine level of
resolution, stratigraphic data are generally
discrete by nature, and so we develop our ap-
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FIGURE 1. Relationship between taxonomic duration and fossil range. Time is in discrete intervals (here, one million
years), and durations and ranges are treated as ranging through each interval of occurrence. Empty intervals in-
dicate non-preservation; hatched intervals indicate preservation of taxon at least once during interval. Probability
that taxon with true duration T has range ¢ is easily derived (Appendix 1).

proach using discrete time intervals. Note that
by single occurrence or single hit we mean pres-
ervation in only one interval of time; the taxon
can in fact be widespread and abundantly
preserved during this interval, or it can be
confined to a single bedding plane or even a
single specimen. The range of a taxon we take
to be the number of intervals from its first to
last occurrence, inclusive. Thus, single hits
have a range of one interval (rather than zero),
taxa confined to two adjacent intervals have a
range of two intervals, and so on. While this
may differ from commonly applied conven-
tions (e.g., Dodson 1990), we emphasize that,
in the context of what we develop below, treat-
ing single hits as having unit range is not an
approximation. Rather, it is a crucial aspect of
our quantitative approach, on which depend
several important results.

If we assume that preservation is random in
time and among taxa with some constant av-
erage probability, R (an assumption we relax
below), then it is straightforward to determine
the probability that a taxon with a given true
duration will have a given observed range
(Fig. 1, Appendix 1). Therefore, we can ana-
lytically degrade an entire distribution of
original durations into an expected distribu-

tion of observed fossil ranges. To illustrate
this, we consider an initially exponential dis-
tribution of durations, corresponding to con-
stant extinction probability, g (Van Valen
1973). Figure 2 illustrates the degradation of
taxonomic ranges for the case where g=0.1
and R=0.2. Note that in this and all subse-
quent figures, we plot raw rather than cumu-
lative frequencies, thus avoiding the forced
regularity that often comes with cumulative
survivorship curves (Raup 1975).

Because long-lived taxa are more likely to
be preserved than short-lived taxa, the origi-
nal durations of preserved taxa are biased up-
ward (Fig. 2B). This bias is greater as preser-
vation probability decreases. The fossil ranges
are dominated by single hits (see also Buzas
et al. 1982), and the median range is substan-
tially less than the true median duration (Fig.
2C). As preservation probability decreases,
the frequency of single hits increases and the
median range decreases.

On a semi-log plot, the initial survivorship
curve is linear with a slope whose absolute
value is equal to the extinction rate (Fig. 2A).
In preparing graphs such as Figure 2, we dis-
covered, quite by accident, a most remarkable
result (Fig. 2C). If we ignore single hits, the re-
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FIGURE 2. Analytic degradation of initially exponential
distribution of taxonomic durations, corresponding to ex-
tinction rate (q) of 0.1 per taxon per million years, and
preservation probability (R) of 0.2 per taxon per million
years. Frequencies in this and all subsequent figures are
raw values, not cumulative frequencies. A, Original du-
rations. Duration-frequency relationship is linear on a
semi-log plot, and this relationship has slope equal to —g.
B, Original durations of the subset of taxa preserved at
least once (in this case, 72% of taxa). Because shorter-lived
taxa are less likely to be preserved, fossil taxa represent
a biased subset having longer durations on average. C,
Fossil ranges of preserved taxa. Because of truncation, the
median range is shorter than the true median duration. If
single hits are ignored, the remaining range-frequency re-
lationship is log-linear with slope equal to —q (Appendix
2). Thus, fossil ranges can be used to estimate the true
extinction rate. The range-frequency ratio (FreqRat), i.e.,
[£(2)]/[£(1)£(3)] is exactly equal to the probability of pres-
ervation, R (Appendix 3). Thus, fossil ranges can be used
to estimate preservation potential and completeness.
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mainder of the range-frequency distribution is also
log-linear with the same slope as the distribution of
original durations. Thus, if the original dura-
tions are exponentially distributed, we can re-
cover the true extinction rate (thus the true
median duration) given only the preserved
fossil ranges. (A derivation of this result, de-
veloped after the fact, is given in Appendix 2.)

Another accidental discovery, equally re-
markable, is that the preservation probability
is only barely concealed within the range-fre-
quency distribution. If we denote the frequency
of taxa with observed ranges of one, two, and three
intervals, respectively, as f(1), (2), and f(3), then
the preservation probability R is exactly equal to
f(2)2/[f(1)f(3)]. We will hereafter refer to this
range-frequency ratio as the FreqRat. Thus,
given only the observed range-frequency dis-
tribution, one can estimate the preservation
probability. Along with the recovered distri-
bution of original durations, this easily leads
to an estimate of the proportion of taxa pre-
served (Appendix 1). Again, only observed
ranges are required; no information on oc-
currences within taxonomic ranges is need-
ed. (See Appendix 3 for a derivation of this
result.)

Of course, the results that preserved ranges
are shorter than true durations and that pre-
served taxa generally represent a biased sam-
ple of the original durations, are true not only
of originally exponential distributions of du-
rations. To our surprise, we have found that the
FreqRat gives a very good estimate of preservation
probability even for initial duration distributions
that are not exponential (see Appendix 4 for der-
ivation). For example, for the contrived distri-
bution illustrated in Figure 3, the true pres-
ervation probability is equal to 0.15, while the
FreqRat is equal to 0.1504. This close corre-
spondence between true and estimated pres-
ervation probability also holds for other val-
ues of R. Taking the distribution in Figure 3A
and varying R from 0.01 to 0.99, the greatest
difference between true and estimated pres-
ervation probability is less than 1 percent. In
fact, we have found that the FreqRat provides
a good estimate of preservation probability for
such a diversity of duration distributions that
we must go to great lengths to make it fail. If
the taxonomic duration frequencies are uni-
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FIGURE 3. Analytic degradation of duration distribu-
tion in which all taxa have the same duration, and in
which preservation probability is equal to 0.15 per taxon
per million years. The FreqRat (0.1504) in this case is ap-
proximately equal to the preservation probability (Ap-
pendix 4). 96% of taxa are preserved at least once.

formly distributed random numbers, a situa-
tion we consider highly unnatural, then the
FreqRat works well for low to moderate pres-
ervation probabilities, but performs poorly at
higher preservation probabilities (Table 1).
The FreqRat allows an estimate of preser-
vation probability (R), but the distribution of
fossil ranges alone yields the original duration
distribution only if the latter is exponential.
However, a given original distribution (which
we seek), filtered through a given preservation
probability (for which we have an estimate),
predicts a unique distribution of fossil ranges
(which we observe directly). Therefore, we
should be able, by brute force, to explore var-
ious candidates for original duration distri-
butions in order to determine which of them

MIKE FOOTE AND DAVID M. RAUP

TaBLE 1. FreqRat for 100 distributions of taxonomic
durations in which frequencies are drawn randomly
from uniform distribution.

