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ABSTRACT: Quantitative tests of historical hypotheses are necessary
to advance our understanding of biogeographic patterns of species
distributions, but direct tests are often hampered by incomplete fossil
or historical records. Here we present an alternative approach in
which we develop a dynamic model that allows us to test hypotheses
about regional rates of taxon origination, extinction, and dispersal
using information on ages and current distributions of taxa. With
this model, we test two assumptions traditionally made in the context
of identifying regions as “centers of origin”—that regions with high
origination rates will have high diversity and high endemism. We
find that these assumptions are not necessarily valid. We also develop
expressions for the regional age distributions of extant taxa and show
that these may yield better insight into regional evolutionary rates.
We then apply our model to data on the biogeography and ages of
extant genera of marine bivalves and conclude that diversity in polar
regions predominantly reflects dispersal of taxa that evolved else-
where rather than in situ origination-extinction dynamics.

Keywords: biogeography, paleontology, macroevolution, biodiversity,
endemism, marine bivalve.

The processes that produce large-scale spatial patterns of
taxonomic diversity remain poorly understood despite the
existence of many competing hypotheses. In particular, the
role of historical processes in shaping present-day biogeo-
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graphic patterns has been a subject of considerable debate
(Francis and Currie 1998, 2003; Currie and Francis 2004;
Qian and Ricklefs 2004; Ricklefs 2004). Historical hy-
potheses are considered to be essentially untestable by
some (Francis and Currie 1998), while others maintain
that past episodes of speciation, extinction, and range ex-
pansion or dispersal are major determinants of present-
day biogeographic patterns (Qian and Ricklefs 2004; Rick-
lefs 2004). The fundamental problem here is that direct
tests of historical hypotheses require a fossil or historical
record with excellent temporal and spatial resolution, in-
formation that is not available for most taxa. On the other
hand, information about the current spatial distributions
of species and higher taxa is readily available for many
groups and potentially obtainable for all living taxa. The
challenge therefore is to develop a theoretical framework
that allows us to use present-day biogeographic data to
test hypotheses about historical processes underlying
global biodiversity patterns.

The problems inherent in inferring past processes from
present observations about the geographic distributions of
taxa are perhaps best illustrated in attempts to identify
regions as “centers of origin” or “cradles of diversity,” or
as their counterparts, “centers of accumulation” or “mu-
seums of diversity.” The identification of such regions may
aid explanation of spatial diversity patterns and could also
guide conservation priorities. The terms “center of origin”
and “cradle of diversity” designate regions with a high rate
of taxon origination but do not specify relative rates of
local extinction, immigration, or emigration (Chown and
Gaston 2000; Mora et al. 2003; Briggs 2004). The term
“center of origin” has also been used to indicate the region
in which a particular taxon first appeared (Darwin [1859]
1975; Ricklefs and Schluter 1993). This may or may not
be the same as the region in which it underwent greatest
diversification or as a region in which many other taxa
originated, as designated by the first meaning of the phrase.
A “center of accumulation” is a region that obtains taxa
through immigration (Ladd 1960; Palumbi 1996; Mora et
al. 2003; Briggs 2004), and a “museum of diversity” is a
region with a low rate of local extinction (Stebbins 1974;
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Chown and Gaston 2000). Fundamentally, then, these
terms are defined by the rates of origination, extinction,
and dispersal, but these labels are often assigned to regions
on the basis of current taxon richness, the amount of
endemism, or other information about extant taxa (re-
viewed by Ricklefs and Schluter [1993]; Brown and Lom-
olino [1998]; Briggs [2004]). Many studies have used the
qualitative expectations that a region with a higher orig-
ination rate should have higher levels of diversity and
greater endemism (Willis 1922; Rosenzweig and Sandlin
1997; Mora et al. 2003; reviews by McCoy and Heck [1976]
and Ricklefs and Schluter [1993]), but few have explicitly
tested this hypothesis (but see Pandolfi 1992). Others have
used ages of taxa to distinguish differences in regional rates
(e.g., Stehli et al. 1969; Stehli and Wells 1971; Gaston and
Blackburn 1996; Briggs 1999). The use of age distributions
of taxa living in an area today to infer past diversification
rates in that region is also not without problems (Ricklefs
and Schluter 1993; Gaston and Blackburn 1996; Chown
and Gaston 2000).

