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On the probability of ancestors in the fossil record

Mike Foote

Abstract.—Three homogeneous models of species origination and extinction are used to assess the
probability that ancestor-descendant pairs are preserved in the fossil record. In the model of cla-
dogenetic budding, a species can persist after it branches and can therefore have multiple direct
descendants. In the bifurcation model, a species branches to give rise to two distinct direct de-
scendants, itself terminating in the process. In the model of phyletic transformation, a species gives
rise to a single direct descendant without branching, itself terminating in the process. Assuming
homogeneous preservation, even under pessimistic assumptions regarding the completeness of the
fossil record, the probability of finding fossil ancestor-descendant pairs is not negligible. Even if
all species of Phanerozoic marine invertebrates in the paleontologically important taxa had the
same probability of preservation, on the order of 1%-10% or more of the known fossil species would
be directly ancestral to other known fossil species. However, this is likely to be an underestimate,
since the probability of finding ancestor-descendant pairs is enhanced by taxonomic, temporal, and
spatial heterogeneities in preservation probability. Moreover, indirect genealogical relationships
substantially increase the probability of finding ancestor-descendant pairs. The model of budding,
the only one in which an ancestor can persist after a branching event, predicts that half or more of
extant species have ancestors that are also extant. Thus, the question of how to recognize ancestor-

descendant pairs must be carefully considered.
Mike Foote.

Accepted: November 28, 1995

General Problems

Considering that the fossil record is incom-
plete, how likely are we to find pairs of species
related, directly or indirectly, as ancestor and
descendant? This question is of fundamental
importance to a number of areas in evolution-
ary paleobiology, including speciation and
evolutionary trends as well as genealogy. Re-
cent discussions (e.g., Fisher 1994; Huelsen-
beck 1994; Smith 1994; Alroy 1995) attest to
the timeliness of the issue. Yet, the recognition
of ancestor-descendant (A-D) pairs in the fos-
sil record remains a major difficulty (Engel-
mann and Wiley 1977; Paul 1992; Fisher 1994;
Smith 1994). We could safely tolerate or ne-
glect this problem if the fossil record were so
incomplete as to make the recovery of an A-D
pair very unlikely (Hull 1979: p. 429; Schoch
1986: pp. 166-167). On the other hand, if the
probability of recovering A-D pairs were high,
then we would feel compelled to modify phy-
logenetic methods in order to recognize them
with greater confidence.

By the ancestor of a species, I mean another
species including the organisms from which
descended the species in question. If part of
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the evolving lineage between the ancestor and
descendant is considered, by whatever species
concept one adopts, to be a species distinct
from both the ancestor and descendant, then
an A-D relationship is said to be indirect. Oth-
erwise, it is direct (see Fig. 1). These definitions
essentially agree with those of Paul (1992). Al-
though a more restricted concept of ancestors
is sometimes demanded, for example, one
specifying the actual deme(s) or individual(s)
from which the descendant arose, the broader
view is perhaps more often in line with com-
mon evolutionary usage. I emphasize that my
goal is not to specify how to recognize A-D
pairs, but rather to assess the probability that
we actually have such pairs in our various fos-
sil collections, whether or not we are aware of
it. How to recognize such pairs remains an im-
portant challenge for phylogenetic analysis
(Alroy 1995).

Fortey and Jefferies (1982) used simulated
degradation of evolutionary trees to explore
the effect of incompleteness on the accuracy of
cladograms and the probability of recovering
A-D pairs. I will extend this approach by us-
ing homogeneous birth-death models (Ken-
dall 1948; Raup 1985) with homogeneous
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FIGURE 1. Birth-death models. A, Budding cladogenesis. A species may persist after it leaves a descendant. B,

Bifurcation. A species is considered to terminate and leave two descendants at the point of branching. C, Phyletic
transformation. A species either changes into a new species (pseudoextinction; transitions to species 1-5) or the
lineage truly terminates (extinction; end of species 5). Horizontal lines are not meant to imply sudden morpholog-
ical transitions; models in A and C should not be construed as punctuated equilibrium and punctuated anagenesis.

preservation (Foote and Raup 1996) to predict
analytically the probability of recovering A-D
pairs from the fossil record. Specifically, I will
address the question: What is the probability
that a preserved species has at least one descendant
species that is also preserved? (Note that by pre-
served I mean preserved and recovered.) I will ad-
dress this question first for direct descen-
dants, then for indirect descendants as well.
Note that I am not assessing the probability
that a preserved species” ancestor is also pre-
served. This is because, for genealogical anal-
yses of fossil taxa, it is useful to know which
taxa should be in an ancestral as opposed to a
terminal position. I will argue that the prob-
ability of finding A-D pairs is not negligible.
Therefore, the use of a homogeneous preser-
vation model, which actually decreases the
probability of recovering A-D pairs relative to
more realistic models incorporating taxonom-
ic, spatial, and temporal variation in preser-
vation probability, is conservative. For sim-
plicity, I will emphasize results for the case
where speciation and extinction rates are

equal to each other. When speciation rate is
higher, as during an evolutionary radiation,
the probability of recovering A-D pairs is even
greater (Appendix 1).