True
preservation

probability FreqRat

per interval Standard
(R) Mean Minimum Maximum deviation
0.01 0.0101  0.00998 0.0102  0.000038
0.05 0.0503  0.0496 0.0509  0.00027
0.1 0.100 0.0974 0.103 0.0011
0.2 0.201 0.189 0.222 0.0061
0.3 0.301 0.253 0.354 0.019
0.4 0.411 0.296 0.533 0.049
0.5 0.525 0.289 0.889 0.12
0.6 0.655 0.230 1.44 0.24
0.7 0.805 0.241 3.75 0.48
0.8 0.99 0.0731 4.74 0.83
0.9 1.63 0.0404 14.0 2.3

yield predicted range distributions that agree
well with the one observed. Such a procedure
is illustrated in Figure 4. Here, an initially ex-
ponential distribution of durations (extinction
rate equal to 0.25 per lineage per time unit) is
degraded with a preservation probability of
0.5 per lineage per time unit to yield the ob-
served ranges in the upper right panel.

Our goal is to recover the initial duration
distribution, given only the observed ranges,
and without assuming the form of the distri-
bution. We first estimate R using the FreqRat.
Then, an initial distribution of durations is ar-
bitrarily chosen, here a uniform distribution,
and the predicted distribution of ranges is
compared to that observed. The deviation be-
tween predicted and observed distributions is
computed as

D = 3|log(predicted frequency)
— log(observed frequency)|

The initial distribution is then perturbed
slightly, by adding small random numbers
(with mean zero) to the frequencies, and the
deviation is recalculated. If the new deviation
is less than the previous deviation, the per-
turbed distribution is accepted as a better can-
didate. At each iteration of this procedure, the
candidate distribution of durations is per-
turbed repeatedly until a better fit between
predicted and observed ranges is obtained.
The fit is accepted when the deviation be-
tween predicted and observed ranges is tol-
erably low, or when many further perturba-
tions no longer improve the fit. In the case at
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FIGURE 4. Illustration of trial-and-error method for fitting an original duration distribution to an observed distri-

bution of fossil ranges. The preservation probability is estimated using the FreqRat for the observed ranges (upper
right panel). The method starts with an arbitrary distribution of original durations (left panel). The estimated pres-
ervation probability yields a predicted distribution of ranges (right panel), which is then compared to the observed
ranges (upper right panel). The original duration frequencies are then perturbed randomly in small increments
until the predicted ranges are in better agreement with the observed ranges. This original duration distribution
then becomes the best candidate. This process is repeated until a tolerable deviation between expected and observed
ranges is obtained, or until many further iterations result in no improvement in the fit. In the example here, the
observed ranges are based on the degradation of an initially exponential distribution of durations, with extinction
rate 0.25 and preservation probability 0.5. After 300,000 iterations, the procedure accurately reconstructs the orig-

inal exponential distribution.
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FIGURE 5. Further illustration of trial-and-error method for fitting an original distribution to an observed distri-
bution of fossil ranges. In this case, a single duration category (15 m.y.) was degraded with a preservation proba-
bility of 0.2 per million years. After 10,000 iterations, the initial distribution of durations is accurately reconstructed.

hand, this procedure is able to recover the ini-
tial exponential distribution of durations,
which we know to be correct. In another test
of this approach, we can recover an initial dis-
tribution in which all taxa have a duration of
15 million years (Fig. 5).

How quickly a stable solution is obtained de-
pends on the arbitrary starting configuration,
the true initial distribution, the preservation
probability, the magnitude of perturbations,
and the method of optimization (e.g., straight
hill climbing versus simulated annealing; Press
et al. 1986). Therefore, we are unable to gen-
eralize about computational efficiency. We do
not know that a unique solution can be ob-

tained by this procedure, but our success in re-
covering a number of other known distribu-
tions, using different starting configurations,
preservation probabilities, perturbation mag-
nitudes, and optimization methods, suggests
that the approach has great potential. We will
apply this approach below in a case where we
suspect that the assumption of log-linear sur-
vivorship may be strongly violated.

Clearly, it is not preservation probability
alone that dictates the quality of the fossil rec-
ord, but preservation probability with respect
to the distribution of true durations. With low-
er extinction rates, i.e., longer durations, taxa
are more likely to be preserved at least once,
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FIGURE 6. Relationship between preservation probability per unit time (R) and (A) mean range, including taxa
confined to a single interval, divided by true mean duration, and (B) completeness (i.e., proportion of taxa preserved
at least once), for the case of time-homogeneous extinction (i.e., exponential distribution of durations). In each panel,
the four curves from upper left to lower right correspond to extinction rates of 0.5, 0.25, 0.1, and 0.05 extinctions
per taxon per million years, respectively. Corresponding mean durations are 2 m.y., 4 m.y., 10 m.y., and 20 m.y.
For a given probability of preservation, the fossil record is more complete if extinction rate is lower. With shorter
durations, the fidelity of the fossil record (in terms of completeness and the ability of mean ranges to reflect true
durations) improves substantially as preservation probability increases. However, with lower extinction rates, the
fossil record is rather faithful even at low probabilities of preservation, and further increases in preservation prob-

ability yield diminishing returns.

and a lower time-specific preservation proba-
bility is therefore required to yield a given lev-
el of completeness. Figure 6 illustrates the ef-
fect of preservation probability on the rela-
tionship between mean duration and mean
range, and on completeness, for several values
of extinction rate. With very high extinction
rates, increases in preservation probability
yield nearly proportional increases in the
quality of the fossil record. At lower extinction
rates, there is something of a “’saturation ef-
fect.”” The fossil record is rather faithful even
at low preservation probabilities, so that fur-
ther enhancement of preservation potential
has a small effect on the overall quality of the
record (as measured by completeness or by
the ability of mean range, taken at face value,
to reflect mean original duration).

To summarize, assuming stochastically con-
stant preservation probability, the distribution
of ranges allows one to estimate the probabil-
ity of preservation per taxon per interval of
time (R). Further assuming an exponential
distribution of original durations (i.e., con-
stant extinction rate), one can recover the ini-

tial distribution from the ranges alone, be-
cause the range frequencies beyond the single
hits are log-linear with the same slope as that
of the original durations. If log-linear survi-
vorship cannot be assumed, then an estimate
of the original durations can be obtained by a
brute-force fitting procedure. The estimate of
preservation probability, combined with the
estimate for the original durations, yields an
estimate of the proportion of taxa that are pre-
served in the fossil record.

Tests and Applications

Upper Cambrian—Lower Ordovician trilobite
species.—Stitt (1977) has documented the oc-
currences of over 100 trilobite species in a sin-
gle measured section from the Upper Cam-
brian and Lower Ordovician of Oklahoma.
His data allow a test of our method (Table 2,
Fig. 7A). Although there is artificial range
truncation at the top and bottom of the sec-
tion, this affects a small proportion of taxa and
is negligible if, as in this case, the section is
thick relative to the average stratigraphic
range of taxa. The maximum interval through



128

MIKE FOOTE AND DAVID M. RAUP

TABLE2. Estimated median duration, preservation probability, and completeness for data analyzed here. Standard
deviations are based on simulation procedure described in text.

