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Introduction

Paleontologists have a long tradition of the
use of mathematical models to assist in de-
scribing and understanding patterns of diver-
sification through time (e.g., Raup et al. 1973;
Stanley 1975; Sepkoski 1978; Raup 1985; Foote
1988; Gilinsky and Good 1989). This is natu-
ral, as the information, phylogenetic and oth-
erwise, that paleontologists work with comes
equipped with a temporal dimension, albeit
approximate, which endows these phyloge-
nies with information about the tempo of evo-
lution as well as the genealogical relationships
among the lineages. Mathematical and statis-
tical modeling are the tools for unlocking the
quantitative information in the phylogenies.

Recently, molecular phylogenetics (e.g., Hil-
lis et al. 1996) has created a new source of phy-
logenies with a temporal dimension, now fre-
quently provided by molecular clocks. Many
people have applied mathematical models to
these phylogenies as well. Here, I highlight the
areas of overlap as well as differences in what
the simple models in the two fields have to tell
us. To save ink, I will hereafter refer to pale-
ontology as P and molecular phylogenetics as
MP.

First I review the use of simple mathemati-
cal models to extract information about the
tempo of evolution from phylogenies in the
fields of P and MP. The same models, or var-
iants thereof—these being the birth, birth-
death, and Moran models—are used in the
two areas, but there are differences in what
they tell us, arising from differences in the na-
ture of the phylogenies themselves. Finally, I
address a high-profile assault on this common
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framework of understanding that has recently
been launched.

The Pure Birth Process

This is one of the two simplest mathematical
models used in P and MP (the other is the
Moran process—discussed below) and, in its
stochastic form, was one of the first stochastic
processes to have been studied (Yule 1924;
Kendall 1948, 1949; Feller 1957; Bailey 1964). It
assumes that clades grow as follows. At each
point in time, each lineage (or higher taxon)
has the same probability, b, as every other to
give birth to a new lineage, and extinction—
or lineage death—does not occur. Under this
model, average clade size, N(t), grows expo-
nentially: N(t) = N(0)e". This deterministic re-
sult from the pure birth process has been used
by Sepkoski (e.g., 1978) and Stanley (e.g.,
1975) among others.

It is notable that the statistician who first
studied this process, Yule (1924), was inspired
to do so by exactly the same sorts of questions
that motivate us. The Willis in his paper’s title
(“’A mathematical theory of evolution based on
the conclusions of Dr. J. C. Willis, FRS”’) was
an expert on angiosperms who had formed
what were perceived to be anti-Darwinian
views on the sizes and distributions of species
and higher taxa. The paper contains a thor-
ough treatment of the pure birth process and
even has such contemporary features as the
use of the birth process to estimate the rate of
cladogenesis of the angiosperms. Happily, the
birth process is often called the Yule process,
anchoring its origins in our own areas of in-
terest. For a time, a competing name was the
Furry process, after the astronomer who stud-
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ied it in the context of cosmic showers (e.g.,
Kendall 1949), but this failed to catch on.

Baldwin and Sanderson (1998) provide a
contemporary example of such a study in MP;
they find that the Hawaiian silversword alli-
ance, a group of 28 plant species exhibiting
enormous morphological variation had a re-
markably high speciation rate (0.56 = 0.17
spp./Myr), exceeding the average rates of con-
tinental radiations. (As it happens, the confi-
dence intervals they reported are wider than
they need be [Nee 2001].) Compare, for ex-
ample, the balanoid barnacles, with a rate of
0.12 spp./Myr, which is itself higher than a
mean rate of 0.07 for a variety of bivalve and
gastropod molluscs—a P study (Stanley and
Newman 1980); or a rate of 0.342 spp./Myr for
the Old World monkeys, the most rapidly ra-
diating primate clade—an MP study (Purvis
et al. 1995).

The birth process assumes speciation is in-
stantaneous. Nowadays, we see this as an ab-
straction, or an approximation, that makes for
a tractable model. Interestingly, this was not
Yule’s viewpoint. He treated it as a biological
postulate: Willis took a mutationist/saltation-
ist/“hopeful monster” view of speciation.
Strangely enough, one recent extension of the
birth process has been to relax the assumption
of instantaneous speciation (Losos and Adler
1995). This has the unfortunate consequence
that the model can no longer be studied ana-
lytically, relying entirely on simulation.