The work we present was motivated by a lack of theory
on how information about extant taxa can be used to
distinguish a “center of origin” from a “center of accu-
mulation.” To draw a sharper distinction between these
two types of regions, we use the term “macroevolutionary
source” to refer to a region that is a “center of origin” by
the first meaning (high rate of origination relative to other
regions) and also that does not receive taxa through dis-
persal (zero immigration). We use the complementary
term “macroevolutionary sink” to refer to a region that
obtains taxa through immigration, as a “center of accu-
mulation” does, but has no local origination. Under these
definitions, the differences between source and sink
regions will be maximized, and so the different effects of
local origination and dispersal will be highlighted. We ad-
dress the issue of how a source region can be distinguished
from a sink region by considering the more general issue
of how distributions of extant taxa are determined by re-
gional rates of origination, extinction, and dispersal. We
examine the problem by first developing a theoretical
model and then applying the model to empirical data on
marine bivalves. We find that high regional diversity and
endemism cannot be used alone to infer a high regional
rate of origination. We show, however, that age distribu-
tions of extant taxa can be used to estimate rates of orig-
ination, extinction, and dispersal. In addition, we use this
model to show that the origination rate of marine bivalve
genera is significantly lower in the polar regions than at
lower latitudes and that the rate of movement of genera
is greater into the polar regions than out of them, indi-
cating that the poles represent a macroevolutionary sink.

The Model

We develop a dynamic model that describes distributions
of diversity (taxon richness), endemism, and age in a sys-
tem consisting of two regions. These regions may differ
in their local rates of taxon origination and extinction, and
the taxa of the system are able to disperse from each region
to the other (i.e., expand their ranges). The two regions
are denoted R, and R;. Origination occurs through a
branching process at a rate s, per taxon in region R, and
sg in region Rg. Extinction occurs at per-taxon rates x,
and x;. Dispersal occurs at per-taxon rates d, from R, to
R; and d; from R, to R,. All rates are nonnegative. We
emphasize that extinction of a taxon is independent in the
two regions and that some time may pass before a taxon
present in one region appears in the other; the expected
value of this lag time is the reciprocal of the dispersal rate.
A schematic diagram of this system is shown in figure 1A,
and a mathematical description is given below.

This general system can be specialized to represent a
system consisting of a source region and a sink region by
setting s, = 0 and d; = 0 as illustrated in figure 1B. We
should clarify that we do not use these terms in the de-
mographic sense; that is, we do not assume that a taxon
can persist in a sink region only if it is being continually
supplied from the source region. We mean only that all
taxa in the system originated in the source region and that
taxa do not move from the sink to the source.

We assume that all processes affecting taxa occur in-
dependently and that all taxa in a given region are subject
to the same rates of origination, extinction, and dispersal,
which are constant in time. These are significant assump-
tions and are addressed in “Discussion.” The model is
formulated deterministically in continuous time. Similar
results were obtained with discrete time models (not pre-
sented here) and stochastic simulations (discussed in the
appendix in the online edition of the American Naturalist).

Total Diversity and Endemism

We employ a matrix formulation to express the expected
dynamics of the system. Define the column vector
n(f) = (n,, n,, n,)" (the superscript T indicates matrix
transposition), where n,(#) is the expected number of taxa
present in both R, and R, at time f, n,(t) is the expected
number of taxa present only in R, (R, endemics), and
n4(t) is the expected number of taxa present only in Ry
(R, endemics). The total number of taxa expected in R,
is thus n,(t) + n,(t), and the total number of taxa expected
in Rg is n(f) + n,(f). With this notation, transition rates
between these three states by origination, dispersal, and
extinction can be written, respectively, as



A. origination extinction

dispersal
dy,

origination extinction

A Biogeographic Diversity Model 625

B. origination extinction
Sq X,

source

dispersal
dy d

extinction

Figure 1: Schematic representation of the model. A, In the general case of the model, each region (R, and R,) has its own rate of taxon origination
(s, and s5) and extinction (x, and x;), and dispersal (at rates d, and d;) occurs between the regions. All rates are per taxon and are constant in
time and across taxa. B, In a special case of the model, one region is a macroevolutionary source and obtains taxa only through local origination,
not immigration. The other region is a macroevolutionary sink and obtains taxa only through immigration, not local origination. Our results are
for the general case of the model, A, except where explicitly stated otherwise. We emphasize that the special case, B, is used in the discussion of
relative endemism (including eq. [3]; fig. 2) and that the general case, A, is used when fitting data.
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such that the system changes with time according to

dn(t)
dt

= (S+ D + E)n(?). @
The general solution to equation (1) is

n(t) — e(S+D+E)(z—to)n(t0), (2)
where ¢, is a time at which the state of the system is known

and the matrix exponential is defined by its Taylor ex-
pansion (Apostol 1969).

We can now assess the general validity of the claim that
a source region will have higher diversity or endemism
than a sink region. The equilibrium behavior of equation
(2) can be obtained by considering the eigenvector cor-
responding to the dominant eigenvalue of $ + D + E; we
call this dominant eigenvector u = (u,, u,, u,)". Since we
are interested in the case of a source and a sink, we set
s; = dg = 0to make R, a pure source and R, a pure sink.
The proportions of taxa in each region that are endemic
there are then

u s, t x
i = o B at R, (3a)
u, tu, s,td,+tx
u X
2 = = at R,. (3b)
u, tu, s, txg

Some numerical experimentation reveals that proportional
endemism can be greater either at a source or at a sink,
depending on the relative values of s,, x,, x4 and d,. An
example is shown graphically in figure 2. The number of
endemic taxa (u, and u,) and the total number of taxa
(u, + u, and u, + u;) can also be greater in either of the
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Figure 2: Relative proportions of endemism. The surface is that of equal proportional endemism at the source and the sink, defined as w,/(u, +
u,) = u/(u, + u;) (see eq. [3]). This illustrates that there is a substantial portion of parameter space in which endemism is greater at the sink than
at the source, demonstrating that high levels of endemism in a region do not necessarily indicate high levels of taxon origination there. (The back

right corner is not really flat; it has been truncated for the plot.)

two regions. Total diversity and endemism at a single time
therefore cannot be used alone to distinguish a source from
a sink.