Median Com-
duration Preservation plete-
Data (number of taxa) Sources (m.y.) S.D. probability S.D. ness S.D.
Upper Cambrian-Lower Ordo-  Stitt 1977 0.15 0.05 0.73 per 60-foot 0.25 0.9  0.029
vician trilobite species from interval
Oklahoma (101)
Ordovician-Devonian crinoid ~ Bassler and Moodey 7 1.8 0.5 per strati- 0.082 0.7 0.018
genera (global) (395) 1943; Webster 1969- graphic inter-
1993; Foote 1994a val (mainly
series and
stages)
Cenozoic mammal species J. Alroy pers. comm. 1.7 0.1 0.25 per 0.7- 0.016 0.6 0.007
from North America (2941) 1995; after Alroy m.y. interval
1994
European Jurassic bivalve spe- * Hallam 1976 8.0 1.0 0.87 per 5-m.y. 0.16 09 0.012
cies (321) interval

which data were not collected in this section
is 59 feet, call it 60 feet (18.3 m). This repre-
sents the finest resolution we can hope to have
throughout the section. Therefore, we divided
the section into 60-foot intervals, and for each
species recorded the total range and the num-
ber of intervals in which it is actually pre-
served. (This approach to stratigraphic bin-
ning removes one of the causes of flat-topped
survivorship curves; see Raup 1975; Sepkoski
1975.)

The FreqRat for these data is equal to 0.73,
which serves as our estimate of preservation
probability per species per 60-foot interval.
This ratio predicts that, of all the intervals
within the ranges of species (excluding first and
last intervals of preservation; cf. Paul 1982), 27%
should be empty and 73% should be filled. In
fact, 31% are empty, a remarkably good agree-
ment which is well within the range of bino-
mial sampling error (n = 107 intervals; two-
tailed p = 0.45). The dashed line in Figure 7A
shows a least-squares linear regression based
on the frequencies beyond the single hits. The
data are in close agreement with the linear fit,
suggesting that an exponential survivorship
model may be appropriate. The frequency of
single hits predicted by our method is also
close to that observed. For these data we esti-
mate a median duration of 2.0 60-foot inter-
vals, which we estimate to be on the order of
150,000 years (calibration based on Stitt 1977;
Ludvigsen and Westrop 1985; Harland et al.
1990; and Bowring et al. 1993; cf. Foote 1988).

Assuming an intially exponential distribu-
tion of durations, we estimate completeness in
this section as 90%. This estimate may seem
high at first. Surely, even the most optimistic
paleontologists would not think that 90% of
all well-skeletonized species that have ever
lived are preserved. However, this estimate is
for local completeness in this section, not glob-
al completeness. In fact, it does not differ sub-
stantially from the figures given by Schopf
(1978) and Valentine (1989) for the proportion
of well-skeletonized genera and species likely
to enter the fossil record (regardless of wheth-
er they are subsequently lost). Our result is
thus quite in line with Valentine’s suggestion
that incompleteness in well-preserved groups
largely reflects the loss of fossiliferous rock
rather than failure of species to enter the fossil
record.

Paleozoic crinoid genera—The preservation
probability of a supraspecific taxon should, in
principle, vary over time as the number of con-
stituent species varies. However, as a first ap-
proximation, we will treat the preservation
probability as constant. Below, we explore the
effect of systematic variation in preservation
probability and suggest that our approach is
robust to such variation. Appendices 5 and 6
derive the relationship between original du-
rations and observed ranges of genera when
speciation rate, species-level extinction rate,
and species-level preservation probability are
stochastically constant.

Stratigraphic ranges of crinoid genera were
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FIGURE 7. Analysis of stratigraphic ranges of fossil taxa. Plot of range-frequency distribution is semi-logarithmic,
and dashed line is least squares linear regression through points representing ranges of two or more intervals. A,
Upper Cambrian and Lower Ordovician trilobite species from Oklahoma (data from Stitt 1977). Estimated median
duration is 2.0 intervals (ca. 150,000 yr.). Estimated preservation probability based on FreqRat is 0.73. Correspond-
ing completeness estimate is 90%. B, Crinoid genera originating before the Carboniferous (data based on Bassler
and Moodey 1943; Webster 1969, 1977, 1986, 1988, 1993; Foote 1994a). Estimated preservation probability is 0.5 per
genus per interval (see text for description of intervals). Number of taxa confined to a single interval is greater than
expected under model of exponential duration distribution and random preservation. C, Cenozoic mammal species
of North America (data from Alroy, pers. comm. 1995, after Alroy 1994). Estimated extinction rate is 0.28 per 0.7-
m.y. interval, implying a median duration of 1.7 m.y. Estimated preservation probability is 0.25 per 0.7-m.y. interval,
with a corresponding completeness of 58%. D, European Jurassic bivalve species (data from Hallam 1976). Esti-
mated extinction rate is 0.43 per 5-m.y. interval, implying a median duration of 8.0 m.y. Estimated preservation
probability is 0.87 per 5-m.y. interval, with a corresponding completeness of 90%. Although the bivalve record is
more complete than that of mammals, the great difference in our estimates of true median duration for the two
groups suggests that the shorter stratigraphic ranges of mammals are not solely artifacts of preservation.

taken from the compilation of Foote (1994a), erous and Permian, only genera originating
based mainly on the bibliographies of Bassler before the Carboniferous were considered. In
and Moodey (1943) and Webster (1969, 1977, order to test our method, we used the same
1986, 1988, 1993). Because there seem to be bibliographic sources to determine occur-
greater taxonomic problems in the Carbonif- rences of genera within the observed range.
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The stratigraphic intervals used were mainly
conventional series and stages, with an aver-
age duration of about 7 m.y. All told, there
were 395 genera whose occurrences could be
placed in these intervals.

Using the FreqRat, and ignoring the varia-
tion in the duration of stratigraphic intervals
(see discussion under European Jurassic bivalve
species, below), we estimate the preservation
probability per genus per interval as 0.5 (Table
2, Fig. 7B). This allows us to predict that 50%
of the intervals within the range of a genus
(excluding endpoints) should not actually
contain preserved species belonging to that
genus. Of a total of 266 internal intervals, 121
(45.5%) represent gaps while 145 are filled.
This is quite close to the prediction of our es-
timated preservation probability, and is well
within binomial sampling error (two-tailed p
= 0.16).