If clades grow in accord with this birth pro-
cess model, then a semilogarithmic plot of the
size of the clade over time should appear lin-
ear and the slope of the plot provides an es-
timate of the rate of cladogenesis. Sepkoski
(1978: Fig. 3) provides what must be the best
example from P. The increase in the numbers
of metazoan orders over the Vendian and
Lower Cambrian is almost too linear, with the
linear regression r*> = 0.994! Nee et al. (1995)
provide an example from MP with somewhat
more stochastic wobble—the growth of the
Drosophila melanogaster subgroup (Fig. 1).

The slope of the semilog plot is a perfectly
good estimator of the rate of growth of the
clade even if just fit by eye. Of course, we could
instead use maximum likelihood procedures
to estimate the rate taking, for example, the

173

10
number
of
lineages
1
time
FIGURE 1. Semilogarithmic plot showing the increase

over time in the number of lineages in the phylogeny of
the Drosophila melanogaster subgroup constructed by
Caccone et al. (1988). The timescale is not shown. In gen-
eral, the timescale is in units of genetic distance or, if the
molecular clock has been calibrated, actual time. The
linearity of this plot shows that the growth of this clade
accords with the pure birth process.

time intervals between the appearances of
new lineages as the raw data. However, it
turns out that putting a confidence interval on
the rate turns out to be remarkably unstraight-
forward. This was first noted in MP by Bald-
win and Sanderson (1998) and received a thor-
ough treatment by Nee (2001). It was surpris-
ing that such a simple probability model
would not readily yield a confidence interval.

Before moving on to a natural extension of
the pure birth model, I want to note the fol-
lowing. Although simple, I argued in an ear-
lier paper (Nee 2001) that the birth process
model is, in fact, one of the two most impor-
tant models in this area. This is because a mul-
titude of questions that may be of primary in-
terest can be recast in the form “is the pure
birth model appropriate for my data?”” Ex-
amples of such questions are Has the rate of
cladogenesis changed over time? Do the rates
differ in these different clades? It so happens
that the pure birth model has features that al-
low an arsenal of preexisting statistical tests to
be brought to bear on such questions. The sec-
ond most important model is the Moran mod-
el (discussed below).

The Birth-Death Process

A natural extension of the pure birth pro-
cess is to include a constant probability of ex-
tinction, i.e., death, d, for each lineage (or high-
er taxon) at each point in time. For P, this in-
troduces no radically new features. Clades
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FIGURE 2. Theoretically expected increase in the num-
ber of lineages in a molecular phylogeny over time that
has grown according to a birth-death process. Over
much of the history, the slope of the semilogarithmic
plot is expected to be the net rate of cladogenesis, b — d,
and this slope is expected to asymptotically approach
the speciation rate b as we approach the present. This is
a visual illustration of the fact that it is, in principle, pos-
sible to estimate separately speciation and extinction
rates from molecular phylogenies.

still grow exponentially, with average clade
size increasing as follows: N(t) = N(0)e®*~¥'. In
fact, researchers such as Sepkoski (1978) and
Stanley (1975) have always had this model in
mind, referring to net rate of growth or clad-
ogenesis, b — d, of clades. However, because
only a single quantity, net growth rate, is in-
volved I found it convenient to introduce these
authors in the previous section.

For MP, however, the introduction of extinc-
tion makes an enormous difference. This is
simply because the phylogenies that are pro-
duced by MP are based on extant species:
hence, only those lineages that have at least
one descendant at the present day are repre-
sented in the phylogeny. The effect of this is
to cause an apparent increase in the rate of
cladogenesis as we approach the present (Fig.
2) simply because species that have arisen re-
cently have had less time to go extinct. This
effect is larger the larger the ratio d/b. As dis-
cussed using the example of salamanders
(Nee et al. 1995) one could misconstrue as rap-
idly improving health of the clade what is, in
fact, considerable proneness to extinction.

