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Phylogenies are used to estimate rates of speciation and
extinction, reconstruct historical diversification scenarios,
and link these to ecological and evolutionary factors, such
as climate or organismal traits. Recent models can now
estimate the effects of binary, multistate, continuous, and
biogeographic characters on diversification rates. Others
test for diversity dependence (DD) in speciation and ex-
tinction, which has become recognized as an important
process in numerous clades. A third class incorporates
flexible time-dependent functions, enabling reconstruc-
tion of major periods of both expanding and contracting
diversity. Although there are some potential problems
(particularly for estimating extinction), these methods
hold promise for answering many classic questions in
ecology and evolution, such as the origin of adaptive
radiations, and the latitudinal gradient in species richness.

Macroevolutionary inference
Estimating rates of diversification [speciation (l) and ex-
tinction (m); see Glossary] provides the basic structure for
answering many fundamental questions in biology, relat-
ing various properties of organisms and their environ-
ments to these rates [1,2]. Questions include: are
speciation and extinction correlated with biogeographic
areas, explaining patterns such as latitudinal diversity
gradients [3,4]? Are diversification rates related to mor-
phological evolution and can they explain rapid diversifi-
cation during adaptive radiations [5,6]? Are long-term
speciation and extinction rates determined by popula-
tion-level factors, such as reproductive isolation and sexual
selection [7,8]? Phylogenetic estimates can also help one

understand how life-history adaptations affect speciation
and extinction in response to climatic variation [9],
and even predict future extinction risks due to climate
change [10].

The lack of robust mathematical models for estimating
speciation and extinction rates from phylogenies previous-
ly limited such estimates. Initially, the age and diversity of
a clade provided the only information about speciation and
extinction [11]. However, it is now accepted that branch
lengths and topology information from phylogenies yield
more precise rate estimates [12]. The past 5 years have
seen a proliferation of models for estimating rates from

Review

Glossary

Diversification process: the tempo and mode of diversification in a group;

variation in speciation and extinction rates through space and time and across

lineages.

Diversity dependence: the species-level generalization of DD from population

biology; a fixed amount of resources limits the number of coexisting entities.

Thus, speciation declines and extinction increases as more species compete

for fewer resources.

Ecological opportunity: the open niche space (resource availability) for

organisms to exploit; typically increased by colonization of new areas,

extinction of competitors, or key innovations.

Extinction: global loss of species from a phylogeny, measured in line-

ages � my�1.

Pull of the present: a phylogenetic signature of extinction on dated trees,

where the removal of older branches gives the appearance that more

speciation events have occurred recently.

Rate estimator: algorithms for estimating speciation and extinction rates from

diversity and age data from fossils (clade based), or branch-length information

from trees (phylogeny based).

Speciation: evolutionary divergence of lineages in a phylogeny, measured in

lineages � my�1.

Species tree: the ‘true’ organismal phylogeny, which can be most powerfully

estimated using coalescent information from multiple independent genealo-

gies (gene trees).

Time dependence: variation in speciation and extinction over time caused by

external factors, generalizing specific processes such as diversity or trait

dependence.

Trait dependence: the correlation of speciation and extinction rates with an

organismal trait; for example, smaller body size or complexity of breeding

plumage may promote more rapid diversification.

Turnover: replacement of lineages through time due to extinction and

speciation, at similar levels of diversity. Higher relative extinction fractions

(m/l = e) indicate higher turnover.

0169-5347/$ – see front matter

� 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.tree.2013.09.007

Corresponding author: Pyron, R.A. (rpyron@colubroid.org).
Keywords: phylogenies; systematics; comparative methods; speciation; extinction;
diversity dependence; traits; ecology; evolution.

Trends in Ecology & Evolution, December 2013, Vol. 28, No. 12 729



Author's personal copy

time-calibrated phylogenies of extant taxa. Major innova-
tions include models that allow both rates to change contin-
uously through time [13–15], with respect to the diversity of
the clade [16,17], or with regard to character states, whether
continuous, discrete, or biogeographic [18–21]. Recently,
some models have linked multiple processes, such as key
innovations that decouple DD among clades [17].