If we accepted the assumption of an origi-
nally exponential distribution of durations,
we would estimate the extinction rate as 0.31
per genus per interval, with a corresponding
median duration of 2.2 intervals, or 15.4 m.y.
The corresponding proportion of genera pre-
served would be 0.8. However, agreement
with the exponential model is poorer than for
trilobite species. In particular, the number of
taxa confined to a single interval or to two ad-
jacent intervals is more than expected under
the model. On the basis of simulations such as
that presented below (Variability in Estimates
of Extinction Rate and Completeness), we find
that the number of single hits is significantly
greater than expected under a model of con-
stant extinction rate (p < 0.001). This makes
sense, since genera are expected to show con-
cave survivorship curves on semi-log plots
even if their constituent species show log-lin-
ear survivorship (Raup 1978, 1985).

Given the deviation from the exponential
model, we prefer our brute-force approach to
fitting an initial distribution of durations (Fig.
8). We thus estimate that the median duration
was 1 interval, or 7 m.y., and that complete-
ness is on the order of 0.7. Note that our in-
ability to obtain as clean a fit as in the fore-
going idealized cases (Figs. 4 and 5) partly re-
flects the fact that deviations are measured
logarithmically. Thus, when the expected fre-
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quency is low, a small number of taxa can have
a large effect on the calculated deviation. The
quality of fit is also affected by unequal inter-
val lengths and temporal variation in preser-
vation probability.

Because the crinoid data are global in scale,
one might have expected a lower estimate of
completeness than that obtained (cf. trilobite
data above). However, the expected tendency
for global completeness to be lower than com-
pleteness in local, well-preserved sections
seems to be offset somewhat by the use of gen-
era, which endure longer (see Fig. 6) and may
have several contemporaneous species. The
relatively high preservation probability of cri-
noid genera suggests that our preferred ap-
proach should yield an estimate of median du-
ration similar to an approach that takes ranges
at face value as representative of durations
(e.g., Baumiller 1993). In fact, our estimate of
median genus duration is somewhat higher
than those of Baumiller (1993: Table 1), al-
though our restriction to pre-Carboniferous
genera hinders the comparison.

Cenozoic mammal species.—As part of a com-
prehensive revision of the mammalian bioch-
ronology of North America, Alroy (1992,
1994) has estimated the stratigraphic ranges of
over three thousand species of Cretaceous and
Cenozoic mammals, which he has kindly pro-
vided to us. Ranges are best constrained for
taxa confined to the Cenozoic (J. Alroy per-
sonal communication 1995), and so we have
confined our analysis to these taxa. To reduce
problems with living taxa (Raup 1975, 1991;
Van Valen 1979), we have also confined our
analysis to extinct species. These culling pro-
cedures leave a total of 2941 species. We have
adopted Alroy’s suggestion (1996; personal
communication 1995) to use 0.7-m.y. intervals,
but we explore the effect of stratigraphic res-
olution below. These data fit the exponential
survivorship model rather well, and the pre-
dicted frequency of single hits is in close
agreement with the observed frequency (Fig.
7C). The FreqRat yields an estimated preser-
vation probability of 0.25 per interval. Using
the assumption of an initially exponential dis-
tribution of durations, we estimate the extinc-
tion rate as 0.28 per interval, with a corre-
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FIGURE8. Application of trial-and-error method to estimating original distributions of crinoid genera. This method

is applied because of deviation from exponential model

(Fig. 7B). Because we generally expect many short-lived

and fewer long-lived genera (Raup 1978, 1985), the fitting procedure was modified to allow only monotonic dis-
tributions of original durations. The results are similar when this constraint is not applied. The estimated distri-
bution of durations implies a median duration of 1 interval (about 7.0 m.y.), and a corresponding completeness of

67%.

sponding median duration of 1.7 m.y. and a
corresponding completeness of 58% (Table 2).

European Jurassic bivalve species—A classic
comparison of taxonomic rates is that between
mammals and bivalves (e.g., Simpson 1953;
Stanley 1979; Van Valen 1985b). However, if
mammals have a lower preservation probabil-
ity than bivalves, the shorter ranges of mam-
mals could be a preservational artifact. To ex-
plore this possibility, we have analyzed the
stratigraphic ranges of European Jurassic bi-
valve species as presented by Hallam (1976).

Hallam gives first and last occurrences to the
stage and substage level. Given substantial
variation in interval length, we have converted
these occurrences to approximate ranges, us-
ing the time scale of Harland et al. (1990) and
placing origins at (sub)stage midpoints and
extinctions at (sub)stage endpoints (cf. Van
Valen 1973; Sepkoski 1975) (Fig. 7D). Other
conventions, such as placing origins at the bas-
es of intervals, coarsening substage-level data
up to the stage level, or assuming equal-length
intervals, yield comparable results. We esti-
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FIGURE 9. Effect of stratigraphic resolution on analysis of fossil ranges, illustrated with data on mammal species.
Dashed curve shows that estimates of median duration that take ranges at face value are biased, increasing as strati-
graphic resolution becomes coarser. Solid curve shows that the true median duration, inferred using the method
of this paper, is not biased. Likewise, dotted curve shows that our approach to estimating paleontologic complete-
ness is not biased by stratigraphic resolution. However, estimates become highly variable when intervals are long

relative to true median duration.

mate that completeness is higher for bivalves
(90%) than for mammals (Table 2). However,
our estimate of true median duration (8.0
m.y.) is nearly five times higher for bivalve
species than for mammal species. Thus, we
can say with some confidence that the appar-
ent difference in taxonomic longevity between
bivalves and mammals is not solely a preser-
vational artifact.

We cannot rule out the possibility that these
differences in duration and completeness may
reflect taxonomic artifact (Simpson 1953). The
probability that a species is preserved at least
once has two components, the probability of
preservation per unit time and the duration of
the species (Fig. 6). Therefore, a broader spe-
cies concept would inflate completeness as
well as stratigraphic ranges. Nevertheless, it
appears that the preservation probability per
unit time is greater for bivalves than for mam-
mals. The comparison is difficult as presented
in Table 2, since the values of R were calculat-
ed at different scales of temporal resolution.
However, using the same general approach
outlined in Appendix 1, we can show that,

given a median duration of 8.0 m.y., the pres-
ervation probability of bivalves would have to
be about 0.37 per 0.7-m.y. interval (compared
to 0.25 for mammals) in order to yield the es-

timated preservation probability of 0.87 per
5.0-m.y. interval.

Effects of Stratigraphic Resolution

Analyses of taxonomic data often reflect
problems of stratigraphic binning. The size of
the intervals into which data are lumped can
affect estimates of average duration and ex-
tinction intensity, for example (Raup 1975;
Sepkoski 1975; Foote 1994b). Our approach for
estimating duration distributions and preser-
vation potential should not, ideally, be biased
by the coarseness of intervals (see Appendi-
ces). However, we would expect that, if strati-
graphic intervals are very long relative to me-
dian duration, then nearly all taxa would be
confined to one interval and the uncertainty in
our approach, which relies on the number of
taxa with ranges of two intervals, three inter-
vals, and so on, would become intolerable.

