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FIGURE 1. An example of a tree with M=4 species. A) Nodes on the
tree are labeled such that the tips of the tree have the labels 1,2,...,M
whereas the interior nodes of the tree are labeled M+1,M+2,...,2M.
Note that in this article we also consider the “stem” branch of the tree,
which connects the root node (node 7) and its immediate common
ancestor (node 8). B–D) Several possible biogeographic histories—
comprising 6, 6, and 12 events, respectively—that can explain the
observed species ranges.

chain (Ree et al. 2005). A continuous-time Markov
chain is fully described by a matrix containing the
instantaneous rates of change between all pairs of states
(geographic ranges, in this case). This instantaneous-
rate matrix, Q, has off-diagonal elements that are
all ≥0 and negative diagonal elements that are
specified such that each row of the matrix sums
to 0. The elements of Q are parameterized by
functions of θ, the parameter vector, according to some
dispersal model, M. The probability of a biogeographic
history is obtained using the information on the
position of colonization/extinction events on the tree
and information from the instantaneous-rate matrix.
Consider, for example, a case in which the process starts
with a geographic range of 001 at one end of a branch,
with a subsequent colonization of area one at time t1
(i.e., changes from 001→101), and then remains in the
geographic range 101 until the end of the branch at time
t2. The probability of this history is

−q001,001e−(−q001,001 t1)
! "# $

Waiting time for colonization

× − q001,101

q001,001! "# $
Probability of colonization event

× e−(−q101,101 (t2−t1))
! "# $

Probability of no further events

There are an infinite number of biogeographic
histories that can explain the observed geographic
ranges. When calculating the probability of the observed
geographic ranges at the tips of the phylogenetic tree,
it is unreasonable to condition on a specific history
of biogeographic change. After all, the past history
of biogeographic change is not observable. Instead,
the usual approach is to marginalize over all possible
histories of biogeographic change that could give rise
to the observed geographic ranges. The standard way
to do this is to assume that events of colonization
or local extinction occur according to a continuous-
time Markov chain (Ree et al. 2005). Marginalizing
over histories of biogeographic change is accomplished
using two procedures. First, exponentiation of the
instantaneous-rate matrix, Q, gives the probability
density of all possible biogeographic changes along a
branch

p(y→z;t,Q)=
%
e−Qt

&

yz
,

where y is the ancestral geographic range, z is the
current geographic range, and t is the duration of the
branch on the tree. The geographic-range transition
probabilities obtained in this way marginalize over all
possible biogeographic histories along a single branch,
but do not account for the possible combinations of
geographic ranges that can occur at internal nodes of
the phylogeny. The Felsenstein (1981) pruning algorithm
is typically used to marginalize over the different
combinations of “states” (ancestral geographic ranges)
at the interior nodes of the tree. Taken together, matrix
exponentiation and the pruning algorithm comprise the
conventional approach for calculating the probability
of observing the geographic ranges at the tips of the
tree while accounting for all of the possible ways
those observations could have been generated under the
model.

The dimensions of the instantaneous-rate matrix, Q,
however, are n(S)×n(S), where n(S)=2N −1, so the size
of Q grows exponentially with respect to the number
of geographic areas, N. Furthermore, computing the
matrix exponential is of complexity O(n(S)3) (Golub and
Loan 1983). Thus, for values of N ≥20, the number of
computations required to exponentiate the rate matrix is
quite large and computing the transition probabilities
in this manner is intractable (Ree and Sanmartín
2009).