Modeling

Two alternative models of the branching
process are that in which an ancestral species
persists after a descendant arises (Fig. 1A),
and that in which speciation is considered to
coincide with the termination of the ancestral
species and the origin of two distinct descen-
dants (Fig. 1B). I will refer to these as budding
and bifurcation, respectively. (Wagner and Er-
win [1995] referred to these as cladogenesis and
bifurcation, but both represent what would
generally be considered cladogenetic process-
es. As long as we describe the branching pat-
terns explicitly, it is unimportant which names
we choose to hang on them.) An additional
model not involving branching is the origin
(and termination) of species by phyletic trans-
formation (Fig. 1C). (Note that the horizontal
lines in Figure 1 do not imply sudden mor-
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phological shifts associated with the new spe-
cies; rather, they simply denote a point in time,
possibly arbitrary, at which we would recog-
nize and name a new species if we had the rel-
evant fossil record. Thus, for example, the
models of Figures 1A and 1C should not be
construed as equivalent to punctuated equi-
librium and punctuated anagenesis, respec-
tively.)

With budding cladogenesis, a species may
have multiple descendants, and species that
are longer-lived leave more descendants, on
average. As developed here, this model im-
plicitly assumes that the duration of a species
is not greatly affected by its descendants. The
most extreme violation of this assumption, in
which a descendant immediately causes the
extinction of its ancestor, yields a model effec-
tively equivalent to that of phyletic transfor-
mation. Because a longer-lived species is, all
else equal, more likely to be preserved, the fos-
sil record should be biased toward species
with more descendants. This in turn enhances
the probability of finding A-D pairs. Note that
this model considers two species to represent
an A-D pair even if the ancestral species is pre-
served only after it has given rise to a descen-
dant. The stricter requirement that an ancestor
must be preserved before its descendant is im-
plicit in the next two models.

With bifurcation, a species has either no de-
scendants or two descendants, and the ratio of
probabilities of these two outcomes is simply
the ratio between the extinction and origina-
tion rates. Because species are terminated by
extinction or origination, they are shorter-
lived than in the budding model, and there-
fore less likely to be preserved.

In the extreme case of phyletic transforma-
tion without branching, a species has either no
descendants or one descendant, and the ratio
of the corresponding probabilities is the ratio
between the rate of true lineage termination
and the rate of pseudoextinction. It is unlikely
that many major clades have evolved for sub-
stantial periods of time without branching
(Raup 1985: eqs. A11-A14). However, consid-
eration of the pure models of budding and
phyletic transformation allows us to investi-
gate end members of the birth-death process.

We can consider at least three concepts of
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what constitutes a descendant (Fig. 1): (1) We
may focus on direct descendants only. (2) We
may incorporate indirect descendants origi-
nating within some arbitrary time, dT, after
the origination of direct descendants. (3) We
may include indirect descendants without
limit of time. Depending on the question, one
of these concepts may be more relevant than
the others, but it is instructive to consider all
three.

The probability of finding A-D pairs (Ap-
pendix 1) is illustrated in Figure 2A, B for the
case where speciation rate (p) and extinction
rate (q) are equal to 0.25 per species per mil-
lion years, corresponding to Raup’s (1991) es-
timate of mean species duration for Phanero-
zoic marine animals. Figure 2C illustrates the
case where true extinction rate (g) and pseu-
doextinction rate (w) are each equal to 0.25.
The general form of the relationships in Figure
2 is the same for other values of these param-
eters. Other values are explored explicitly be-
low.

In general, the greater the proportion (P;) of
species that are preserved and recovered
(which I will refer to as completeness; see Val-
entine 1989), the greater the proportion (P,) of
these preserved species that are ancestral to at
least one other preserved species (see Fig. 2A
for an exception to this monotonic relation-
ship). As explained in Appendix 1, P, is de-
rived from a particular birth-death model
with its parameters and a particular proba-
bility of preservation (R) per species per time
interval. Because, for a given birth-death mod-
el with its parameters, there is a one-to-one
correspondence between values of R and val-
ues of Py, it is possible to calibrate P, directly
against P, rather than R. Moreover, because P,
may be easier to estimate than R (Durham
1967; Valentine 1970), and P, unlike R, is in-
dependent of the level of stratigraphic reso-
lution (Foote and Raup 1996), this calibration
of P, against P, can be rather convenient. It
will therefore be used in what follows.