The size and quality of Alroy’s data set al-
low us to explore the effects of stratigraphic
resolution (Fig. 9). As expected, the observed
median range, taken at face value, increases
steadily as stratigraphic resolution becomes
coarser. Taxa confined to a single 5-m.y. inter-
val may have a range of only 0.1 m.y., for ex-
ample, but this cannot be discerned from the
binned data. Note that the estimate of median



PRESERVATION AND STRATIGRAPHIC RANGES

duration that takes the record at face value can
either overestimate or underestimate the true
duration. Range truncation dominates when
stratigraphic resolution is fine, but it is pro-
gressively outweighed by the artificial exten-
sion of ranges caused by stratigraphic binning
when intervals become coarser.

In contrast to observed ranges, our esti-
mates of original durations are not systemat-
ically biased by stratigraphic resolution, at
least not over the range of stratigraphic bin
sizes explored here. Estimated completeness is
also unbiased. However, for this data set, once
the smallest stratigraphic interval is about
twice the true median duration, estimates of
completeness become very noisy. Note that,
while completeness is not biased by interval
length, the probability of preservation per in-
terval (R) must, by its very nature, increase
with interval length.

Variability in Estimates of Extinction Rate
and Completeness

Like other analyses of survivorship, the ap-
proach presented here is a statistical method
that is more reliable as more taxa are incor-
porated. We have performed simulations to
explore the variance associated with estimat-
ed extinction rate and completeness, using the
parameters derived from our empirical cases
(Table 2). For example, for mammals the esti-
mated completeness of 58% implies that the
2941 preserved species represent 5070 initial
species. Therefore, 5070 durations were drawn
randomly from an exponential distribution
corresponding to an extinction rate of 0.28.
The degradation of these ranges was simulat-
ed according to the estimated probability of
preservation of 0.25 per interval. The extinc-
tion rate and preservation probability were es-
timated from the resulting distribution of
ranges, and from these the completeness was
calculated. Simulations were repeated 1000
times to estimate the variance in parameters
to be expected from sampling error under the
time-homogeneous preservation model. The
results show that, for large data sets, the sam-
pling error is negligible, and reliable estimates
of extinction rate and completeness are ob-
tained (Table 2). Of course, for smaller sample
sizes, the variance increases. Comparable sim-

133

ulations were performed with different num-
bers of species (results not presented). As ex-
pected, the standard error increases roughly
as 1/VN, but most simulations still yield es-
timates fairly close to the mean. With moder-
ate sample sizes and time-homogeneous pres-
ervation, our method provides a reliable way
to estimate extinction rates and completeness.

Taxonomic Variation in Preservation
Probability

Because of differences in structure and hab-
itat, species within the same higher taxon vary
in their preservation potential. The effect of
this variation on our approach can be inves-
tigated analytically by applying the results of
Appendix 1 to mixtures of taxa with different
preservation probabilities. We have explored
many cases, including equal mixtures of taxa
as well as mixtures containing a predomi-
nance of either more poorly preserved or bet-
ter preserved taxa (Table 3). Interestingly, we
have found that the FreqRat does not yield the
true average preservation probability, but it
does accurately estimate the “‘effective’” pres-
ervation probability. That is, if we treat the
range-frequency distribution as if it repre-
sented the result of homogeneous preserva-
tion, then the FreqRat, combined with the ex-
tinction rate which is accurately estimated
from the mixed data, yields an accurate esti-
mate of the proportion of taxa preserved.
Thus, we conclude that analysis of range-fre-
quency distributions allows inference of true
extinction rates and paleontologic complete-
ness even if the assumption of constant pres-
ervation potential among taxa is violated. We
emphasize that the FreqRat is a statistical
property of a data set. If there is taxonomic
variation in preservation probability, the av-
erage preservation probability should not be
applied to the ranges of single taxa.

Temporal Variation in Preservation
Probability

The quality of preservation on the outcrop
scale varies along a spectrum from barren in-
tervals to Lagerstitten. On larger geographic
and temporal scales, relevant to most of the
examples discussed here, this smaller-scale
variation is averaged out to some extent. A
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TaBLE3. Examples of effect of taxonomic variation in preservation probability on estimates of extinction rate, mean

preservation probability, and completeness.

Extinction rate

Mean preservation

probability Completeness

Model Actual

Estimated

Actual Estimated Actual Estimated

Equal numbers of taxa with preserva-
tion probabilities equal to 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7, and 0.8

Equal numbers of taxa with preserva-
tion probabilities equal to 0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, and 0.08

50% of taxa with preservation probabili-
ty equal to 0.1, 37.5% with preserva-
tion probability equal to 0.25, and
12.5% with preservation probability
equal to 0.5

50% of taxa with preservation probabili-
ty equal to 0.5, 37.5% with preserva-
tion probability equal to 0.25, and
12.5% with preservation probability
equal to 0.1

0.25

0.25

0.25

0.25

0.25 0.45 0.37 0.73 0.73

0.25 0.045 0.043 0.17 0.17

0.25 0.21 0.18 0.49 0.49

0.25 0.36 0.32 0.68 0.68

million years with no fossils is uncommon, as
is a million-year-long fossil bonanza. Never-
theless, there is temporal variability in pres-
ervation potential. To explore the effect of this
variability, we have performed further simu-
lations (not presented), using the preservation
probability estimated for mammals as a mean
value. In these simulations, preservation prob-
abilities are drawn from a skewed distribution
in which there are more intervals of below-av-
erage preservation potential than above-aver-
age. As expected, episodic preservation yields
unbiased estimates of extinction rate and com-
pleteness, but also yields a higher variance in
these estimates, especially the latter. For ex-
ample, in simulations involving highly epi-
sodic preservation, we may have difficulty de-
ciding whether, say, 50% or 70% of mamma-
lian species are preserved; we can, however,
be confident that the figure is much closer to
60% than it is to 10% or 90%.

Preservation probability may vary system-
atically as well as randomly. For example,
there is some evidence that the quality of pres-
ervation may increase on long time scales
(Raup 1976). The simulation approach is use-
ful for estimating the variance inherent in our
estimates of extinction rate and completeness,
but the analytic approach presented in Ap-
pendix 1 can be modified to accommodate
variable preservation probabilities (Appendix
5). Thus, we can predict expected ranges, giv-

en an initial distribution of durations and a se-
quence of preservation probabilities. Several
models of variation in preservation probabili-
ty were explored to determine whether our
approach, based on observed ranges, still al-
lows reasonable estimates for extinction rate
and completeness in the face of varying pres-
ervation (Table 4). In each case, a temporal se-
quence of 200 preservation probabilities was
generated, and 100 successive cohorts of taxa
were followed forward for 100 time steps each.
Thus the first cohort experiences the first
through 100th preservation probabilities, the
second experiences the second through 101st,
and so on. Most of the taxa in a cohort expe-
rience the early preservation probabilities,
while few endure long enough to experience
the later preservation probabilities. Thus, the
average effective preservation probability for
a cohort is the mean of the temporal sequence
weighted by the fraction of the cohort that sur-
vives to a given time. Each cohort was gov-
erned by the same underlying extinction rate,
which was held constant.