Age Distributions

In addition to the expression for the number of taxa in
each location as a function of time (eq. [2]), we are in-
terested in the age distribution of taxa in each region at
a particular time. Define the vector n'(t, ¢) to describe the
number of taxa alive at time ¢ that survive until a later
time t'. The survival of taxa is described by

dn'(t, t/
WO _ D+ B, 1), @)
dt
which has the solution
n'(t, t") = e®Pn, 1), (5)

To form the age distribution of taxa, first define 7 =
t" — t to be the age of taxa created at time f, as observed
at time t. The rate at which new taxa are created at time
t is Sn(t); equation (2) gives an expression for n(f); equa-
tion (5) describes the survival of these new taxa. The age
distribution of extant taxa, f(7), can thus be written as

f(T) — e(D+E)TSe(S+D+E)(t’*r*to)n(to). (6)

Elements of the vector f = (f,f,,f;)" are such that
Jo f(7)dr equals the total number of taxa in state i alive at
time #'. The function f(r) can therefore be normalized to
become a probability density function by dividing by this
integral.

Figure 3 shows the behavior of the normalized age dis-
tribution function for all taxa and for endemics at R, and
at R, for three hypothetical sets of parameter values. It
illustrates that the distributions of ages of extant taxa re-
flect differences in macroevolutionary rates between
regions. In particular, there is a clear qualitative difference
between the age distributions for source and sink regions
(solid lines, fig. 3): most taxa in the source region are
young, while most taxa in the sink region are of inter-
mediate age. In this case, all taxa originate at the source,
and none can disperse from the sink to the source. Young
taxa are unlikely to have become extinct at the source and
unlikely to have dispersed to the sink. Older taxa are more
likely to have become extinct at the source than at the
sink because they have been introduced to the source only
once (when they were created) but have had many op-
portunities to disperse to the sink (until they become ex-
tinct at the source). Considering only endemic taxa makes
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Figure 3: Normalized age distribution functions, equation (6). A, All taxa in R,, fi(7) + f,(7). B, All taxa in R,, fi(7) + fi(7). C, R, endemics,
£:(7). D, R; endemics, f,(7). Solid lines are for parameter values s, = d, = 0.1, s, = d; = 0, x, = x, = 0.05, illustrating the case when R, is a pure
source and R; is a pure sink and demonstrating clear differences in the age distributions of the two regions. Dotted lines are for parameter values
s, =01,d,=1,5 = d; =0, x, = x, = 0.05, illustrating the case of very high dispersal from the source, R, to the sink, R,. Dashed lines are for
parameter values s, = d, = 0.1, s, = d; = 0.02, x, = x; = 0.05, illustrating a situation where the source-sink relationship is relaxed. In all cases
the initial condition used isn(—50) = (1,0,0)". With time units of millions of years, these origination and extinction rates are biologically reasonable

(Van Valen 1973; Stanley 1985; Sepkoski 1998).

the differences between the source and sink regions more
marked.

When there is no dispersal into a region, the shape of
the age distribution is exponential with a rate constant
equal to the local origination rate, independent of the
extinction rate. This can be shown by writing the age
distribution for an isolated region, f(7), following the same
reasoning as for the derivation of equation (6). With s as
the origination rate and x as the extinction rate, f(r) =
e se I p(1) = se O On(t)e . The only age
dependence is in the last factor, so the age distribution
normalized as after equation (6) is simply se™ (see also
Pease 1988; Foote 2001).

We also illustrate in figure 3 two situations in which
the differences in age distributions between the regions
are reduced. First, when dispersal from the source to the
sink is very high, the sink region will better mirror the

contents of the source. The peak in the sink age distri-
bution therefore shifts toward the left (dotted lines, fig. 3),
and with an extremely high dispersal rate, the youngest
taxa will dominate the sink age distribution as they do at
the source. Note that this effect is less severe when con-
sidering only taxa endemic to the sink. Second, when the
source-sink relationship is relaxed, the age distributions
in the two regions become more similar (dashed lines, fig.
3). In particular, origination at the sink increases the pro-
portion of young taxa at the sink, and this is especially so
for endemics. The differences in age distributions between
source and sink regions do, however, hold over a wide
range of parameter values, demonstrating that such age
distributions can be a robust means of inferring source or
sink properties of a region.