Statistical phylogenetic models encounter an
analogous problem when modeling nucleotide
evolution. As Felsenstein (1981) suggests, one
might assume that each nucleotide site evolves
under mutual independence to keep the state space
small and amenable to matrix exponentiation. For
biogeographic inference, however, the assumption
of mutual independence would imply (implausibly)
that the correlative effects between areas—such as
geographic distance—are irrelevant to dispersal
processes, which renders this assumption suitable only
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Abstract.—In historical biogeography, model-based inference methods for reconstructing the evolution of geographic ranges
on phylogenetic trees are poorly developed relative to the diversity of analogous methods available for inferring character
evolution. We attempt to rectify this deficiency by constructing a dispersal-extinction-cladogenesis (DEC) model for ge-
ographic range evolution that specifies instantaneous transition rates between discrete states (ranges) along phylogenetic
branches and apply it to estimating likelihoods of ancestral states (range inheritance scenarios) at cladogenesis events. Unlike
an earlier version of this approach, the present model allows for an analytical solution to probabilities of range transitions
as a function of time, enabling free parameters in the model, rates of dispersal, and local extinction to be estimated by maxi-
mum likelihood. Simulation results indicate that accurate parameter estimates may be difficult to obtain in practice but also
show that ancestral range inheritance scenarios nevertheless can be correctly recovered with high success if rates of range
evolution are low relative to the rate of cladogenesis. We apply the DEC model to a previously published, exemplary case
study of island biogeography involving Hawaiian endemic angiosperms in Psychotria (Rubiaceae), showing how the DEC
model can be iteratively refined from inspecting inferences of range evolution and also how geological constraints involving
times of island origin may be imposed on the likelihood function. The DEC model is sufficiently similar to character models
that it might serve as a gateway through which many existing comparative methods for characters could be imported into
the realm of historical biogeography; moreover, it might also inspire the conceptual expansion of character models toward
inclusion of evolutionary change as directly coincident, either as cause or consequence, with cladogenesis events. The DEC
model is thus an incremental advance that highlights considerable potential in the nascent field of model-based historical
biogeographic inference. [Ancestral state reconstruction; dispersal; extinction; Hawai‘i; historical biogeography; Psychotria;
speciation; vicariance.]

Inferring the evolution of geographic ranges of
species and clades in a phylogenetic context is a major
focus of historical biogeography. To this end, many
questions about the past may be of interest, such as:
Where were ancestors distributed? What was the tempo
and direction of dispersal? How important was range
expansion to lineage diversification? The breadth of
potential inquiry is wide, but to date it has not been
matched by an equally diverse set of methods for
reconstructing range evolution on phylogenies. By
and large the development of such methods has been
limited to parsimony-based methods for ancestral-area
optimization (Bremer, 1992, 1995; Hausdorf, 1998) and
dispersal-vicariance analysis (Ronquist, 1997).

Compared to parsimony methods, development and
uptake of likelihood-based approaches in historical
biogeography has been slow. The contrast is particularly
apparent considering how for character evolution, prob-
abilistic models are commonly used, and the develop-
ment of maximum likelihood (e.g., Schluter, 1997; Pagel,
1994, 1999) and Bayesian (e.g., Huelsenbeck and Boll-
back, 2001; Huelsenbeck et al., 2003; Pagel et al., 2004;
Pagel and Meade, 2006) inference methods has been es-
pecially active, yielding a rich statistical tool set for inves-
tigating a wide range of macroevolutionary questions in
a phylogenetic context. Quantitative statistical inference
in historical biogeography has suffered from a lack of
similar models and tools. It stands to reason, then, that
to bring biogeographic inference up to the same level, it is
worthwhile exploring analogies between characters and
geographic ranges, to allow existing methods for the for-
mer guide and inform development of methods for the
latter.

In character models, transitions between states are
typically assumed to occur stochastically according to
a Markov process, with the probability Pi j (t) of ancestor-
descendant change from state i to state j on a phyloge-
netic branch of length t being a function of the model’s
parameter values for instantaneous transition rates. The
matrix of transition probabilities for all pairs of states is
generally obtained by the equation P(t) = e−Qt, where Q
is the instantaneous rate matrix. The likelihood function
for a phylogenetic tree with observed character data at
its leaves requires calculating P(t) for each branch and
integrates over the conditional likelihoods of all ances-
tral states at every internal node, weighted by their prior
probabilities (see Felsenstein, 1981, for a recursive algo-
rithm). Transition rate parameters may thus be estimated
from the tree and data by finding values that maximize
the overall likelihood, without having to condition on
specific character states at internal nodes. Likewise, the
ancestral state of any particular node may be estimated
without conditioning on other nodes in the tree, by find-
ing the state at that node that maximizes the overall like-
lihood (see Pagel, 1999).

Character models have in fact already been used with-
out modification in biogeographic studies to estimate
likelihoods of ancestral areas. Nepokroeff et al. (2003)
inferred historical ranges of Hawaiian Psychotria, under-
story shrubs in Rubiaceae, the coffee family, by treat-
ing the four principal island groups in the archipelago
as distinct states, using models of nucleotide substitu-
tion (conveniently also having four states) to estimate
ancestral areas on the phylogeny by maximum likeli-
hood. The population terminals on their phylogeny, com-
prising 11 species, were all endemic to single islands,
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we revisit and apply the method to Nepokroeff et al.’s
(2003) study of Hawaiian Psychotria.