There are two distinct questions to consider.
First, for a single cohort, does the temporal
variation in preservation probability prohibit
accurate estimation of extinction rate and
completeness? Second, when all the cohorts
are lumped into a single data set, as we have
done in the empirical examples above, can the
underlying extinction rate and completeness
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TaBLE4 Examples of effect of temporal variation in preservation probability on estimates of extinction rate, mean
preservation probability, and completeness. Estimates are based on range-frequency distribution for 100 combined

cohorts (see text for explanation).

Extinction rate

Mean preservation

probability Completeness

Model Actual

Estimated

Actual Estimated Actual Estimated

Linear increase in preservation proba-
bility from 0.0 to 1.0 over 200 time in-
crements

Linear decrease in preservation proba-
bility from 1.0 to 0.0 over 200 time in-
crements

Preservation probabilities for time incre-
ments drawn randomly from uniform
distribution on (0, 1)

Preservation probabilities drawn from
skewed (exponential) distribution
with mean equal to 0.1

Preservation probability varies sinu-
soidally from 0.0 to 1.0 with a cycle
length of 50 time increments

0.25

0.25

0.25

0.25

0.25

Preservation probability alternates every

time increment between 0.1 and 0.2 0.25

0.24

0.24

0.25

0.25

0.25

0.25

0.27 0.23 0.56 0.58

0.27 0.23 0.56 0.58

0.49 0.49 0.82 0.81

0.10 0.093 0.34 0.32

0.50 0.40 0.69 0.76

0.15 0.15 0.45 0.44

be recovered? For example, consider a linear
increase in preservation probability. Here, ap-
plication of Appendix 5 shows that our esti-
mate of extinction rate is biased downward
and our estimate of completeness is biased up-
ward for single cohorts. Since both estimates
depend on the range-frequency distribution,
the biases are not independent. The biases are
strongest for cohorts that experience lower
preservation probabilities. Intuitively, this can
be understood with reference to the nonlinear
relationship between preservation probability
and completeness illustrated in Figure 6. At
low preservation probabilities, there is a sub-
stantial change in completeness with just a
slight change in preservation probability.
However, at higher preservation probabilities,
the corresponding change is much smaller.
Thus, the effect of averaging different preser-
vation probabilities is much stronger when the
probabilities are lower. We have applied Ap-
pendix 5 to a number of temporal patterns, in-
cluding directional, random, and cyclic
change in preservation probability (Table 4).
Despite the bias within individual cohorts, as-
sembling the data for different cohorts, as we
advocate, yields effectively unbiased esti-
mates of extinction rate. There is a bias in es-
timated completeness in some models, but
this is generally small compared to the sam-

pling variance as reflected in the foregoing
simulations.

Thus, although our method of estimating
extinction rate, preservation probability, and
completeness from fossil ranges assumes ho-
mogeneous preservation, simulations and an-
alytical calculations suggest that, for suffi-
ciently large data sets on the order of several
hundred taxa or more, the method is relatively
robust to violations of this assumption.

Discussion and Conclusions

Given any initial distribution of taxonomic
durations and any distribution of preservation
probabilities, we can predict the observed dis-
tribution of fossil ranges. Starting with the as-
sumptions of constant extinction rate (i.e., ex-
ponential duration distribution) and random
preservation through time and among taxa,
we can exactly recover the true extinction rate
(hence the original distribution of durations),
the preservation probability per unit time, and
the proportion of taxa preserved. However,
reasonable estimates of these quantities can be
obtained even if duration distributions are
non-exponential and if preservation potential
varies temporally and taxonomically. Because
the method requires only observed strati-
graphic ranges, not individual occurrences, it
should be widely applicable. Cases in which
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individual occurrences are available show that
the preservation probability estimated from
stratigraphic ranges alone allows an accurate
prediction of internal gaps within the ranges.
Moreover, the finest possible stratigraphic res-
olution is not needed; even coarsely binned
data are appropriate, provided that the length
of intervals is not much greater than the me-
dian duration of taxa. Given these character-
istics, the approach developed here represents
a paleobiological tool with great promise.

Currently, the most common approach to
estimating original range endpoints from ob-
served ranges is based on calculation of con-
fidence limits on endpoints, which requires
knowledge of occurrences within the range of
a taxon (Strauss and Sadler 1989; Marshall
1990, 1994b). While such information is poten-
tially powerful, it is generally unavailable in
published compilations of stratigraphic rang-
es. Because the goal of the confidence-limit
method of range extensions is to estimate the
times of origination and extinction of individ-
ual taxa, it treats each taxon separately, rather
than as part of a statistical population. The
confidence-limit approach is not ideally suit-
ed for estimating an original distribution of
taxonomic durations, because it considers
only those taxa that were actually preserved
(cf. Fig. 2B) and, unlike our approach, makes
no attempt to recover the durations of taxa
that were never preserved. In some ways our
approach resembles the model of Pease (1985),
but we feel its greater simplicity will make it
more widely applicable.

One application of our method shows that
the apparent difference in taxonomic longev-
ity between bivalves and mammals is not at-
tributable to a difference in preservation po-
tential. Nevertheless, it must be kept in mind
that the methods we describe are statistical in
nature. Large data sets are needed, with ac-
curate stratigraphic ranges. Like many anal-
yses of taxonomic data, our approach is po-
tentially sensitive to taxonomic practice. Per-
haps most importantly, a reluctance to recog-
nize short-lived or monotypic taxa will tend to
reduce the number of taxa confined to a single
stratigraphic interval, and thereby inflate es-
timates of preservation probability and com-
pleteness (see Note, Appendix 3). This bias is
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more likely to present problems at higher tax-
onomic levels (Raup 1975).

Although many short-ranging taxa may
have had truly short durations, a very high
frequency of single hits suggests the possibil-
ity of a poor fossil record, which should be an-
alyzed with caution. For example, Dodson
(1990) summarizes stratigraphic information,
at the stage level of resolution, on 285 genera
of dinosaurs. Given the high frequency of sin-
gle hits (83% of the well-dated genera), we ad-
vise against taking the distribution of ranges
at face value. Moreover, considering how few
taxa have ranges of two or more stages, we do
not feel confident in estimating preservation
probability from the data. In fact, we contend
that any analysis of these data will be associ-
ated with such a high variance that estimates
of duration may be extremely unreliable. For
the sake of argument, however, we can com-
pare our estimates of median duration with
those of Dodson. In one estimate, Dodson ig-
nores single hits and calculates the median
range of the remaining genera. Although su-
perficially similar to our regression-based ap-
proach, this does not yield the same estimate
of median duration. From various tabulations
of the number of genera with ranges of two,
three, and four stages (Dodson 1990), our re-
gression method yields estimates of median
duration from about 2.5 m.y. to 4.0 m..y., lower
than Dodson’s estimates (5 m.y. to 10.5 m.y.)
based on observed ranges. As shown above
(Fig. 9), such a discrepancy is to be expected
when stratigraphic intervals are long relative
to true median duration.

