
Inferring speciation and extinction processes from extant
species data
Tanja Stadler1

Institut für Integrative Biologie, Eidgenössiche Technische Hochschule Zürich, 8092 Zürich, Switzerland

Q
uerying the past is hard. Specia-
tion and extinction processes are
on a scale of thousands to mil-
lions of years. Thus, they are

most often studied by reconstructing the
evolutionary past. This past is recon-
structed using phylogenetic methods ei-
ther on the basis of data from living
species or by directly examining the fossil
record. Robust methods for inferring the
evolutionary past purely on the basis of
living species would allow us to understand
speciation and extinction processes for the
large number of groups without a good
fossil record.
Generally, studies using living species

infer lower extinction rates than the rates
suggested by the fossil record (1, 2). A new
study in PNAS (3) suggests that this mis-
match is due to our use of oversimplified
models of speciation and extinction.
Fifteen years ago, Nee et al. (4) pre-

sented the first method to infer speciation
and extinction rates on the basis of “re-
constructed” phylogenies, i.e., phylog-
enies inferred on only extant species
(Fig. 1 A and B). This first likelihood
method relied on the idea that lineages
in a reconstructed phylogeny accumulate
through time with rate λ − μ (where λ is
the speciation rate and μ is the extinction
rate) and accumulate in the very recent
past with rate λ. The change in rate of
lineage accumulation from λ − μ to λ,
called the “pull-of-the-present” (5), allows
us to estimate both λ and μ given only data
from living species.
The method of Nee et al. has been

widely used for estimating speciation and
extinction rates. Unfortunately, it often
produces estimates of μ near zero (1, 2).
Morlon et al. (3) suggest that the low ex-
tinction rate estimates might be due to the
assumption that λ and μ are constant,
which is, in particular for large groups,
most likely wrong. For large clades, we
expect both rate heterogeneity through
time due to environmental factors and rate
heterogeneity across subclades due to
subclade-specific traits influencing specia-
tion and extinction rates.
Several likelihood-based approaches now

exist that infer speciation and extinction
rates under each of these two scenarios of
rate heterogeneity, based on reconstructed
phylogenies. The basic idea is the same
for the different approaches: Speciation and
extinction rates are determined that maxi-
mize the likelihood of the reconstructed

tree. The challenge has been to derive an
analytic formula for the likelihood of the
tree under the complex dynamics. Three
recent PNAS studies provide more general
analytic likelihood functions:

Alfaro et al. (6) provide a likelihood
approach in which the speciation and
extinction rates may vary across sub-
clades, but each subclade has a constant
rate (Fig. 1E). The original method der-
ivation is provided in ref. 7 and found in
the package MEDUSA. Such a model
allows for detecting subclade-specific
speciation and extinction processes.

Stadler (8) relaxes the assumption of con-
stant rates by allowing for rates changing
at specific points in time (Fig. 1D). Such
a model allows for detecting rapid
changes in speciation and extinction rates

due to environmental effects like at the
Cretaceous–Tertiary boundary at 65 Ma.

Morlon et al. (3) extend the two meth-
ods such that rates may change contin-
uously through time (instead of dis-
cretely as in ref. 8), and subclades may
have different speciation and extinction
rates (as in ref. 6) (Fig. 1C).

The models above have in common that
the speciation and extinction rates within
subclades are a function of time only,
meaning that the rates are changing only
due to external factors (i.e., the envi-
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Fig. 1. (A and B) Complete phylogeny (A) with associated reconstructed phylogeny (B), which is obtained
by suppressing all extinct lineages. (C–G) Models for speciation and extinction. Red denotes a fast rate,
purple an intermediate rate, and blue a slow rate of speciation. C–E indicate the three models accounting
for rate heterogeneity through time and across subclades: (C) Morlon et al. (3) (continuous change over
time), (D) Stadler (8) (change at one time point), and (E) Alfaro et al. (6) (change in the dashed edges
above subclades). (F) Density-dependent model (the complete phylogeny instead of the reconstructed
phylogeny is plotted as the speciation rate depends on the total number of lineages). (G) Trait-dependent
model by Maddison et al. (14) (changes between the two rates at arbitrary times).
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ronment). In particular in ref. 6, the rates
within subclades are constant.