Considering only direct descendants in the
model of budding, P, is roughly twice P,
when P, is small and thereafter increases
more slowly than P;. Since P, is the probabil-
ity that a preserved species, not an arbitrarily
chosen species, is an ancestor to another pre-



MIKE FOOTE

144

‘SOUIDIIXd 3SAY} O} SAIR[DI SINSAI djeTpawrIajul o1pard
9I0J2I19Y} SPPOW 9213 3} JO SUOTIRUIqUIOD ‘$$3001d 1eap-111q 31} JO SISqUIDWI-PUD Judsaidal ) pue y S[OPOJA INOJ JO 103dej € ST uoneuriojsuer) ona[Ayd pue Surppnq jo
S[OPOWI 3} USI M} SDUSISJJIP [ewrrxewr 3y} sited juepuadsap-103sadue 10a11p Surpuy jo Ariqeqoid ayp 10§ ey} ajoN "uonedinjiq pue Surppng jo sfppow uﬂw_:wwovﬂu
9} UI S90p I UeY} 109JJ3 IS[[BWS YONUI B SeY SJURPUIDISIP J03IIPUT JO UoreIodIodur 9y} ‘[9POW SWAIIXd SIY} Ul Sunpuelq ou ST 919y} asnedaq ‘[[11S I9MO] SI [ 2AIND OS
‘a1qrssod a1e SJUBRPUIDISIP J0AITP I9MIJ USAY "UOTIRULIOJSUERT) DIB[AYJ ‘D "V Ul ueyl Iomof ST | 2AINnD “Surppng Yrm uey) pasonpoid aq ued sjuepuadsap 109I1p Iomadj asnedag
‘uonedInyIg ‘g "919[durod jou st UorjeaIdsard Usym SjUBPUIISIP I0UWT YIIM S3IDads PaAl[-198uo] JO J0Ae] UT PIOJAI [ISSO JO serq Sunoafgaz ‘A3un uey ssaf 47 jo sanfea je '
aaoqe sast1 Vg "Surppng ‘v ‘paalssaid are saads [[e usym g0 03 [enba st Vg a10ja1a1) ‘Onsst noyiim arp sarads (e Jo jrey ‘Tenbas are sajer uorounxa pue uorjeur3Lio
USYA ‘SIUBPUDIISIP dABI[ Samads [[e 10U “I0jsadue ue sey sapads A19A9 YSNOYI[y ‘S9jel I9A0UIn} ISYI0 UM PIUIe}qo aIe S9AIND Ie[IWIS ‘G 0 03 [enba yoes aze sojer
uonpUNXa pue uondunxaopnasd ayl D ut pue ‘(1661 dney 9as) sxeak uor[ru 1od sarads 19d gz° 01 [enba yoes axe sajes uonounXs pue uoReUISLIO JURISUOD A[[ED1ISEYD0)S
‘q pue v Uuf ‘(¢7) pI0d3I1 [ISSOJ 3} Ul ddUO }sed[ Je paatasaid sawads jo uonrodoid ayy jJo uonouny e se (V) sired juepuadsap-Ioisadoue Surpuy jo LA)[Iqeqold ‘7 TINOL]

(dd) pensesaid ssioads jo uoiiodoid

1 T 10° 100° 1000° 1 T 10° 100° 1000° 1 T 10° 100° 1000°
FTTE NI A R N [TTT W AN SC SR [TT TR I I N losaas g o | TR ITITE A I AT I | TR WA NTTEN N loassa s | TITE R Dosas s g o

m awy 8jjuyuy 0} 3no p P 198Jipul s8pnpu| :g L m m swp eyjuyul 03 N0 p P 100eiipu)| sep | € m m ewyl 8yuyuy 03 INo P puy Py :g m w H
= “A'w g 0} 1o p P 1084ipuy SBPNIY]| :Z w\.l - *A'w g 01 o p P 10811pu) sepnjouy :Z LE E *A'w g 01 N0 P 1puj sepnjouy :Z .I._”coc & [=]
i Ajuo sjuepuessep 100114 : L e i Ajuo sepuedsep 10eaq : L Ajuo swepuedsep wesd L L @ m.
| 7L ] [ ] X 2g
4 —
] 2 s ] s ] F o5
E 7 E 3 E 3 E 2 <
N P B h B N 1000 o 5
Py 3 0
] f B ] I ] A a s
] [ ] [ ] [ 2B
E 7 E E 5 E E S 9

3 7 3 E 3 E . @
g - o &%
1 \\ I 1 B h B p a
4 L L 4 3 L - nSU [=%
3 E ] E ] : 3w
3 2 3 3 3 3 E 273
1 o i e 28
. L 4 L i 5 o @
] C ] r ] s A M
uonewuoysuel) InsAyd JE uoneainyg g buippng v E w\v.m 2

mirrrr.r. —-ﬂ-l-\. T T —-.-... T T —-.--4 T mirrrr. v _...-.- T T _:-- T 1 —...-- T T F l.-.-- T T _-:-- T T —:-- Ty ¥ 1—.-4-.- T T IM —




ANCESTORS IN THE FOSSIL RECORD

served species, P, need not be less than or
equal to P;. It may seen counterintuitive that,
with the budding model, the maximal value of
P, occurs when P;, is less than unity. However,
this result makes sense given the bias of the
fossil record in favor of longer-lived species
with more descendants under this model (see
above). Considering only direct descendants
in the bifurcation model, P, is roughly equal
to P, when P;, is small and thereafter increases
more slowly than P,. Considering only direct
descendants in the model of phyletic transfor-
mation, P, is equal to one-half P, (Appendix
1).