These models also have the major advantage of reconcil-
ing phylogenetic estimates of diversification with the fossil
record. Many early estimates suggested that extinction had
not occurred at all, even in clades with fossil records [22].
Early models also did not allow negative net diversification
rates, where speciation rates are lower than extinction rates
[23], although this was mathematically and conceptually
possible [12]. Relaxing this restriction computationally has
revealed strong support for the signature of extinction in
molecular phylogenies, matching the patterns found in the
fossil record [13]. Similarly, accounting for DD in speciation
and extinction yields robust estimates of extinction corrob-
orated by fossil estimates [17]. Although the methods are
relatively new, speciation and extinction rates can also be
estimated relatively accurately from phylogenies containing
extinct and extant taxa [24,25], based on molecular and
morphological data [26,27].

The development and scrutiny of diversification models
has also begun to reveal some limitations. Many different
processes can yield similar patterns in extant phylogenies,
obscuring the true process and yielding inaccurate rate
estimates [28–31]. Genealogical discordance (i.e., gene trees
that do not match the species tree) can result in erroneous
inferences of declining speciation rates and early bursts of
diversification [32]. Other factors, such as cryptic diversity
and other unaccounted-for speciation processes, can mislead
diversification-rate estimates [33,34]. Here, we give an
overview of: (i) methods for estimating speciation and ex-
tinction rates developed over the past 5 years (with a
description of the computer package implementing them,
where applicable); (ii) potential sources of error in those
estimates; and (iii) applications of these methods to funda-
mental questions in ecology and evolution.

Phylogenetic models of speciation and extinction
A time-calibrated phylogeny is a collection of speciation
events, which are defined by their time of origin (branching
time) and time of persistence (branch length), and of extinc-
tion events, which mark the termination of lineages at some
point in the past [12]. Extinctions may be observed (i.e., a
fossil species is present in the tree), in which case some
branches terminate before the present, or unobserved and,
thus, inferred based on their effects on the branch lengths
subtending extant taxa (Figure 1). Therefore, the distribu-
tion of branch lengths can be related to time, diversity, or
traits, based on how the branches are observed to lengthen
or shorten in response to those variables.

The distribution of speciation times in a reconstructed
phylogeny differs in a predictable way from the complete
phylogeny (Figure 1A). For example, a constant rate of
extinction will prune young and old branches with equal
probability. However, when an older branch is pruned, this
lengthens the reconstructed branch connecting the
remaining taxa to the root (Figure 1A,B) proportionally

more than for a younger branch. This results in a higher
density of younger nodes, known as the ‘pull of the present’
[12]. For a clade of a given age with constant extinction, a
lower speciation rate will yield fewer taxa subtended by
longer branches, whereas a higher rate will yield more taxa
subtended by shorter branches. Higher extinction rates
will yield shorter branches closer to the present
(Figure 1C). Conversely, longer branches subtending ter-
minal taxa with shorter branches early in the tree
(Figure 1C) often indicate a decline in speciation rate with
a constant rate of extinction [15], because high early rates
yield short older branches.

The basic likelihood of a phylogeny (see [1]) under a
given diversification model is the product of the probability
of observing the terminal branches: the probability that N
species arose in T time, multiplied by the probability that
each of the 2N – 1 branches persisted for the observed
length of time ti without either diverging again or going
extinct. Under a birth–death (l and m) model [35], like-
lihoods can be conditioned on the observation of both
speciation and extinction events (Figure 1A) on a phyloge-
ny [24,25,36,37], or on the survival of the phylogeny to the
present day (Figure 1B) and the observation of only extant
species [12,14,38]. Dated molecular phylogenies are the
most common in practice and, in this case, branches begin
at a speciation event and terminate either at the present or
a subsequent speciation event (Figure 1C). Many models
assume that all topologies are equally probable [39], al-
though some models can account for expected topological
imbalances due to processes such as heritable extinction
rates or protracted speciation events [29,33].