Because our model gives a quantitative description of
the expected ages of taxa, we can use it to estimate rates



628 The American Naturalist

of origination, extinction, and dispersal from data on
taxon ages. Next we discuss the application of this model
to biogeographic and paleontologic data on marine
bivalves.

Application to Marine Bivalves

Polar regions of the world’s oceans contain significantly
fewer species and higher taxa than temperate or tropical
areas. While many hypotheses have been proposed to ex-
plain why polar regions have so few taxa (Fischer 1960;
Connell and Orias 1964; Crame 1992; Rohde 1992, 1999;
Rosenzweig 1995; Blackburn and Gaston 1996; Willig et
al. 2003; Currie et al. 2004), the evolutionary basis for this
pattern remains poorly understood. Wallace (1878) was
among the first to argue that the low diversity of the polar
regions is largely a reflection of past episodes of glaciations
and climatic change that repeatedly drove many high-
latitude taxa to extinction, leaving little opportunity for
diversity to recover, and this idea has had subsequent pro-
ponents (Fischer 1960; Skelton et al. 1990). However, em-
pirical studies provide at best equivocal support for the
idea that polar regions are characterized by significantly
higher extinction rates compared with temperate or trop-
ical areas (Raup and Jablonski 1993; Crame and Clarke
1997; Crame 2002). An alternative view is that the low
diversity of polar regions results from low origination rates
there, but again, empirical tests of this idea in the marine
realm have produced inconclusive results (Crame and
Clarke 1997; Crame 2002).

A central assumption of many previous attempts to ex-
plain the differences in diversity between high and low
latitudes is that these differences reflect in situ differences
in macroevolutionary rates. They either implicitly or ex-
plicitly exclude the possibility that such changes in diver-
sity could result from past shifts in the geographic distri-
butions of taxa (Fischer 1960; Stehli et al. 1969; Stenseth
1984; Flessa and Jablonski 1996; Cardillo 1999; Currie et
al. 2004; but see Valentine 1968; Hecht and Agan 1972;
Gaston and Blackburn 1996; Rosenzweig and Sandlin
1997). Yet there is overwhelming evidence for shifts in
geographic distributions of species and higher taxa, not
only in response to climate changes (Peters and Lovejoy
1992; Jackson and Overpeck 2000; Roy et al. 2001) but as
invaders crossing climatic gradients (Vermeij 1991; Ja-
blonski and Sepkoski 1996), and such shifts over geologic
time may be an important determinant of large-scale bio-
diversity patterns (Wiens and Donoghue 2004). Using our
model, we test the relative importances of origination,
extinction, and dispersal in determining polar marine bi-
valve diversity.

The Data

Our analyses are based on 459 genera of marine bivalves
living on the continental shelves (depth <200 m). These
taxa belong to 14 of the 41 living superfamilies of bivalves
and represent about half of the 958 living bivalve genera
with a fossil record. We estimated the geological ages of
individual genera using an existing database (Jablonski et
al. 2003). Geographic distribution of each genus was ob-
tained from an updated version of the data used by Flessa
and Jablonski (1996). We then characterized each genus
as being present only in the polar regions (defined as pole-
ward of 60° north or south latitude), outside the polar
regions, or in both areas. The superfamilies used here are
less well represented in the Southern Hemisphere and so
our polar data are predominantly from the Northern
Hemisphere. Hence, instead of analyzing polar regions of
the two hemispheres separately, we combined the data into
one polar unit in our analyses. Previous studies have sug-
gested interesting differences in evolutionary dynamics be-
tween the northern and southern polar regions (Clarke
and Crame 1997, 2003), but the nature of our data pre-
vents us from exploring these differences. We also used
an updated version (Jablonski et al. 2003) of data from
the Sepkoski (2002) compendium to determine an initial
condition for the model as discussed in the next section.

Model Fit to Data

To estimate rates of dispersal, extinction, and origination
of genera, we fit our model to these data using all genera
of age 65 million years or less; older genera were not used
because the end-Cretaceous mass extinction would se-
verely violate the assumption of time-independent rates.
We let R, refer to the polar region above 60°N latitude
and below 60°S latitude, and R, refers to the tropical and
midlatitude regions between 60°N and 60°S. We emphasize
that we fit to the general version of the model (fig. 14),
and so we did not preassign source or sink characteristics
to either region.

We used maximum likelihood to estimate the rates. The
joint likelihood function and maximization procedure are
described in the appendix in the online edition of the
American Naturalist. We also used the method of least
squares to estimate the rates as described in the appendix.
Maximum likelihood and least squares emphasize different
aspects of the data and make different assumptions, but
they yielded nearly identical parameter estimates. We pre-
fer the maximum likelihood approach because it does not
require binning the data and therefore takes better ad-
vantage of the information available.