Estimates of global, species-level complete-
ness for skeletonized taxa have generally been
in the range of 10% or less (Newell 1959; Dur-
ham 1967; Valentine 1970). Therefore, the es-
timates presented here may seem rather high.
This reflects the distinction between local or
regional completeness (most of the data here-
in) and global completeness (previous work).
As Valentine (1989) suggested after finding a
high proportion of living molluscan taxa with
a Pleistocene fossil record, the incompleteness
of the fossil record may reflect the loss of fos-
siliferous rock more than the initial failure of
fossilization. This is also in accord with
Schopf’s (1978) actualistic study. Our high es-
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timates may also reflect our choice of taxa. Tri-
lobites are very well preserved as arthropods
go, Paleozoic crinoids are more robust in gen-
eral than asteroids and holothurians, for ex-
ample, and it would seem that many mam-
mals have a higher preservation potential
than, say, birds. These informal rankings of
preservation potential may well be wrong, but
the methods we describe here should allow
rigorous comparisons of preservability and
completeness among major fossil taxa.

In addition to the insight into evolutionary
rates and completeness that we have empha-
sized here, estimates of preservation potential
clearly have important implications for gene-
alogical analysis and other evolutionary stud-
ies. For example, several recent studies have
been concerned with temporal changes in the
size of morphological transitions among lin-
eages (e.g., Smith 1994; Wills et al. 1994; Wag-
ner 1995). Because the apparent magnitude of
a change in morphology between an ancestor
and its ultimate descendant depends on how
many intermediates are missing, temporal
changes in preservation potential can affect
apparent patterns in morphological step size.
Huelsenbeck (1994) has explored the effect of
preservation probability on the accuracy and
resolution of phylogenetic trees. The method
of stratocladistics (Bodenbender 1994; Fisher
1994) must assign some weight or credibility
to the nonpreservation of taxa where an evo-
lutionary tree would require their existence.
Arguments over the probability of finding an-
cestral taxa in the fossil record hinge upon the
completeness of the fossil record (Fortey and
Jefferies 1982; Foote 1996). The investigation of
these and other questions in evolutionary pa-
leobiology will be strengthened by improved
estimates of preservation potential and its role
in transforming real to apparent evolutionary
patterns. The approaches presented here will
be useful in this regard.
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Appendix 1

Predicting distribution of observed stratigraphic ranges
from original distribution of taxonomic durations

Let T be the original duration of some taxon, let R be the prob-
ability that the taxon is preserved at least once in an arbitrary
increment of time, and let ¢ be the preserved stratigraphic range
(using discrete-time convention; see Fig. 1). If R is stochastically
constant through time, the probability that a taxon with original
duration T is not preserved at all (i.e., the probability that t =
0) is equal to (1 — R)7, and therefore the probability that it is
preserved at least once (i.e., the probability that ¢ = 1) is equal
to

P(T)=1-(1 - R)". 1)

Let there be an arbitrary distribution of taxonomic durations,
where P(T) is the probability that the duration equals T (strict-
ly speaking, the probability that it is between T — 1 and T, since
we are dealing with discrete time intervals). For example, with
constant extinction rate, g, Pp(T) is equal to e #T-D — e =47 (Fig.
2A). If the probability of preservation is homogeneous among
taxa, then the probability that a taxon randomly chosen from
this distribution is preserved at least once is equal to

Pp = 2 P,(T)Py(T). @

This is, of course, the proportion of taxa preserved (complete-
ness).

We desire a general expression to relate T, ¢, and R. If the orig-
inal duration is T and the range, t, is equal to 1, this single oc-
currence can be in any of T places stratigraphically, and there
must be T — 1 intervals of non-preservation. Thus, the proba-
bility that the range equals 1, given that the duration equals T,
is given by

P,1, T) = TR(1 — R)™ 3)

For ranges greater than unity, there must be T — t instances
of non-preservation outside the fossil range, and there must be
two instances of preservation at the endpoints; these endpoints
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can fall in (T — t + 1) different ways (see Fig. 1). The number
of instances of preservation between the endpoints can be any-
thing from zero to ¢ — 2, but all the corresponding probabilities
sum to unity and so can be ignored. Thus, the probability that
the range is equal to f, given that the duration is equal to T, is
given by

P(t, T)=(T —t + 1)R¥(1 — R)™! @

Equations (3) and (4) give the probability that a certain range
will be observed, given a particular original duration. We would
like to know the probability of a certain range summed over the
entire distribution of original durations. Moreover, since we
only observe taxa that are preserved, we would like to normal-
ize this expression by the overall probability of being preserved
at least once (eq. 2). We thus have the relative frequency of fossil
ranges (the probability, for preserved taxa, that the fossil range

is equal to #):
/ Pp. (@)

From this expression, we can calculate the mean and median
fossil range for some initial distribution of original durations
(e.g., Fig. 2C).

From equations (1) and (2), it follows that the probability that
a preserved taxon has original duration T, given that it is pre-
served at least once, is equal to

g(T) = P(T)Py(T)/Py (6)

f(t) =

i P,(t, T)Pp(T)

This expression allows us to calculate the mean and median
original duration of taxa that are preserved at least once (e.g.,
Fig 2B).

Appendix 2

Demonstration that slope of original exponential
distribution of durations can be derived from the
distribution of fossil ranges

Equations (1)-(5) imply that

f(1) = (R/Py)

i Pp(T)T(1 — R)™*

Denote the quantity in brackets A. Then
f(1) = (R/Pp)A.
Similarly,

f(2) = (R*/Py) i Pp(TUT — 1)(1 = R)™2|.

Note that, for T > 1, P,(T) = e *P,(T — 1). Therefore,

£(2) = (e7R*/Py)

> Po(T — (T — 1)1 — RyT2|.
T=2
Clearly, the terms in this series are the same as those in the se-
ries A. Therefore, the two sums are equal, and

f(2) = (e™1R?/Pp)A.
Similarly,

f(3) = (R*/Py) i Po(TUT — 2)(1 = R)™2|.

Note that, for T > 2, P,(T) = e 2P,(T — 2). Therefore,

f(3) = (e7*1R*/Py)

i Pp(T = 2)(T — 2)(1 — R)™2|.

Clearly, the terms in this series are the same as those in the se-
ries A. Therefore, the two sums are equal, and
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f(3) = (e 27R?/Pp)A.
Likewise,

f(4) = (e™R?/P;p)A

f(5) = (e *R?*/P,)A
and so on. Therefore, for t > 1,

In(f(t)) — In(f(t + 1)) = q.