Note that for direct descendants the maxi-
mal difference in P, among the three models
is a factor of four; this differences diminishes
as the fossil record becomes more complete. It
may seem counterintutive that, in all three
models, P, is equal to 0.5 when all species are
preserved. This is simply because while each
species has an ancestor not all species leave
descendants. In randomly branching trees, the
proportion of branches that terminate without
issue is equal, in the limit of infinite time, to
q/(p+q), which is equal to 0.5 when p = g.
Likewise, with true extinction and pseudoex-
tinction occurring randomly in time, the pro-
portion of species that terminate before trans-
forming phyletically to a new species is equal
to q/(w+g), which equals 0.5 when w = g.

Thus, in the worst, unrealistic case, i.e.,
adopting a model of phyletic transformation
with no branching and counting only direct
descendants, the probability that a preserved
species is ancestral to another preserved spe-
cies is simply equal to one-half the probability
that the species is preserved in the first place.
For example, if P, were equal to 1%, then, of
each 20,000 species that ever existed, some
10,000 of them would in fact be ancestral to
others, but only 200 species would be pre-
served and, on average, only one of these pre-
served species (0.5%) would be directly an-
cestral to another preserved species. Including
indirect descendants of course increases the
probability that a preserved species will be
ancestral to at least one other preserved spe-
cies (Fig. 2). The effect of including indirect
descendants diminishes as completeness of
the fossil record increases.
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Empirical Scaling

Estimating the probability of finding A-D
pairs requires some estimate of completeness.
A common approach to estimating complete-
ness at the global scale is to compare the num-
ber of known fossil species to some estimate
of the total progeny (Kendall 1948), i.e., the
number of species that have lived in some
group (Simpson 1952; Newell 1959; Durham
1967; Valentine 1970;). If we focus on the pa-
leontologically important marine groups, we
have on the order of 200,000 described fossil
species (Raup and Stanley 1978) and 150,000
species extant today (Valentine 1970) (al-
though the latter number may need to be in-
creased by a factor of two or more [May
1994]). We can estimate the total number of
species that have lived on the basis of some di-
versity model and some turnover rate, both
empirically scaled (Valentine 1970). Because
incompleteness prevents our knowing the true
diversity curve, it is useful to consider some
reasonable extremes. Raup (1991) has esti-
mated species-level extinction for marine an-
imals on the whole at 25% per million years,
on average. However, incomplete preservation
truncates stratigraphic ranges and tends to ex-
aggerate extinction rate. It is therefore worth
considering a number of different extinction
rates for each diversity model (Table 1). The
estimates in Table 1 are based on the budding
model (Fig. 1A), but these numbers could eas-
ily be adjusted to reflect other birth-death
models (Fig. 2; Appendix 1).

Because standing diversity has almost sure-
ly increased since the Cambrian (Bambach
1977; Sepkoski et al. 1981), an extreme diver-
sity model would assume constant standing
diversity throughout the Phanerozoic, with a
fixed proportion of species becoming extinct
every million years, immediately replaced by
others. This model is fully deterministic, with
no stochastic variation. The assumption of
constant diversity almost certainly overesti-
mates the number of species that have lived
and therefore underestimates completeness.
An alternative model, perhaps extreme in the
other direction, is based on a stochastic, ex-
ponential increase in diversity over the Phan-
erozoic (see Table 1, note 1). In this model, an
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TaBLE 1. Estimated total progeny (M), proportion of species preserved (Py), and probability of finding direct an-
cestor-descendant pairs (P,) for three different models of global Phanerozoic diversity of the paleontologically im-
portant marine groups, assuming budding birth-death model and homogeneous preservation with probability cor-

responding with the given value of Pp.

Extinc-

Model

tion rate Median Deterministic,

Deterministic, Stochastic, exponential

(per species constant diversity linear diversity increase diversity increase!

species duration

perm.y.) (m.y.) M Py P, M Py P, m? Py P,
005 13.8 4.1 X10°® 0.049 0.081 2.0 X 108  0.098 0.15 52 X105 0.38 0.41
0.10 69 81X10°¢ 0.025 0.043 4.1 X 10°  0.049 0.081 9.3 X10° 0.22 0.37

. 0.25 28 20X10” 0.010 0.019 1.0 X 10  0.020 0.036 24 X10¢® 0.083 0.14
0.50 14 41X10° 0.0049 0.0091 2.0 X107 0.0098 0.019 49 X 10 0.041 0.070
1.0 0.7 81X10” 0.0025 0.0048 4.1 X10° 0.0049 0.0091 1.1 x10° 0.018 0.033

1Strictly speaking, this diversity model is not exponential. For a given origination and extinction rate, the expected diversity over time follows an
exponential trajectory if this expectation includes the possibility of prior extinction of the clade in question (see Kendall 1948; Raup 1985). The expected
diversity of life over the Phanerozoic, assuming survival of life to the Recent, resembles exponential growth somewhat but increases extremely rapidly
early on. This is intuitively reasonable, as clades that persist for a long time are likely to be those that get off to a good start.