THE DISPERSAL-EXTINCTION-CLADOGENESIS (DEC)
MODEL

In this section we describe the stochastic model of
geographic range evolution, referred to hereafter as the
dispersal-extinction-cladogenesis (DEC) model, empha-
sizing how it differs from that described by Ree et al.
(2005) in the calculation of transition probabilities from
an instantaneous rate matrix. Readers should consult the
former paper for the original description of model fea-
tures retained identically here, particularly in how range
inheritance scenarios are enumerated and assigned prior
probabilities.

Geographic ranges.—We represent the geographic range
of a species as a string denoting its presence in a set of
areas. For three areas labeled 1, 2, and 3, the set of possible
ranges is thus ∅, 1, 2, 3, 12, 13, 23, 123. With the exception
of the empty range (∅), these comprise all theoretically
observable states for extant species.

Range evolution along phylogenetic branches.—In the ab-
sence of lineage divergence, the range of a species
evolves by two stochastic processes: dispersal between
areas (range expansion) and local extinction within ar-
eas (range contraction). Parameters for these are Di j , the
rate of dispersal from area i to area j , and Ei , the rate of
local extinction in area i . For n areas, the most general
model would have n2 − n independent (free) parameters
for dispersal rates: one for each direction between each
pair of areas. In addition, it would have n free parameters
representing area-specific local extinction rates. Simpler
models would assume fewer free parameters, with the
simplest having a single dispersal rate and a single lo-
cal extinction rate, each uniform across the areas in the
model and across the phylogeny.

These rate parameters can be used to construct the ma-
trix of instantaneous transition rates between geographic
ranges (Q). For three areas,

Q =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∅ 1 2 3 12 13 23 123

∅ — 0 0 0 0 0 0 0
1 E1 — 0 0 D12 D13 0 0
2 E2 0 — 0 D21 0 D23 0
3 E3 0 0 — 0 D31 D32 0
12 0 E2 E1 0 — 0 0 D13 + D23
13 0 E3 0 E1 0 — 0 D12 + D32
23 0 0 E3 E2 0 0 — D21 + D31
123 0 0 0 0 E3 E2 E1 —

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(1)

(For clarity, geographic ranges at the start and end of a
transition are shown in order of increasing size along the
first column and row, respectively.) We assume that over
an infinitesimal time interval, only one event may occur,
so transition rates between ranges that differ by more
than one dispersal or extinction event are set to zero.

Non-zero cells in the matrix below the diagonal repre-
sent range contractions by local extinction; those above
the diagonal represent range expansions by dispersal.
Some range expansions involve a sum of rates; e.g., the
transition from range 12 to 123 involves dispersal rates
from areas 1 and 2 to area 3. In general, the rate of ex-
pansion from a starting range r to a wider range r ′ is the
sum of dispersal rates from all areas in r to the area of
expansion in r ′. The rate of contraction from r ′ back to r
is the rate of local extinction in that area. The elements
along the diagonal of the rate matrix are defined such
that the sum of rows is equal to zero.

Constructing the rate matrix Q algorithmically in this
manner brings us back to the equation for range transi-
tion probabilities as a function of time, P(t) = e−Qt, which
can be computed much faster (by orders of magnitude)
than the simulation-based method of Ree et al. (2005).
However, recall that in order to calculate the likelihood of
the data given the assumed tree, additional information
is needed; namely, an enumeration of possible ancestral
states at internal nodes and their prior probabilities.

Range evolution at cladogenesis events.—Following Ree
et al. (2005) and as described in the introductory section,
we assume that if an ancestor is widespread across two or
more areas, speciation can happen in one of two ways:
lineage divergence could arise either between a single
area and the rest of the range, or within a single area.
This leads to nonidentical range inheritance, with one
daughter species always inheriting a single-area range,
and the other inheriting either the remainder of the an-
cestral range or its entirety, respectively. Ree et al. (2005)
described how a flat prior for the ancestral range can be
multiplied by a flat prior for between- and within-area
divergence patterns to obtain the overall prior for each
range inheritance scenario.