Are the Speciation and Extinction
Rates Governed by Environmental
Effects?
For cetaceans (whales, dophins, and por-
poises), Morlon et al. (3) show that in-
corporating rate heterogeneity produces
speciation and extinction rate estimates in
good agreement with the fossil record. In
particular, the authors infer an exponen-
tially decreasing speciation rate and a
constant extinction rate for the cetacean
subclade Balaenopteridae.
An immediate follow-up question is:

Why is the speciation rate declining in this
group? Is the speciation rate change really
caused by the environment (which is im-
plicitly assumed by the underlying model)?
An alternative explanation for a de-

creasing speciation rate is density-de-
pendent speciation (e.g., ref. 9), meaning
that the speciation rate depends on the
number of species instead of time (Fig.
1F): A clade begins to radiate quickly into
non-occupied niches, and the process
slows down as the niches fill. The initial
adaptive radiation is typically caused by
a key innovation or a move to a new
habitat of the ancestral species. There is
no closed-form likelihood expression for
density-dependent speciation models
available yet. A first step is taken in ref. 10
where a likelihood function is provided for
scenarios when the extinction rate is zero.
Density-dependent speciation yields

a declining speciation rate through time;
analog, density-dependent extinction
yields an increasing extinction rate
through time. A likelihood approach will
allow us to formally contrast density-de-
pendent against time-dependent models
for clades such as the baleen whales.
Unfortunately, neither time-dependent

nor density-dependent models can explain
the speciation process completely, as the
resulting trees induced by these models
are too balanced: A reconstructed phy-
logeny is fully characterized by the times of
lineage accumulation (continuous part)

and the ranked tree shape (11) (discrete
part). Time-dependent and density-de-
pendent models assume exchangeable
species, meaning that at each point in time
each species undergoes the same specia-
tion and extinction mechanism. Aldous
(12) showed that all exchangeable species
models induce the same distribution on
ranked tree shape (but can induce a wide
variety of lineage accumulation patterns).
Because empirical trees are less balanced
than trees under exchangeable species
models (13), the exchangeable species
models lack an important feature.
Imbalance can be explained by trait-

dependent speciation and extinction. Two
PNAS studies (3, 6) take a first step to
account for trait-dependent speciation by
assuming heterogeneity across subclades.
However, the change in trait is not ex-
plicitly modeled; a trait change (and thus
a change in speciation and extinction
rates) is added if the likelihood increases
sufficiently. Maddison et al. (14) in-
troduced a likelihood approach assuming
discrete traits evolving under a Markov
model (Fig. 1G); Fitzjohn (15) generalized
the approach by allowing for continuous
traits. However, these approaches lack the
rate heterogeneity through time.

Are Models with Environmental-, Den-
sity-, and Trait-Dependent Speciation
and Extinction Rates Sufficient?
Morlon et al. (3) obtain speciation and
extinction rate estimates for whales that
are in agreement with the fossil record. In
particular, the extinction rates are not un-
derestimated. This result suggests that we
might be able to reconcile molecular phy-
logenies with the fossil record in general.
However, the bias of underestimating

extinction rates in reconstructed phyloge-
nies will not completely vanish with the
methods accounting for environmental,
density-dependent, and trait-dependent
effects: Underestimating extinction is pri-
marily due to the fact that very few
reconstructed phylogenies have a pro-
nounced pull-of-the-present effect; i.e.,
often the lineages do not accumulate

faster in the recent past. In fact, often the
most recent lineage accumulation is slower
instead of faster [very pronounced, e.g.,
for mammals (16) and birds (17)].
It is well recognized that this apparent

slowdown can be due to simply not sam-
pling all of the species, and approaches
dealing with this missing data problem
have recently become available (18, 19).
However, we observe the slowdown

even in complete phylogenies like mam-
mals. The reason for this slowdown may be
that very recent speciation events have not
yet been identified (20). The delay of
recognizing species after two populations
started diverging needs to be recognized
by our methods to avoid biases in specia-
tion and extinction rate estimates.

Future Challenges
In large clades, speciation and extinction
rates were most likely not constant
throughout evolutionary time. Rates change
due to (i) a changing environment, (ii)
density-dependent speciation and extinc-
tion, and (iii) trait-dependent speciation
and extinction. The study in PNAS (3) im-
proves our understanding of scenario i, but
we require more work on scenario ii to test
scenario i against ii. Scenarios i and ii will
help account for the mode of lineage accu-
mulation. With an improved understanding
of scenario iii, we may also be able to ac-
count for tree shape. As lineage accumu-
lation and tree shape fully describe a
reconstructed phylogeny, a combination of
models i–iii may have the power to describe
the process of speciation and extinction.
However, in addition, we need to take

into account the mode of data collection
to avoid biases: We have to be aware that
we may not be able to recognize very
young species and we may not sample all
extant species of a clade.
It is a puzzle for the future to combine the

time-dependent, density-dependent, and
trait-dependent models with the data collec-
tion biases to produce one unified approach
that can be used in a likelihood framework.
Morlon et al. (3) give us an elegant version
of the time-dependent piece to fit in.
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