For the initial condition, n(t,), we used data from Ja-
blonski et al. (2003) and Sepkoski (2002) to determine the



number of genera that survived the end-Cretaceous mass
extinction and belonged to families in the biogeographic
data set. These genera are not included in the data set
from which we estimate parameters, even if they are alive
today, because they are older than 65 million years. Be-
cause biogeographic information for these genera was lack-
ing and because there is evidence that the impact of the
extinction on bivalves was globally uniform (Raup and
Jablonski 1993), we assumed that they were distributed in
the same proportions as present-day diversity. Setting
t' = 0 and ¢, = —65 million years, the initial condition
was thus n(—65) = (9, 54, 0). Reasonable deviations from
this assumption, including the presence of four or five
polar endemics (Marincovich 1993), were also considered.
These gave parameter estimates within 10% of the nonzero
parameter estimates or within the confidence intervals
(CIs) of the zero estimates reported in table 1.

A parametric bootstrap was used to calculate a 95% CI
for each parameter and to assess the bias and covariance
of the parameter estimates (details in the appendix). The
maximum likelihood parameter estimates and their Cls
are given in table 1. Different widths of the Cls reflect
differences in the sensitivity of the model to each
parameter.

Significant differences exist between the two regions in
the per-genus rates of origination, extinction, and disper-
sal, as shown in table 1. The rate of origination of new
genera is significantly lower in the polar regions than at
lower latitudes. The rate at which genera move from polar
regions to lower latitudes is significantly lower than the
rate of movement in the opposite direction. The rate of
extinction of genera also appears higher in the polar
regions than at lower latitudes.

To help visualize the fit, figure 4 presents age distri-
butions of the data and of the model with the estimated
parameter values. We assembled the data into two age
distribution histograms, one for all genera in the polar
regions, R;, and one for all genera at lower latitudes,
R,.. Each of these age distributions is shown with 12 bins
of equal width spanning ages from 0 to 65 million years.
Using the parameter estimates, we formed age distribu-
tions from equation (6). These were in continuous time,
so the integral of f(r) over each bin was computed for
comparison with the binned data.

In figure 4, the data showed considerable scatter around
the model, raising potential concerns about the applica-
bility of this model to these data and especially bringing
into question the assumption of constant rates over time.
However, the CIs produced by the parametric bootstrap
(dotted lines, fig. 4; methods in the appendix) show that
much of this scatter can be explained by the stochastic
nature of the origination-extinction-dispersal process. We
cannot, however, entirely rule out the possibility that some
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Table 1: Parameter estimates

ML estimate 95% CI
Parameter (genus™ Ma™) (genus™' Ma™")
Sex .03049 (.02886, .03564)
Sg .00088 (.00042, .00252)
Xo .00000 (.00000, .00022)
Xg .02956 (.00030, .12212)
d, .01069 (.00633, .02421)
dg .00000 (.00000, .00004)

Note: ML = maximum likelihood; CI = confidence interval. Using the
CI of the difference between parameters, we find significant differences
between s, and s; (P<.005) and between d, and d; (P<.001) and a
marginally significant difference between x, and x;, (P = .03). The methods
used for calculating ClIs and P values are described in the appendix in the
online edition of the American Naturalist.

of the variation is caused by rate heterogeneity or possible
sampling effects, and future work could explore the effects
of such heterogeneities on the model’s predictions.

Discussion

Identifying the role of historical processes in shaping bio-
geographic patterns of species diversity seen today remains
a challenging problem. Direct quantitative tests of histor-
ical hypotheses require a complete fossil or historical rec-
ord that is absent for the vast majority of living taxa. In
addition, there is little quantitative theory relating histor-
ical processes to present-day biogeographic patterns. The
model we present here is an attempt to formulate such
a theoretical framework. Our model connects the proces-
ses of taxon origination, extinction, and dispersal with
present-day regional diversity, endemism, and age distri-
butions. Our results question some widely held assump-
tions regarding the relationship between endemism, di-
versity, and origination rates. In particular, we use this
model to show that a region that is a macroevolutionary
source or “center of origin” need not necessarily have high
levels of diversity and endemism, as is often assumed (Wil-
lis 1922; Rosenzweig and Sandlin 1997; Mora et al. 2003;
reviews by McCoy and Heck [1976]; Ricklefs and Schluter
[1993]), but that it must have a high proportion of young
taxa. Conversely, a macroevolutionary sink or “center of
accumulation” need not necessarily have low levels of di-
versity and endemism, but its age distribution often will
have a single intermediate peak. Our conclusion is there-
fore that regional measures of diversity and endemism are
not sufficient to estimate average regional evolutionary
rates but that age distributions often are. By fitting this
model to data on extant marine bivalves, we are able to
estimate regional rates of origination, extinction, and dis-
persal, and we show that polar regions have on average a
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Figure 4: Age distributions of marine bivalve genera and the model fit, using the maximum likelihood parameter estimates given in table 1. Left
panel shows all genera in R,; right panel shows all genera in R;. Filled circles are the data, and open circles are the model, which is [u [f;(7) +
£(D)]dr for R, and [y [f;(7) + fi(7)]dr for R, The open triangles show approximate 95% confidence intervals on the data determined by the
parametric bootstrap, as described in the appendix in the online edition of the American Naturalist. The quality of the fit is discussed in the text.
The maximum likelihood fitting procedure did not require binning the data; these histograms are used only to display the results.

lower rate of origination, a higher rate of extinction, and
a higher rate of immigration of genera than do the lower
latitudes.