2The expected total progeny of this stochastic process is based on Raup (1985: eq. A30). This equation is problematic, as the rationale behind it is not
immediately obvious (D. M. Raup personal communication 1994). I have found, by comparing results of the equation to simulation results, that the
equation is accurate when origination and extinction rates are roughly equivalent. However, with large differences between origination and extinction
rates, the equation predicts values of total progeny that disagree with simulation results. The reader should therefore be cautioned against using this
equation when rates of origination and extinction differ substantially from each other. With high-speed computers, it is a simple task to use simulation
to determine whether the equation is greatly biased for given values of origination rate, extinction rate, and clade age.

extinction rate is assumed and a correspond-
ing origination rate is chosen to yield an ex-
pected increase in standing diversity from 1 to
150,000 over the Phanerozoic, assuming surviv-
al of marine animals to the Recent (Raup 1985: eq.
A25). An intermediate model is based on a de-
terministic, linear increase in diversity from
the start of the Phanerozoic to the Recent.

Table 1 shows the probability of finding A-
D pairs for each of these three models, for a
number of different extinction rates. The esti-
mates of completeness corresponding to the
extinction rate of 0.25 are concordant with pri-
or estimates (e.g.,, Durham 1967; Valentine
1970). Even with rather pessimistic assump-
tions, the proportion of preserved species di-
rectly ancestral to other preserved species is
on the order of about 1% or higher.

Basing P, on global completeness and on
the assumption of homogeneous preservation
clearly underestimates the probability of find-
ing A-D pairs. There is reason to believe that
completeness is higher on a local scale than on
a global one, i.e., that the fossil record is rather
complete where it occurs, while incomplete-
ness stems largely from the loss or absence of
fossiliferous rock rather than from the failure
of species to enter the fossil record in the first
place (Schopf 1978; Valentine 1989; Foote and
Raup 1996). If ancestors and descendants are
more likely to occur in the same geographic
region than would be expected from a chance

distribution of species, then the higher com-
pleteness at smaller geographic scales implies
a greater probability of finding ancestor-de-
scendant pairs. Finally, the fossil record is bi-
ased toward the better-preserved taxa, and the
structural, chemical, and behavioral bases of
preservation potential suggest that preserva-
bility is heritable. Thus, the average preser-
vation potential is effectively concentrated in
the better preserved groups, which therefore
have a higher probability of containing pre-
served ancestor-descendant pairs.

The importance of spatial and taxonomic
heterogeneity in the probability of preserva-
tion and recovery is suggested by comparing
Table 1 to estimates of completeness for well-
preserved taxa on smaller spatial scales (Table
2). These completeness values are based on an
approach that enables preservation probabili-
ty and temporal durations of taxa to be esti-
mated from the frequency distribution of
stratigraphic ranges (Foote and Raup 1996).
These estimates suggest that, for well pre-
served groups in particularly well-document-
ed geographic areas—which constitute a large
part of the known fossil record—a consider-
able number of species belong in an ancestral
rather than terminal position on their respec-
tive evolutionary trees.

Discussion and Summary

The approach outlined above does not at-
tempt to suggest how A-D pairs should be rec-
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TABLE 2. Estimated median species duration, proportion of species preserved, and probability of finding direct
ancestor-descendant pairs for three fossil groups, assuming budding birth-death model and homogeneous pres-
ervation with probability corresponding with the given value of P, (see Foote and Raup 1996).

Median
Data Source duration (m.y.) Py P,
Cambro-Ordovician trilobites Stitt 1977 0.15 0.9 0.5
from Oklahoma
Cenozoic mammals from North J. Alroy pers. comm. 1995; after 1.7 0.6 0.5
America Alroy 1994
European Jurassic bivalves Hallam 1976 8.0 0.9 0.5

ognized, only to estimate the probability that
we have them in hand, whether or not we
know it. This approach also ignores the strati-
graphic order in which taxa are found. Clearly,
in the budding model, there is a diminished
probability that an ancestral species and a de-
scendant species are preserved, and that the for-
mer occurs stratigraphically below the latter. How-
ever, whether species are preserved in the
“wrong’’ order does not affect the facts of
their genealogical relationships, which we
must attempt to reconstruct regardless of
where we find the species stratigraphically.
(Of course, in the models of bifurcation and
phyletic transformation, the very nature of an-
cestors and descendants requires that the for-
mer occur stratigraphically below the latter.)
A question related to the order of preser-
vation concerns the probability that a direct A-
D pair coexists today, or at any other arbitrary

