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In all nine models, the speciation rate is assumed greater than or
equal to the extinction rate at all times. To our knowledge, all
models in the cladogenesis literature for which likelihood
expressions are available also make this assumption. In nature,
however, there is evidence that some clades have lost diversity
towards the present, suggesting that extinction events are
sometimes more frequent than speciation events [32]. Our
coalescent likelihood expression can be used to investigate a
scenario with decreasing diversity by assuming an instantaneous
mass extinction event in the history of a clade. However, further
work remains before the coalescent approach can accommodate
general patterns of decreasing diversity (see Materials and
Methods).

Results

Likelihood of Internode Distances
Consider a clade with N0 species at the present time, which has

evolved according to one of the nine diversification scenarios
illustrated in Figure 1. We denote by N(t) the expected number of
species at time t in the past, given the model of diversification and
its corresponding parameters (e.g., N(t):N0 under Models 1 and
2, and N(t)~N0e

{l0t under Model 5). We denote by l(t) the
speciation rate at time t in the past (under Model 1 and 2,
l(t)~t(t), where t(t) is the turnover rate at time t in the past). We
consider a phylogeny of k species randomly sampled in the clade
at the present time. This phylogeny has k{1 internal nodes, and

Figure 1. Models of diversification. Schematic illustration of the nine diversification models considered in our analyses. The models can be
classified according to three broad criteria: diversity is either expanding over time (in red, Models 3–6) or saturated (Models 1 and 2); rates either vary
over time (in blue, Models 2, 4a–4d, and 6) or they are constant over time (Models 1, 3, and 5); and extinctions are either present (in green, Models 1–
4) or absent (Models 5 and 6). There are four flavors of models that exhibit expanding diversity with time-varying rates and positive extinction: the
speciation rate (l) varies over time while the extinction rate (m) is constant (Model 4a); the extinction rate varies over time while the speciation rate is

constant (Model 4b); both rates vary over time with a constant extinction fraction (e~
m

l
; Model 4c); and both rates vary independently over time

(Model 4d). When they vary, rates either decay or grow exponentially. The parameters of each model are shown in Table 1.
doi:10.1371/journal.pbio.1000493.g001
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expectation, N(t). This approximation is critical to our analytical
approach, as it makes the corresponding coalescent process
tractable. We show below that this approximation is accurate
over a broad range of parameters.
The general expression above can be used to derive an

approximate likelihood for the internode distances under each of
the nine diversification scenarios illustrated in Figure 1 (Appendix
S1 in Text S1). Given an empirical phylogeny, these expressions

can then be used to estimate rates (by maximum likelihood), or to
compare the performance of various models. For example, the
likelihood of ti under the simple Hey model (Model 1) is

L tið Þ~ i iz1ð Þ
2

2l0
N0

exp {
i iz1ð Þ

2

2l0
N0

ti

! "
: ð2Þ

This equation shows that it is not possible to estimate the
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Figure 2. Example phylogenies resulting from different diversification models. Phylogenies simulated under a model with saturated
diversity and a constant turnover rate (Model 1) have short terminal branches compared to phylogenies simulated under the pure-birth process (Yule
model; Model 5). With saturated diversity but decaying turnover rates, terminal branches become longer (Model 2). Compared to the pure-birth
process (Model 5), the presence of extinction pushes phylogenetic nodes towards the tips (Model 3), whereas a decay in speciation rate pushes them
towards the root (Model 6). In the presence of both extinction and a decay in speciation rate (Model 4), however, these two effects counteract,
producing a phylogeny that appears similar to the pure-birth model. All phylogenies were simulated with the same initial speciation rate (six
speciation events per time unit). The extinction rate in Models 3 and 4a was identical (three speciation events per time unit). The exponential
variation in speciation rate in Models 2, 4a, and 6 was identical (0.25 per time unit). Note the different time scales.
doi:10.1371/journal.pbio.1000493.g002
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