Our model is in the same spirit as other “neutral” mod-
els of biogeography and diversity, notably MacArthur and
Wilson’s theory of island biogeography (MacArthur and
Wilson 1967) and Hubbell’s unified neutral theory (Hub-
bell 2001). These share the assumption that the “units”
that are considered (species or higher taxonomic units in
our case, species in the case of island biogeography, and
individuals of all species in the case of unified neutral
theory) are all equivalent: there are no intrinsic individual
or species differences. Hubbell describes his theory as an
extension of MacArthur and Wilson’s theory because he
considers not only extinction and immigration of species
from a “mainland” pool or “metacommunity” but also
speciation in the metacommunity and relative abundances
of species. Our model can also be seen as an extension of
the theory of island biogeography but in a different di-
rection. Like it, we consider only presence or absence of
taxa, not abundances, and like unified neutral theory, we
include origination of new taxa. We differ in considering
our two regions to be functionally symmetric (though per-
haps with different parameter values) rather than desig-
nating one area as a mainland pool or metacommunity
and one as an island or local community. This enables us
to consider relative levels of diversity and endemism be-

tween the regions as functions of regional rates. Unlike
previous work, we use the ages of taxa to infer regional
rates.

In addition to our “neutral” assumption that all taxa
behave equally, our model makes the significant assump-
tion that regional rates of origination, extinction, and dis-
persal do not change over time. This restriction is not
quite as strong as it seems because the requirement is only
that the average rates over an entire region remain con-
stant. If, however, the rate parameters were explicit func-
tions of time, equation (1) would still hold but equation
(2) would not be its solution, and the subsequent equa-
tions for diversity and age distributions would not be valid.
To our knowledge, an analytic form of this model cannot
be obtained for general time-dependent rates, but specific
situations of interest could be investigated numerically or
through simulations.

The validity of the assumptions of taxon equivalence
and constant rates can be addressed on two levels. The
model was developed to identify criteria, based on extant
taxa, that can or cannot be used to infer the magnitudes
of evolutionary rates. For questions like what the indi-
cations are that a region has a high rate of origination,
our assumptions are appropriate because the issue is one
of average rates over time and over taxa.

It is when we apply our model to data that the validity
of the assumptions becomes more important. We took



the obvious precaution of restricting the data set to the
last 65 million years to avoid the end-Cretaceous mass
extinction, which would be a serious violation of the
constant-rates assumption. Inspection of figure 4 indi-
cates that the period 50—60 million years ago may have
had higher origination rates, perhaps reflecting a rebound
from the end-Cretaceous extinction (Flessa and Jablonski
1996; Jablonski 1998), and 25 million years ago also may
have been a time of greater origination. An important
observation here is that these anomalies are present in
both regions. Given that the average origination rate is
two orders of magnitude greater in the lower latitudes
(table 1), the anomalous peaks in the polar regions most
likely resulted from subsequent dispersal of taxa that
originated in the lower latitudes. This highlights the im-
portance of taking into account past dispersal patterns
in interpreting present-day regional age distributions: if
we assumed that the current distributions of taxa re-
flected their places of origin, as is commonly done, we
would have concluded that both regions had high in situ
origination rates during these times.

It is possible that geographic differences in the nature
of the fossil record to underestimate taxon ages could in-
troduce a bias into our results. The poorer quality of the
fossil record in the tropics (Van Valen 1969; Johnson 2003)
could lead to greater underestimation of ages for lower-
latitude taxa; this bias could therefore add false support
to our conclusion of higher origination rates at lower lat-
itudes. This is unlikely to produce a large effect here, since
we defined our “low-latitude” region as both the tropics
and also the well-sampled temperate region to take into
account such sampling problems. In principle, our ap-
proach can be used to compare tropical versus extratrop-
ical regions, as many previous studies have done (Stehli
et al. 1969; Jablonski 1993; Flessa and Jablonski 1996; Gas-
ton and Blackburn 1996; among many others). However,
more work is needed to improve sampling and taxonomic
standardization of the tropical fossil record before rigorous
analyses are feasible. Similarly, a more complete data set
of the ages of taxa living in high-latitude southern oceans
would be useful for exploring the differences in the evo-
lutionary dynamics between the two polar oceans (Clarke
and Crame 1997, 2003).