1.0

point in time, a question that makes sense only
in the context of the budding model. This can
be assessed by considering the probability
that an extant species originated at some time
in the past and the probability that its ances-
tor, which must also have existed at the time
of origination, is also extant (Fig. 3; Appendix
2). When origination and extinction rates are
equal, and when the clade in question is old,
half of all extant species, on average, are ex-
pected to have ancestors within the clade that
are also extant (Fig. 3A). This proportion is
even higher when origination rate exceeds ex-
tinction rate, as in diversifying clades. When
clades are young, there is a substantial prob-
ability that the founding species of the clade
in question is still extant. We must therefore
look outside the clade in question for the an-
cestor of this founding species, but the youth
of this founding species enhances the proba-

A Clade old enough that founding
species almost certainly extinct

B Direct ancestor of founding
species included

p =0.35,q = 0.25

C Direct ancestor of founding
species excluded

p = 0.35,q = 0.25

0.54 -

=q =0.25

p=q=0.25

p = 0.25,q = 0.35

p = 0.25,q = 0.35

0.0 T

extant species is also extant [P(Ag)]

Probability that direct ancestor of

0.1 1.0 2.0 1
p/q

Time since clade origin (m.y.)

25 50 1 2 50
Time since clade origin (m.y.)

FIGURE 3. Probability that an extant lineage has a direct ancestor that is also extant. This probability makes sense
only in the context of the budding model. Origination and extinction rates are denoted p and g, respectively. A.
This probability, which is equal to p/(p+4) when the clade is question is old, increases as the ratio of origination
to extinction rates increases (Appendix 2). When the clade in question is young (B,C), there is an appreciable prob-
ability that the founding species of the clade is still extant. If we sample this species, whether we also sample its
direct ancestor depends on whether we look outside the clade for it (B) or not (C). If we do, then a young clade,
because of the youth of its founding species and the correspondingly high probability that the ancestor of this
founding species is still extant, has an enhanced probability of containing extant species whose ancestors are also

extant.
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bility that its ancestor is extant (Fig. 3B,C).
Thus, if the budding model frequently holds,
the world today should be teeming with species that
are ancestral to other living species (see Hennig
1966: pp. 60-61; Eldredge and Cracraft 1980:
p- 131). This will prove to be less the case if
descendant species commonly have a large,
negative effect on the durations of their an-
cestors.

The approach developed here does not ad-
dress the probability that each member of an
A-D pair is preserved during the period of tran-
sition. If speciation is rapid relative to the du-
ration of species (Gould and Eldredge 1993),
then the chance of capturing transitions, es-
pecially major transitions among classes and
orders, is substantially diminished. Given es-
timates of completeness, median species du-
ration, the time required for evolutionary tran-
sitions, and the number of ordinal- or higher-
level transitions, we could obtain an estimate
of the number of major transitions we should
expect to see in the fossil record. This would
have important implications for whether the
small number of documented major transi-
tions provides strong evidence against evolu-
tion (Valentine 1986; D. M. Raup personal
communication 1994).

It is worth repeating that heterogeneous
preservation enhances the probability of find-
ing A-D pairs. As discussed above, preserva-
tion is concentrated in certain taxa and
regions, whose species, therefore, have a high-
er probability of standing in a position ances-
tral to other preserved species. Temporal vari-
ation in preservation probability has a similar
effect. Because A-D pairs are more likely to co-
exist in the same interval of time than at ran-
domly chosen times, concentration of preser-
vation into episodes enhances the probability
of finding A-D pairs (see Fig. 3; Appendix 2).
To what extent heterogeneous preservation in-
creases the chances of finding A-D pairs de-
pends on assumptions about how preserva-
tion probability is distributed. In any event,
simulated degradation of evolutionary trees
(not presented), comparing homogeneous to
inhomogeneous preservation models, sup-
ports the intuition that the more realistic as-
sumptions of taxonomically, temporally, and

MIKE FOOTE

spatially inhomogeneous preservation yield a
higher probability of finding A-D pairs.

With pessimistic assumptions, a lower
bound on the proportion of known fossil spe-
cies that are directly ancestral to other known
fossil species is on the order of 1%. With more
realistic assumptions, this proportion is on the
order of perhaps 10% or more, and there are
even more preserved A-D pairs if we consider
indirect relationships (see Fig. 2). These fig-
ures suggest that the problem of how to rec-
ognize ancestor-descendant pairs must re-
main a major priority. If existing phylogenetic
methods have trouble recognizing A-D pairs,
yet we have reason to believe that their fre-
quency in the fossil record is not negligible,
contrary to some assessments (e.g., Schoch
1986: pp. 166-167), then clearly some enhance-
ment of methodology is needed (Hull 1979;
Paul 1992). Stratophenetics (Gingerich 1979),
stratocladistics (Fisher 1994), and continuous
track analysis (Alroy 1995) are among the pos-
sibilities that should move us toward a fuller
resolution of genealogical relationships.
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Appendix 1
Probability of finding fossil ancestor-descendant pairs
Direct Descendants