Since this difference is constant for all values of t > 1, the re-
lationship between In(f(t)) and ¢ is linear for ¢ > 1, and the slope
of this relationship is equal to —g.

Appendix 3

Demonstration that preservation probability (R) can be
derived from the distribution of fossil ranges for an initially
exponential distribution of durations

From Appendix 2 we have

f(1) = (R/PpA

f(2) = (e""R?/Pp)A
and

f(3) = (e™2R2/Pp)A.
Therefore,

(7] _ _e™RAYP?

EDEE)]  (RA) e R?A)/Pp?

Note.—If data fit the exponential model well, one may take ad-
vantage of more information on range frequencies, rather than
relying solely on f(1), £(2), and f(3). After calculating the re-
gression of In(f(t)) on ¢ for t > 1, one can calculate the predicted
values f'(2) and f'(3) and estimate R as

_ _Irep
KO @)

Note that this should be done only when data fit an exponential
distribution well. Otherwise, we recommend using the FreqRat
based on the observed values of f(2) and f(3) (see also Appendix
4). It is possible for the FreqRat to exceed unity. In this case, it
cannot serve as an estimate of preservation probability. Since
we find that single hits predominate and that the FreqRat
works for a wide variety of initial duration distributions (see
Appendix 4), we suspect that in some cases the FreqRat may
be inflated by taxonomists’ reluctance to erect taxa with short
stratigraphic ranges.

Appendix 4

Demonstration that preservation probability (R) can be
approximated from distribution of fossil ranges when initial
distribution of durations is not exponential

From Appendix 2 we have

f(1) = (R/Py) 2 P, (T)T(1 — R)™!

(2) = (R*/Py)

2 Po(TXT — 1)1 — R)™2
and

f(3) = (R?/Py) 2 Po(T)T — 2)(1 — R)™3|.

Using the general rules for multiplying series, we have
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f()f(3) = Rs/P.s){Z > [Po(i)Pp(f)i(j — 2 — R)‘*"“]}

=1 j=3

and

f27 = <R4/P.,2>{22 3 [Po@Po(i)G — 1) — DA - R)'*"‘]}-

In general, fossil taxa are predominantly those with longer ini-
tial durations, especially if R is not very large (Appendix 1).
Therefore, we can ignore the first couple of terms in these sums
and consider the sums simply from 3 to . Thus,

f(1EE) = (RS/PPZ){Z ;3 [Po(@)Pp(j)i(j — 2)(1 — R)‘*"“]}

and

f(2y = R‘/sz){z > [Po()Po()G — DG — DA — R)m—q}_
=3 =3
hY
Note that, as 7 and j increase, the terms [i(j — 2)] and [ — 1)(j — 1)]
progressively approach equivalence. Therefore, the two foregoing
double sums are approximately equal, and we have

i1 _
[FDE@)]

RiPy?
RP,?

Appendix 5

Predicting distribution of observed stratigraphic ranges
from original distribution of taxonomic durations when
preservation probability varies over time

Let R, be the probability of preservation in the i time interval.
For convenience, we can number time intervals so that R, is the
preservation probability during the first interval of a taxon’s ex-
istence, and so on. Then, the probability that a taxon with du-
ration T is preserved at least once is equal to

P(T) =1 - H (1 - R). )

Thus, the proportion of lineages preserved is equal to

®)

L T

Py =2 Pt~ [T =Ry
T=1 1=1

If a lineage is preserved as a single hit, this can be in any of T

intervals. The probability of preservation in only one interval is

equal to
Z{ﬁa—R.) } )
=1 |[=1

The index of the sum refers to the fact that the one instance of
preservation can occur in T possible intervals. The first term in
the sum reflects the prior instances of nonpreservation, the mid-
dle term reflects the one instance of preservation, and the last
term reflects the subsequent intervals of nonpreservation. Sim-
ilarly, for ranges of two or more intervals, the probability of a

given range is equal to
} (10)

{[T[ (1 - R)|R

P,(1,T)= H(l—R)

1=y+1

P T)= 3 Ryvia| R)
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Here, the index of the sum reflects the fact that the range end-
points can occur in T — t + 1 places. The first term and last term
again reflect prior and subsequent instances of nonpreservation,
and the two middle terms reflect preservation in the first and
last intervals of the taxon’s range. Given these expressions for
Py and P,(t,T), the frequency of observed taxon ranges can be
calculated using equation (5) (Appendix 1).

Appendix 6

Probability of paraclade preservation if species-level
preservation probability (R), origination rate (p), and
extinction rate (q) are stochastically constant

Assume that the paraclade is initially monotypic. Let P, de-
note the probability of paraclade extinction at or before time T
(see Raup 1985: eqs. A1l and A13). Then the probability that the
paraclade duration is equal to T, i.e., that extinction occurs dur-
ing the T* time increment, is equal to

Pr(T) = Pox — Pors

Let P,, denote the probability that paraclade diversity at time x
is equal to n lineages (see Raup 1985: egs. A15 and A17). Let
(Py;zln,x) denote the probability of paraclade extinction at or be-
fore time T given that diversity is equal to n at time x < T. Then

[Por_]"

Let (Pp(T)|n,x) denote the probability that paraclade extinction
occurs during the T* time step, given that diversity is equal to
n at time x < T. Then

(Polnx) = (see Raup 1985: egs. A12 and A14).

(PD(T)lnrx) = [Po;r—x]" - [PO,T—-X—-I]"

Let (Py(T),n,x) denote the probability that diversity is equal to
n at time x < T and that paraclade extinction occurs during the
T* time increment. Then

(Po(T),n,%) = (Po(D)ln,x)P,,,

Let (P,,|D = T) denote the probability that diversity is equal to
n at time x < T, given that paraclade extinction occurs during
the T* time step. Then

(P,.[D = T) = (Py(T), n, x)/P(T)

Finally, let R(x,T) denote the probability that at least one lineage
of a paraclade is preserved during the x* time increment, given
that the ultimate paraclade duration is equal to T. If the para-
clade has n lineages each with the same preservation probability
R, then the probability that none of them is preserved is equal
to (1 — R)*, and the probability that at least one of them is pre-
served is equal to 1 — (1 — R)". These expressions are then
weighted by the probability that the paraclade has n lineages,
where n varies from 1 to ©, and we have
R(, T) = 3, {(Pos] D = D1 =~ (@ = Ry}

To determine the expected distribution of stratigraphic rang-
es of fossil paraclades, R(x,T) is simply substituted for R, in
equations (7)-(10) (Appendix 5), making the appropriate sub-
stitutions from Raup (1985: eqs. A11-A17) cited above. Clearly,
the expression for R(x,T) can easily be modified to accommo-
date taxonomic and temporal variation in the species-level pres-
ervation probability (R), although we do not present these re-
sults here.