It is worth noting that the above assumes cladogene-
sis events that are strictly bifurcating; i.e., that speciation
gives rise to two, and only two, descendant lineages. We
treat this as the general case and view simultaneous di-
vergence of more than two species from a common ances-
tor (as depicted by “hard” phylogenetic polytomies) as
exceptional. For the DEC model to include such cases, an
explicit rationale for enumerating polytomous range in-
heritance scenarios would be needed. By contrast, “soft”
polytomies indicative of phylogenetic uncertainty do not
require such extensions of the model and may be ac-
counted for statistically (see Discussion).

Inferring ancestral ranges by maximum likelihood.—With
a matrix of range transition rates (Q) derived from rates
of dispersal between areas and rates of local extinction
within areas, and prior probabilities for range inheritance
scenarios, we now have all the components necessary to
calculate the likelihood of a phylogenetic tree with ob-
served range data arrayed at its tips. This is done exactly
as for character data but integrating over the conditional
likelihoods of range inheritance scenarios rather than an-
cestral character states at internal nodes. The close corre-
spondence of the DEC model to character models allows
us in principle to use all maximum likelihood methods
that are normally applied to character inference. In the
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FIGURE 1. An example of a tree with M=4 species. A) Nodes on the
tree are labeled such that the tips of the tree have the labels 1,2,...,M
whereas the interior nodes of the tree are labeled M+1,M+2,...,2M.
Note that in this article we also consider the “stem” branch of the tree,
which connects the root node (node 7) and its immediate common
ancestor (node 8). B–D) Several possible biogeographic histories—
comprising 6, 6, and 12 events, respectively—that can explain the
observed species ranges.

chain (Ree et al. 2005). A continuous-time Markov
chain is fully described by a matrix containing the
instantaneous rates of change between all pairs of states
(geographic ranges, in this case). This instantaneous-
rate matrix, Q, has off-diagonal elements that are
all ≥0 and negative diagonal elements that are
specified such that each row of the matrix sums
to 0. The elements of Q are parameterized by
functions of θ, the parameter vector, according to some
dispersal model, M. The probability of a biogeographic
history is obtained using the information on the
position of colonization/extinction events on the tree
and information from the instantaneous-rate matrix.
Consider, for example, a case in which the process starts
with a geographic range of 001 at one end of a branch,
with a subsequent colonization of area one at time t1
(i.e., changes from 001→101), and then remains in the
geographic range 101 until the end of the branch at time
t2. The probability of this history is

−q001,001e−(−q001,001 t1)
! "# $

Waiting time for colonization

× − q001,101

q001,001! "# $
Probability of colonization event

× e−(−q101,101 (t2−t1))
! "# $

Probability of no further events

There are an infinite number of biogeographic
histories that can explain the observed geographic
ranges. When calculating the probability of the observed
geographic ranges at the tips of the phylogenetic tree,
it is unreasonable to condition on a specific history
of biogeographic change. After all, the past history
of biogeographic change is not observable. Instead,
the usual approach is to marginalize over all possible
histories of biogeographic change that could give rise
to the observed geographic ranges. The standard way
to do this is to assume that events of colonization
or local extinction occur according to a continuous-
time Markov chain (Ree et al. 2005). Marginalizing
over histories of biogeographic change is accomplished
using two procedures. First, exponentiation of the
instantaneous-rate matrix, Q, gives the probability
density of all possible biogeographic changes along a
branch

p(y→z;t,Q)=
%
e−Qt

&

yz
,

where y is the ancestral geographic range, z is the
current geographic range, and t is the duration of the
branch on the tree. The geographic-range transition
probabilities obtained in this way marginalize over all
possible biogeographic histories along a single branch,
but do not account for the possible combinations of
geographic ranges that can occur at internal nodes of
the phylogeny. The Felsenstein (1981) pruning algorithm
is typically used to marginalize over the different
combinations of “states” (ancestral geographic ranges)
at the interior nodes of the tree. Taken together, matrix
exponentiation and the pruning algorithm comprise the
conventional approach for calculating the probability
of observing the geographic ranges at the tips of the
tree while accounting for all of the possible ways
those observations could have been generated under the
model.

The dimensions of the instantaneous-rate matrix, Q,
however, are n(S)×n(S), where n(S)=2N −1, so the size
of Q grows exponentially with respect to the number
of geographic areas, N. Furthermore, computing the
matrix exponential is of complexity O(n(S)3) (Golub and
Loan 1983). Thus, for values of N ≥20, the number of
computations required to exponentiate the rate matrix is
quite large and computing the transition probabilities
in this manner is intractable (Ree and Sanmartín
2009).