Figure 2 provides a visual suggestion that,
surprisingly, it may be possible to estimate
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speciation and extinction rates separately
from molecular phylogenetic data, even
though, perforce, they do not contain any ex-
plicit information about extinct lineages. This
is, in fact, the case, and examples can be found
in Nee et al. 1995 and Purvis et al. 1995. The
ability to do this in MP is closely related to the
fact that, in P, it is possible to estimate b and d
separately from data on the survivorship of
higher taxa, such as genera (Raup 1975, 1985;
Foote 1988). What is the connection? In MP, a
lineage that arose at some point in time, ¢, in
the past will appear in the molecular phylog-
eny only if it has at least one descendant at the
present day. In P, a genus that arose at some
point in the past has a specified probability of
surviving to a later time, ¢, i.e., having at least
one descendant at the later time t. These prob-
abilities, Pr(t), are the same:

b—d

Pr(t) = 717 S ——

So, the same probability expression appears in
(a) the stochastic theory for the growth of mo-
lecular phylogenies and (b) the stochastic the-
ory for the survivorship of higher taxa in the
fossil record. This theory was used by Foote
(1988) to estimate a remarkably high specia-
tion rate of 0.4 spp./Myr for Cambrian trilo-
bites. It should be noted, however, that in both
P and MP the power to resolve birth and death
rates separately is substantially lower than the
power to estimate the composite net diversi-
fication rate, i.e., birth rate minus death rate.
This is illustrated in MP by Nee et al. (1995).
Broadly speaking, there are two perspec-
tives one can take on the phylogenetic data to
be used for parameter estimation. We can look
at the time intervals between successive nodes
in the phylogeny, i.e., the rate at which new
taxa appear, as our raw data. This is the ap-
proach taken in the previous section by au-
thors examining semilogarithmic plots to es-
timate birth rates and can be used to estimate
both origination and extinction rates in MP
(e.g., Nee and May 1994). Or we can “break”
the tree into its component branches and ex-
amine their lengths. This approach is familiar
to most paleontologists as cohort survivorship
analysis (e.g., Raup 1985; Foote 2001), which
is used to estimate extinction rates, as well as
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to explore any departures from null models
such as the hypothesis of rate constancy. It can
also be used to estimate origination rates by
studying ““prenascence” curves, i.e., the orig-
ination times of the members of a cohort ex-
isting at a particular time (Foote 2001); this is
simply a time-reversed survivorship analysis.
This approach has been suggested for MP by
Paradis (1997), the members of a clade alive
today defining a natural cohort, and this per-
spective on the tree was, in fact, also used by
Nee and May (1994).

The Moran Process

The previous models are suitable for radi-
ations that have not hit any limits to diversity.
At the other extreme, we require a model for
clades that have reached a plateau, as, for ex-
ample, metazoan orders appear to have done
in the Ordovician and Silurian (Sepkoski
1978). A useful model for this was first intro-
duced in population genetics by Moran (1958):
at each point in time, each lineage (or higher
taxon) has a probability of going extinct, and
when a lineage does go extinct it is replaced
by the progeny of another lineage chosen at
random. So in this model the clade is kept at
a constant size deterministically. There are
many analytical results available for this pro-
cess in the population genetics literature, par-
ticularly that branch known as ““coalescence
theory” (e.g., Hudson 1990), and these tell us
what a molecular phylogeny of a clade that
has grown according to this process should
look like.

This process does not differ substantially
from the simulation algorithm studied by
Raup et al. (1973), nor from the algorithm
used by Sepkoski (1978) and Sepkoski and
Kendrick (1993), once the plateau has been
reached for some time. (In Sepkoski 1978 the
clade grows logistically to the plateau.) In the
simulations of Raup et al. (1973), they decided
on a ceiling diversity and set b = d at this ceil-
ing. When the diversity dropped below the
ceiling, they set b > d to get it back there; sim-
ilarly, they set b < d when diversity rises
above. There is a big difference between this
model and a birth-death process in which b =
d and these rates are kept constant: in the lat-
ter model clade extinction is inevitable, for ex-
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ample. The latter model has been studied ex-
tensively in P (Foote 1988; Kitchell and
MacLeod 1988; Uhen 1996) and not at all, to
my knowledge, in MP. This is understandable:
in P, which sees clades coming and going over
time, the model is a natural one; in MP, we
only see clades coming. The Moran model was
introduced into MP by Hey (1992), although
not identified as such.