The excellent fossil record for marine bivalves makes it
possible to determine regional macroevolutionary rates
and range shifts explicitly, and some of this has been done
(Vermeij 2001). Such analyses, however, are not possible
for many other taxa, and we hope that the approach taken
by our model may be useful for cases in which only more
limited information about extant taxa is available. In par-
ticular, it would be quite useful if this method could be
applied to the rapidly increasing number of taxa for which
phylogenetic trees and estimates of branching times are
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available. There is a large body of work (Nee et al. 1994;
Pybus and Harvey 2000; among others) on estimating rates
of origination and extinction from branching times, but
this does not allow consideration of differences in rates
between regions. Our model does not require an explicit
phylogeny, but we assume that an origination event creates
one daughter taxon and leaves the age of the parent taxon
unaffected, as is the convention with phylogenies deter-
mined from the fossil record. In phylogenies determined
from molecular data, taxa do not have absolute ages and
the most recent branching time of a lineage therefore de-
pends on the survival of potential sister taxa (Gaston and
Blackburn 1996). Because of this difference, modification
of our model would be necessary in order to apply it to
lineage ages from this second kind of phylogeny, but sim-
ulations (not shown) do suggest that similar patterns in
age distributions will hold.

The spatial extent of our system was the entire globe
and our data were at the level of genera, but the model
presented here could be applied to closed systems of two
regions on any spatial or taxonomic scale. This model
could also be extended in a straightforward manner to
multiple regions. This could allow, for example, quanti-
tative description of expected age distributions in a region
where diversity is elevated by the overlap of biogeographic
provinces, or it could lead to a model for expected dis-
tributions of range sizes.

In general, findings for marine bivalve genera clearly
show that shifts in geographic ranges can play an impor-
tant role in determining global patterns of biodiversity.
Future attempts to estimate regional origination and ex-
tinction rates for any taxon therefore should not be based
explicitly on the assumption of in situ origination, and the
possible effects of dispersal between regions should be eval-
uated. Spatially explicit models, in which in situ processes
interact with biotic interchanges, should prove important
for our understanding of past and future dynamics of
biological diversity.
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Appendix from E. E. Goldberg & al., “Diverdty, Endemism, and Age
Digributions in Macroevolutionary Sources and Sinks’
(Am. Nat., val. 165, no. 6, p. 623)

Data Analyss
Maximum Likeéihood

The likelihood of observing the data given our model is L(x, m|#), where x is the data vector, m is the number
of taxa in the data set (459 genera for our data), and 6 is the parameter vector. Each element of x corresponds to
a taxon and contains the age and present location of that taxon. The elements of @ are the six macroevolutionary
rates: s,, Sg, X,, Xg, d,, and d,.

Although there are m elements in X, the probability of observing m taxa can be considered independent of the
ages and geographic distributions observed. This is because each set of parameter values yields a stable
distribution of taxa (i.e., the dominant eigenvector u, defined in the text, has its direction independent of its
magnitude). The elements of x are nearly independent; although they are all connected by a phylogeny, the
survival of each taxon, once it is created, is independent of all the others. Using these independence
assumptions, we write the likelihood function as

L(x, m|6) = L(m|6)L(x|0) = L(m|0)j:1_[le(xj|0), (A1)

where L, (x|0) is the likelihood of observing the jth taxon.

To compute L(m|6), we begin with the crude assumption that this has a Poisson distribution because the
survival of each cohort is Poisson distributed. The mean of this distribution is the expected total nhumber of
genera at the time of observation, t”: n;(8) = n,(t’) + n,(t") + n,(t"), where n(t’) is defined by equation (2).
From the Poisson assumption, the variance is aso n,(6). Because n.(f) is large, we then approximate this
distribution with a normal distribution, yielding L(m|#) = N[n.(), n;(8)]. Using this functiona form, with the
rest of the likelihood function described below, we estimate the parameters, and then we use these parameter
estimates in simulations to check the validity of the Poisson assumption. We find that the assumption of
normality is justified but that the variance is underestimated by a factor of about six. Repeating the likelihood
maximization using this general normal distribution, we find parameter estimates identical to before. We therefore
retain L(m|#) = N[n.(8), 6n(0)] and are confident that this is a reasonable approximation.

Now consider L;(x|6). The likelihood of observing the jth taxon is determined by its age, 7, and current
geographic location, +;, which can take a value of 1 (if it is present in R, and in R;), 2 (if it is present only in
R, or 3 (if it is present only in R,). If we knew the location in which this taxon originated (call this §;, taking
values in the same manner as v;), the likelihood of observing this taxon, L;(x|#), would equal the probability of
transitioning from §; to +; in time 7. Because §; is unknown, we define a vector describing the initial state: v, =
[0, Pr(§; = 2),Pr(6, = 3)]", where Pr(§; = i) is the probability that 6, = i, and we know that Pr(6, = 1) = 0
because a taxon cannot arise in both locations simultaneoudly. This initial state vector can be found from the
model:

T
W, W

i =Y ) (A2)
W, + W, W, + Wy
where
w=8Sn(t'—7) = SeSTRFERNT ot ). (A3)

1
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The matrix of transition probabilities between 6 and v, T(7, ), can aso be determined from the model:
T(7,0) = PO, (A4)

The likelihood of observing the jth taxon, L;(x(6), is the vth element of the vector T(7, 6)v,. This completes the
terms necessary to compute the likelihood function in equation (A1). Maximization of this likelihood is
described in the next section.