Statistical phylogenetic models encounter an
analogous problem when modeling nucleotide
evolution. As Felsenstein (1981) suggests, one
might assume that each nucleotide site evolves
under mutual independence to keep the state space
small and amenable to matrix exponentiation. For
biogeographic inference, however, the assumption
of mutual independence would imply (implausibly)
that the correlative effects between areas—such as
geographic distance—are irrelevant to dispersal
processes, which renders this assumption suitable only
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least a wrong but useful model (Box and Draper 1987),
but researchers are unable to check these assumptions
unless additional plausible models are constructed and
statistically compared with DEC.

FOUNDER-EVENT SPECIATION

One well-known form of speciation that is left out
of standard DEC analyses is “founder-event speciation”
(Paulay and Meyer 2002; Templeton 2008), sometimes
termed speciation through long-distance dispersal
(Heads 2012) or allopatric mode II speciation (Wiley
1981; Maguire and Stigall 2008; Lomolino et al. 2010). In
founder-event speciation, a small number of individuals,
sometimes even a single individual, take part in a
rare, long-distance colonization event which founds
a population which is instantly genetically isolated
from the ancestral population. Founder-event speciation
has received extensive theoretical attention (Mayr 1954;
Gould and Eldredge 1972; Carson and Templeton 1984),
and it remains a controversial question whether or
not the population genetic founder effect and resulting
genetic bottlenecks significantly contribute to shifting
of adaptive peaks (Carson and Templeton 1984; Coyne
and Orr 2004) or morphological evolution. However, to
many biogeographers (but not all; see Heads 2012) it
seems undeniable that founder-event speciation is an
important mode of lineage splitting, and of moving
taxa around the planet. Founder-event speciation is
particularly likely to be important in oceanic island
systems (Carlquist 1974; Paulay and Meyer 2002; de
Queiroz 2005; Cowie and Holland 2006; Gillespie
et al. 2012). If founder-event speciation is important
for explaining certain biogeographical patterns, this
would remain true whether or not founder-event
speciation plays any major role in production of non-
biogeographical macroevolutionary patterns.

Given the recognized importance of founder-event
speciation in the literature, it is peculiar that the most
popular inference methods in historical biogeography,
DIVA, and LAGRANGE, fail to take it into account. It
may be that some think that founder-event speciation is
covered by the “dispersal” process of DEC and DIVA.
However, as noted above, these concepts of dispersal
are anagenetic range-expansion events (Ronquist and
Sanmartín 2011), and are not identical with founder
events simultaneous with lineage splitting.

Figure 1 shows examples of the types of cladogenesis
events allowed (gray shading) and disallowed (white)
in the DEC model. Some commentators (Ree and
Sanmartín 2009; Kodandaramaiah 2010; Goldberg et al.
2011) have noted the absence of founder-event speciation
in DIVA and DEC, and suggested that it should be taken
into account. Here, I take their advice. I re-implement the
DEC model in the R package BioGeoBEARS, and then
add founder-event jump dispersal to create a “DEC+J”
model. The two models are compared using standard
likelihood and Bayesian model-choice methods, on both
simulated and empirical data.

FIGURE 1. Example range-inheritance events at cladogenesis. The
events allowed by LAGRANGE’s DEC model are highlighted in gray.
Each allowed event is fixed to have equal probability in the DEC model.
DEC requires that, at cladogenesis, at least one daughter species must
have a range size of 1, which excludes some events. Founder-event
speciation (column 4) is also excluded from DEC, but included in
DEC+J.

METHODS

Implementation of the DEC and DEC + J Models
DEC has two free parameters, the rate of range