Again, there is a big difference in the be-
havior of this model between P and MP, aris-
ing from the fact that MP does not “see’” ex-
tinct lineages. As might be expected from the
behavior of the birth-death process, it produc-
es an apparently rapidly accelerating rate of
cladogenesis as we approach the present. But
an important difference between the Moran
model and the birth-death process model is
that the Moran, like the Yule model, readily
opens up a preexisting arsenal of statistical
tests that one might want to use, such as tests
of the adequacy of the model given the data,
parameter estimation, or comparisons of the
parameters of different clades. The reason for
this is as follows. Taking the time between the
nodes in the phylogeny as our data, under
both the Yule and the Moran processes there
are simple transformations of the data that
transform them into ii.d. exponential vari-
ables (Nee 2001). This turns the temporal his-
tory of the clade into a Poisson process, and
such processes have been studied for years by
statisticians (Cox and Lewis 1966). For this
reason, I have suggested (Nee 2001) that this
model and the Yule process be the two tools
of choice in the investigator’s tool box for MP.
They have, of course, been tools of choice in P
for years.

Numbers of Subtaxa per Taxon

In a clade, how many families have one ge-
nus, how many have two genera, how many
have three, etc.? It has been known since the
work of Willis in the 1920s that the frequency
distributions answering such questions (or the
numbers of families in orders, etc.) are of the
“hollow curve’” variety, with a mode of mono-
typic taxa and a long tail (e.g., Sepkoski 1978:
Fig. 11). Sepkoski (1978) was interested in
such distributions in the context of the ques-
tion of whether or not studies of diversity that
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FIGURE 3. Illustration of the subtaxa per taxon analysis
discussed in the text. For each lineage crossing the left
vertical line, how many daughter lineages does it have
by the time we reach the right vertical line? As this is a
hypothetical molecular phylogeny, there are no extinct
lineages.

are only resolved to, say, ordinal level are in-
formative about diversification at the species
level. He concluded that they are.

This question—numbers of subtaxa per tax-
on—is graphically illustrated in Figure 3 in
the MP context. We ask, For each ““parental”
lineage at one point in time, how many ““prog-
eny”’ lineages (including itself) does it have at
the later point in time? An illustration of a bar
chart that this generates is given in Figure 4
which is adapted from Nee et al. (1992). We
drew lines across Sibley and Ahlquist’s (1990)
molecular phylogeny of the birds at entirely
arbitrary places deep in the tree.

The line in Figure 4 is a fitted geometric dis-
tribution, which is what is expected from a
pure birth process. In fact, when looking at the
entire history of a clade, the geometric distri-
bution is expected for any process that has the
following property: all lineages have the same
probability of speciating (or going extinct, if
we are referring to the underlying process
generating the clade whose MP we are ob-
serving). We do not need to suppose that these
probabilities are constant—they can vary ar-
bitrarily (e.g., Nee and May 1994).

From the point of view of hypothesis test-
ing, this is a wonderful fact for the following
reason. Conditioning on the number of prog-
eny lineages, the distribution of family sizes

number of subtaxa per taxon

FIGURE 4. The results of applying the analysis illus-
trated in Figure 3 to Sibley and Ahlquist’s molecular
phylogeny of the birds. The line is a fitted geometric dis-
tribution excluding the two indicated statistical outliers.

under the null hypothesis of lineage equiva-
lence is “‘broken stick.” So, for example, if
there are ten parents and 100 progeny, the dis-
tribution of family sizes can be determined by
randomly breaking a stick 100 units long into
ten pieces. This makes for easy statistical anal-
ysis of size questions that may be of interest:
for example, is there an excess of particularly
small taxa (Strathman and Slatkin 1983; Nee
et al. 1996)? are some taxa improbably large?
This latter question defines adaptive radia-
tions as clades that are anomalously large
with respect to a null model of lineage equiv-
alence.