Given a probability of preservation per taxon per unit time, and
a distribution of taxonomic durations, we want to predict the
proportion of species preserved (Py) and the proportion of these
that have at least one direct descendant preserved (P,). Adopting
a discrete-time convention, let R be the probability that a species
is preserved at least once during a time interval in which it ex-
ists, and let P(T) be the probability that the duration of a spe-
cies is T time units. The probability that a species with duration
T is not preserved at all is equal to (1—R)T; therefore, the prob-
ability that it is preserved at least once is equal to 1-(1-R)". From
this it follows that the proportion of species preserved is given
by (Foote and Raup 1996: eq. 6)

Pp = 7-§=:1 {Pp(T)[1 — (1 — R)T]}. @

Let P(N) be the probability that a species with duration T has
exactly N direct descendants. Then the probability that at least
one of these is preserved is equal to 1 — (1 — Py)". Since we are
interested only in species that are in fact preserved, we modify
Pp(T) to be the probability that a species has duration T, given
that it is preserved. This is equal to [1 — (1 — R)T]Py(T)/P,. Put-
ting all this together, we have the probability that a preserved
species has at least one preserved direct descendant:

P, = 2 ({[1 — (1 = R)TIP,(T)/ Py}

x 3 P - 1 - P.,)~1}). @

Note that this equation requires R as an input, but in fact, for
each birth-death model, each value of R along with the param-
eters of the model (see below) clearly predicts a unique value of
Py. Therefore, P, can be calibrated directly against Pp.

Budding.—Let p be the origination (branching) rate per species
per time unit, and let g be the extinction rate. Note that, in con-
trast to some other works (e.g., Raup 1978; Foote 1988; Patz-
kowsky 1995), p here includes all branching events, both those
leading to new species within the same higher taxon and those
leading to what would be considered new higher taxa. In this
model (Fig. 1A), a species is terminated by extinction only. If
branching can occur at any time during a species’ duration, then
the number of direct descendants of a species of a given dura-
tion follows a Poisson distribution with parameter pT (Feller
1968: eq. 6.1). Therefore, we make the following substitutions
into equations (1) and (2):

Pp(T) = e~9T-Y — =T (Raup 1985: eq. A2)

and

P(N) = [e?"(pT)N]/N!  (Feller 1968: eq. 6.1)

Substituting into equation (2), it is easy to show that P, =~ 2(p/q)P,

when R << 1 and time steps are small enough that p << 1.
Bifurcation—Let p and g be as in the budding model. In the

bifurcation model (Fig. 1B), a species terminates by extinction
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or origination, and the number of descendants can be equal only
to 0 or 2. Therefore, we make the following substitutions into
equations (1) and (2):

Pp(T) = e~ @»T=D — g=G+pT

and
P(N)=q/(p + q) if N=0
=p/ptyq HN=2
=0 otherwise.

Substituting into equation (2), it is easy to show that P, = 2[p/(p + 9)IP,
when R << 1.

Phyletic transformation.—Let the rates of true extinction and
pseudoextinction (species origination) be q and w, respectively.
A species terminates by true extinction or pseudoextinction,
and the number of descendants can be equal only to 0 or 1. We
therefore make the following substitutions into equations (1)
and (2):

Pp(T) = e~@roT-1 — =@+ur

and
P(N) =q/(q + w) ifN=0
=w/(g+w) fN=1
=0 otherwise.

Substituting into equation (2), it is easy to show that P, = [w/(q + w)]Pp.

Indirect Descendants

Budding.—to modify equation (2) to incorporate indirect de-
scendants, consider each direct descendant as a clade having a
total progeny (including itself) of one or more species. If at least
one of the total progeny is preserved, then the ancestral species
in question has at least one preserved (in)direct descendant.
Kendall (1948: eqgs. 52 and 53) gives the probability distribution
of total progeny in the limit of infinite time when p = q. Note
that, in contrast to the total progeny calculations in Table 1, the
relevant calculations here allow for the extinction of the clade
(i.e., the direct descendant plus its direct and indirect descen-
dants). Using Kendall’s notation, the probability Q,, that the to-
tal progeny of a direct descendant will be equal to M is given
by (Kendall 1948: eqgs. 52 and 53)

_ptq (@M) xM

Qu 2p  2M(MI? 2M — 17

P=q
where x = (4pq)/[(p + 9)°].

I know of no corresponding equation for the case where p >
q, a situation that may commonly hold. However, assuming, as
I have, that p = g, when in fact p > g, leads to an underestimate
of P, and is therefore conservative for the present purposes.
From the foregoing equation, the probability of preservation of
at least one of the total progeny of a direct descendant, includ-
ing itself, is obtained as

P = ME {Qull — @ — Pp)]L ®)

This value is then substituted for the second P; in equation (2)
to yield the probability that a preserved species has at least one
preserved descendant, direct or indirect, where the indirect de-
scendants are followed infinitely into the future.