expansion (“dispersal”, parameter d) and range
contraction (“extinction”, parameter e). These are
combined into a rate matrix (Ree and Smith 2008) which
is exponentiated to calculate the probabilities of each
state at the bottom of a branch, as a function of the
branch length and the probabilities of the states at the
top of the branch. The rate matrix has m rows and m
columns, where m represents the number of states in
the state space, and each state is a possible geographic
range. The number of possible states/geographic ranges
rises at m= 2n, where n equals the number of discrete
areas in the analysis, assuming no constraints on the
maximum size of ranges. Most phylogenetic methods
use continuous-time models, where states evolve under
the same model as they do on the branches. Under
this condition, when two branches meet at an ancestral
node, the probabilities at the two branch bottoms are
multiplied to produce data likelihoods at the ancestral
node. This is the basis of the Felsenstein pruning
algorithm (Felsenstein 1981; 2004), and it represents the
assumption that the ancestral state before cladogenesis
(e.g., nucleotide G) is copied exactly to both descendants
just after cladogenesis (left: G, right: G). In biogeography,
this would correspond to assuming complete sympatric
speciation, copying the exact ancestral range to both
descendants, regardless of range size. However, in
models where states evolve differently at cladogenesis
events, the downpass probabilities must be combined
via a cladogenesis model, which can be visualized as
a rectangular transition matrix, where the m−1 rows
represent the possible ancestral states (the null state,
a range of 0 areas, is excluded here), and the (m−1)2

columns represent every possible pair of (left, right)
descendant states just after cladogenesis.

In the DEC cladogenesis model, conditional on a
particular ancestral geographic range, a number of
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Image: Nicholas J Matzke. Model selection in historical biogeography reveals 
that founder-event speciation is a crucial process in island clades. Systematic 
Biology, 63(6):951–970, 2014.
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FIGURE 3.
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Image: Richard H Ree and Stephen A Smith. Maximum likelihood inference of 
geographic range evolution by dispersal, local extinction, and cladogenesis. 
Systematic Biology, 57(1):4–14, 2008.



Time stratified models:

10 SYSTEMATIC BIOLOGY VOL. 57

FIGURE 3.

 at U
niversity of C

alifornia School of Law
 (B

oalt H
all) on A

pril 12, 2016
http://sysbio.oxfordjournals.org/

D
ow

nloaded from
 

Image: Richard H Ree and Stephen A Smith. Maximum likelihood inference of 
geographic range evolution by dispersal, local extinction, and cladogenesis. 
Systematic Biology, 57(1):4–14, 2008.
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Image: Nick Matzke @ http://phylo.wikidot.com/biogeobears#BioGeoBEARS_supermodel_graphic

Extending the DEC:
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as an undirected graph, where areas are vertices and dispersal routes are edges.315
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Figure 5: Dispersal graph for Epoch 14, 110–100Ma: India and Madagascar separate from Australia and

Antarctica. A gplates (Gurnis et al. 2012) screenshot of Epoch 14 of 26 is displayed. Areas are marked by black vertices.
Black edges indicate both short- and medium distance dispersal routes. Gray edges indicate exclusively medium distance
dispersal routes. Long distance dispersal routes are not shown, but are implied to exist between all area-pairs. The short,
medium, and long dispersal graphs have 8, 1, and 1 communicating classes, respectively. India and Madagascar each have
only one short distance dispersal route, which they share. Both areas maintain medium distance dispersal routes with various
Gondwanan continents during this epoch. The expansion of the Tethys Sea impedes dispersal into and out of Europe.

To proceed, I treat the paleogeographical states over time as a vector of adjacency ma-316

trices, where G•(k)i,j = 1 if areas i and j share an edge at time interval k, and G•(k)i,j = 0317

otherwise. Temporarily, I suppress the time index, k, for the rate matrix Q(k), since all318

time intervals’ rate matrices are constructed in a similar manner. To mitigate the e↵ects of319

model misspecification, Q is determined by a weighted average of three geological adjacency320

matrices321
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where s, m, and l correspond to short distance, medium distance, and long distance mode322
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A) B)
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Figure 6: Sample paths for paleogeographically informed biogeographic process. The top, middle, and bottom
panels show dispersal histories simulated by the pure short (A,B), medium (C,D), and long (E,F) distance process components.
All processes originate in one of the four North American areas 250 Ma. The left column shows 10 of 2000 sample paths. Color
indicates the area the lineage is found in the present (A,C,E). Colors for areas match those in Figure 8. The right column
heatmap reports the sample frequencies for any of the 2000 dispersal process being in that state at that time (B,D,F).

formation of Pangaea, dropping from 8 to 3 communicating classes at 280 Ma, followed by351

the fragmentation of Pangaea, increasing from 3 to 11 communicating classes between 170352

Ma and 100 Ma (Figure 8). It is important to consider this bottleneck in the number of353

communicating classes will be informative of root age only for fortuitous combinations of354

species range and species phylogeny. Just as some clades lack a fossil record, others are355
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