The Passeri (songbirds) and Ciconiiformes
(storks, shorebirds, tubenoses, birds of prey,
and others.) were identified as statistical out-
liers and are highlighted in Figure 4. One can
speculate as to why these groups radiated so
exceptionally: it is surely no coincidence that
the Ciconiiform radiation occurred at the time
of the breakup of Gondwanaland (Cotgreave
and Harvey 1994). Incidentally, these two ra-
diations are, analyzed on their own, an excel-
lent fit to the pure birth process.

There is one problem, however, which arises
from the fact that where we draw our lines in
Figure 3 is arbitrary. If we just keep moving
the parental line all down the phylogeny until
we find something interesting, then the mul-
tiple-test problem makes statistical signifi-
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cances hard to interpret. Also, there are puz-
zling, unresolved issues about the indepen-
dence, or lack thereof, of necessarily nested
tests. This line-sliding was actually done by
Purvis et al. (1995), in a search for primate ra-
diations (they are abundant among Old World
monkeys). It seems to me that one can do no
more than simply be aware of this problem.

Recent Challenge

It seems appropriate to end by fending off
an extraordinary recent challenge to the the-
oretical framework that has served P and MP
so well for so long. Hubbell (2001) rejects the
birth and birth-death models on two grounds.
The first is that lineages are not all the same
with respect to their probabilities of cladogen-
esis. This must be true, but in itself in no way
does it undermine the utility of these models
as null models for statistical purposes. Super-
ficially more serious is the claim that the data
themselves are clearly incompatible with a
null model that predicts geometric distribu-
tions of subtaxa per taxon, such as we saw for
Sibley and Ahlquist’s bird phylogeny in Fig-
ure 4, and he remarkably supports this claim
with data from Sibley and Ahlquist’s bird phy-
logeny (Hubbell 2001: Fig. 8.4).

Hubbell’s claim is based on a misapprehen-
sion. The representation of the data in Figure
4 is appropriate for geometrically distributed
data with a small mean value, so that the prob-
abilities of one, two, three, and so on are high.
If, on the other hand, the mean is large, then
the probability of any particular number be-
comes negligible, and a frequency histogram
approach, such as we will see below, becomes
the sensible one. The data that Hubbell inves-
tigates are the numbers of species per bird
family and he plots a frequency histogram of
the logarithms of the family sizes. This is ap-
propriate. He observes an interior mode in this
distribution and mistakenly asserts that this is
incompatible with a geometric distribution:
“In all cases [of geometric distributions with
different parameters] the most frequent cate-
gory represents lineages with only one living
descendent (themselves) and the frequency of
lineages with a higher number of descendents
falls off exponentially. The longer the time pe-
riod sampled, the larger the number of pos-
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FIGURE 5.  Frequency histogram of family sizes. For 300
parental lineages, I drew their number of progeny lin-
eages from a geometric distribution with a mean of 100.
After a log, transformation of family size (base 2 is tra-
ditional in ecology), the figure is a frequency histogram
showing how many parental lineages had the number
of progeny lineages in each of the bins. In terms of the
untransformed family sizes, for each integer n along the
x axis, each bin spans family sizes from 2" to 2"+1.

sible descendent lineages and the frequency
distribution becomes flatter; but the highest
frequency category remains the singleton cat-
egory’”’ (Hubbell 2001: p. 240).

Certainly, geometrically distributed data,
when visualized as in Figure 4, do not exhibit
an interior mode. But they do when visualized
as a frequency histogram. Figure 5 shows the
frequency distribution of the logarithm of the
numbers of progeny lineages that have been
drawn from a geometric distribution with a
large mean—100: its interior mode is obvious.
Hubbell’s observation of an interior mode in
his analysis is in no way inconsistent with the
modeling framework discussed here.

Conclusion

Since 1924, simple models have been used
to help guide our understanding of the diver-
sification of life. Because paleontology and
molecular phylogenetics deal with such dif-
ferent data, it is unsurprising that they have
developed separately and that the extensive
conceptual overlap that exists between them
has gone largely unnoticed. I hope this paper
will contribute to forging a bridge between
the two intellectual traditions, which are, after
all, really interested in precisely the same
thing: life on Earth.
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