We may also be interested in following indirect descendants
out to some limited time, dT, after the branching of direct de-
scendants (Fig. 1). We would like to know the probability dis-
tribution of the total progeny up to some time y. Let P,,, be the
probability that standing diversity is equal to n and that there
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are exactly z originations (z < n) during the t* time increment.
This is given by the Poisson distribution with parameter pn
(Feller 1968: eq. 6.1) as

P = P, le(pn)]/z!

where P, , is the probability that standing diversity is equal to
n (Raup 1985: eqs. A15 and A17). From this, the probability
that there are exactly z originations during time increment £ is
equal to

P, = 21 P “4)

We would like the probability that there are a total of N, orig-
inations (i.e., a total progeny of M = 1 + N,,) over all time in-
crements. To do so, we sum the probabilities corresponding to
all pathways that yield this total. For example, following indi-
rect descendants out to y = 3, we have the following sum:

Qu=22 >4,
=1 j=1 k=1

where A = P,,P,P;; (from eq. 4) if (i + j + k) = N,and A = 0
otherwise. Q’), is then simply substituted for Q,, in equation (3)
above. The number of summations is equal to the number of
time steps, and so the computation becomes prohibitive rather
quickly. Using a reasonably fast (as of 1995!) desktop computer,
it can take a few days to calculate the probability distribution
of total progeny, even if the process is followed to only ten time
steps or less. For the intermediate curves in Figure 2, indirect
descendants are followed out to y = 5 million years.

Bifurcation—Topologically, this model is the same as the bud-
ding model. We can therefore use Q,, and Q' as above, provid-
ed that for each value of R we use the value of P; corresponding
to the budding model.

Phyletic transformation.—In the absence of branching, indirect
descendants of a species can continue to be generated provided
that true extinction does not occur. The probability that the total
number of originations within a span of time T is exactly equal
to N, (i.e., that the total progeny M = 1 + N,,,) is equal to

Q= 3 (e = e e (@b W11/ (M = 1))

+ eI T @T Y/ (M~ 1)t

The summation reflects the probability distribution of the num-
ber of instances of phyletic speciation if true extinction occurs
in the first through (T — 1)* intervals, while the second expres-
sion reflects the distribution of the number of phyletic specia-
tion events given survival into the T* interval. This same equa-
tion can be used for following indirect descendants for a finite
period of time as well as infinitely into the future. Q, is sub-
stituted for Q,, in equation (3) above.

Appendix 2

Probability that direct ancestor of extant species
is also extant

The question of whether the ancestor of an extant species is
itself extant makes sense only in the context of the budding
model (Fig. 1A). Let p and g be the rates of branching and ex-
tinction, respectively. Consider a clade and a species within that
clade that is extant at the Recent or any other arbitrary point in
time, where time zero is the arbitrary point, and time increases
into the past until the origin of the clade at time T,,,. As this
species is followed backward in time, there is an increasing
probability that it will ultimately “‘terminate’” by merging (to-
pologically) with its ancestral species. Just as the probability of
species durations followed forward in time is exponentially dis-
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tributed, the probability that a species extant at time zero orig-
inated during the T* time increment in the past (see Pease 1987:
p. 486) is given by

Po(T) = e — ¢=pT

The origination of a species at time T implies that its ancestor
was extant at time T. The probability of survival of the ancestor
to time zero is therefore simply equal to e~*" (Raup 1985: eq. A1).
Therefore, in a clade sufficiently old that all extant species orig-
inated after the origin of the clade, the probability that the an-
cestor of a species is extant, given that the species in question
is extant, is given by

Tmax

P(Ag) = X {[e?TD — g7l (52)

If the time steps are sufficiently small, then e»™~9 — ¢7/T is ap-
proximately equal to pe™?T (see Pease 1987: p. 486), and we have
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Tmax
P(Ag) = j pe~*Te~T dT. (5b)
T

=0
This is equal to
P(Ag) = [p/(p + @1 — e7¢*0Tm], (5¢c)

which is approximately equal to p/(p + q) when T, is large.

There is a certain probability that the origination of an extant spe-
cies did not occur between time zero and time T,,,, ie., that an
extant species is in fact the founding species of the clade in ques-
tion. The corresponding probability is simply 1 — [1= pe~T dT,
which is equal to e The origin of this founding species coin-
cides with the origin of the clade; thus, the probability that the an-
cestor of the founding species is extant is simply equal to e="ms,
Combining this with equation (5¢c) we have

P(AE) = [p/(p + q)][l — e’O’*W)Tmax] + e~ @+DTmax (Sd)

if the ancestor of the founding species is taken into considera-
tion, and equation (5¢) if it is not.