Optimization

To maximize the likelihood function described in the previous section with respect to the parameter values, we
used the downhill simplex algorithm (Nelder and Mead 1965; also called Nelder-Mead or Amoeba [Press 1992])
to minimize the negative of the logarithm of the likelihood. To avoid negative estimates of rate parameters, the
minimization was constrained (Nelder and Mead 1965): when a proposed set of parameters (a vertex of the
simplex) contained a negative parameter, a large value was returned instead of the actual value of the negative
log likelihood for that vertex, ensuring that the vertex was rejected.

Least Squares

We also estimated parameters by using a least squares fit to the empirical age distribution histograms in figure 4.
This consisted of minimizing the sum of squared differences of the data for each bin from the model prediction
for that bin, which was [uin[ f1(7) + fy(7)]dr for R, bins and [uin[ fi(7) + f3(7)]d7 for R; bins. The minimization
was aso done with the downhill simplex algorithm, and when a negative value was proposed for a parameter,
the sum-of-squares value returned was multiplied by a large value.

We applied the bootstrap procedure described below, and the parameter estimates and their 95% confidence
intervals (Cls) are: s, = 0.0318 (0.0269, 0.0359), s, = 0.0000 (0.0000, 0.0114), x, = 0.0000 (0.0000, 0.0095),
X; = 0.0149 (0.0000, 0.0839), d, = 0.0101 (0.0062, 0.0220), d;, = 0.5758 (0.0000, 2.7199), with a significant
difference between s, and s;. There was strong correlation between d, and X, (0 = 0.81) and between s, and x,
(o = 0.74).

The close agreement between parameter estimates from these two methods lends confidence that assumptions
we made in computing the likelihood function did not unduly influence our results. (An exception to this
agreement is d,, athough the modal value was O; the least squares method is quite insensitive to this parameter.)
Because the least squares procedure required binning the data before fitting and because appropriate weighting of
each resulting bin could not be calculated, this method did not extract information from the data as appropriately
as did maximum likelihood. This is reflected in the Cls, which are generally broader under the least squares
method.

Bootstrap Methods

We used a parametric bootstrap to form Cls for the parameter estimates, to test for differences between
parameter estimates, to assess bias and covariance in the parameter estimates, and to construct Cls on the amount
of scatter expected in the data under this model.

Each bootstrap iteration used a simulation of the origination-extinction-dispersal process described by the fitted
model; parameter values were set equal to their estimates, the initial condition was n(—65) = (9, 54, 0) (see
text), and the simulation ran for the equivalent of 65 million years. The resulting simulated list of extant taxa
and their ages was then fit in the same manner as the real data, yielding a set of bootstrap parameter estimates.
This was repeated 10,000 times.

To estimate bias in the parameter estimates, we compared the mean of the bootstrap estimates of each
parameter (call this 6 for the ith parameter) with the estimate of that parameter (call this 6). The bias is equal to
0" — 6,. We found the bias to be —0.00250 for s,, —0.00044 for sz, 0.00000 for x,, —0.00224 for x,;, —0.00020
for d,, and 0.00013 for d,. Although it may not be appropriate to perform bias correction by subtracting this bias
from 6, (Efron and Tibshirani 1986), this analysis gives an indication of the approximate level of bias.

We used the bootstrap iterations to form the variance-covariance matrix for the parameters. Correlation
between pairs of parameter estimates in the bootstrap samples was low (|p| < 0.21), except for x; and d, (0 =
0.91).
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We constructed Cls for the parameters as described by Efron and Tibshirani (1986) and summarized briefly
here. First the cumulative distribution function of the bootstrap estimates is formed for each parameter, G(6,).
The 95% CI is then (G *[0.025], G*[0.975]), where the exponent denotes the inverse of a function. Bias is
introduced with this method when the median of the bootstrap estimates is not equal to the parameter estimate,
that is, when G(6;) # 0.5. To correct these Cls for this bias, we use the cumulative distribution function of the
standard normal, ®(2). Let z, = ® (1 — a/2) (z, = 1.96 for « = 0.05) and define z, = & '[G(6,)]. The bias-
corrected Cl is then (G Y®(2z, — z,)], G [®(2z, + z,)]). This is the CI we report for each parameter in table 1.

To test for significant differences between parameter values 6, and 6, (particularly between s, and s;, between
X, and X,, and between d, and d;), we tested whether 0 was contained in the 95% Cls of 6, — 6, (Lo 1994),
constructed as in the previous paragraph. To obtain probability levels for the differences between parameter
estimates (the P values reported in table 1), we identified the a-levels at which the Cls just contained O (Forney
and Barlow 1998).

To construct Cls on the amount of scatter expected in the data, we formed age distribution histograms of the
model predictions for each set of bootstrap parameter estimates, using the same bin widths as were applied to the
data. We then calculated the 95% Cls of each bin, using the method described above. The results are shown with
the dotted lines in figure 4.