Time-dependent rates of speciation and extinction

Temporal variation in rates due to external factors (e.g.,
changing environmental conditions) may cause diversifi-
cation rates to shift drastically over the lifetime of a clade
[40]. Although the likelihoods for time-dependent rates
had been derived by previous authors [12], they were
not implemented in usable packages until recently [41].
In contrast to early algorithms, estimates of speciation and
extinction no longer have to be constant across the phylog-
eny [1,12]. Variable speciation and extinction rates can be
estimated either as discrete rate shifts through time and
along branches [42–46], or with continuously time-depen-
dent models [15,47], such as an exponential decrease in
speciation rate over time [15].

New parameterizations introduced by Morlon and
others also explicitly model negative net diversification
rates (l – m < 0) and, thus, account for periods of both
expansion and contraction in diversity (Box 1), providing a
closer fit to the fossil record [13,42,48]. These implementa-
tions can explicitly recover periods of declining diversity,
with extinction exceeding speciation. Clades with negative
diversification may be rare (because they will quickly go
extinct in most cases), but are supported by the fossil
record in some instances [13,23]. Other modifications ac-
count for incomplete sampling of phylogenetic trees
[12,46,49,50]. With these models [13,42], speciation and
extinction rates are specified as arbitrary functions of time
(e.g., linear or exponential), and subclades can have diver-
sification rates decoupled from the main tree [13,51],
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allowing diversification to vary in different lineages (in
different areas, for example). However, it may be difficult
to avoid overfitting such models, and simulations should be
used to determine the validity of highly parameterized
historical scenarios [45,46].

Diversity dependence in diversification

Clade diversity may also have a strong role in causing
diversification rates to change over time (Box 2) if ecological
factors exert feedback on rates of speciation and extinction,
possibly as increasing species richness saturates available

niches [52–55]. Several techniques model this explicitly
[16,17], yielding estimates of carrying capacity (K). A fun-
damental problem for calculating these effects is that DD in
speciation rates can be easily extracted from a phylogeny of
extant taxa, but incorporation of extinction requires infer-
ence of unobserved taxa in the past that also influenced rates
[56,57]. A solution recently proposed by Etienne and collea-
gues for this problem involves the use of hidden Markov
models (HMM) to estimate the likelihood of extinction and
speciation (DD + E) under DD (in the R package ‘DDD;’ [17])
while integrating over unobserved extinction events.

(A) Complete phylogeny

(B) Reconstructed phylogeny

(C) Branches, specia�on, and ex�nc�on
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Figure 1. The birth–death process estimated from a phylogeny. (A) A complete phylogeny, containing seven extinct and 31 extant lineages [24]. Thus, speciation and

extinction events can be observed and rates calculated directly [24,25,36]. Although this type of phylogeny is rare, new methods make it an increasing possibility for data

sets combining fossil and molecular data [26,27]. (B) The reconstructed phylogeny, containing only 31 extant lineages, where the branches ti indicated in (A) are collapsed

into a single branch ti. Numerous likelihood expressions exist for estimating speciation and extinction conditioned on the number of taxa (N), root age (T), and branch

lengths (ti) [38]. (C) Distribution of branch lengths and a best-fit time-dependent model [52] showing exponential decline in speciation rate (from 0.3 lineages � my�1 to

0.06), and constant extinction (0.001 lineages � my�1), which underestimates the actual value of 0.017 [24]. For (B), a diversity-dependent model without extinction provides

a better fit [52], but is contradicted by the fossil record (A), which contains known fossil taxa [24].
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DD now seems to be an overwhelmingly common feature
of empirical phylogenies [17,58,59], confirming predictions
from ecological theories of adaptive radiation that rapid
saturation of available niche space reduces diversification
rates [17,53,58]. This is typically interpreted as the effects
of increasing diversity leading to declining niche volume
and increasing interspecific interactions limiting specia-
tion and increasing extinction [17,60]. It is important to
note that DD is in essence a special case of time-dependent
models, where the temporal change is linked to clade
richness. Differences between these models have not yet
been thoroughly explored.

Additionally, the mechanisms by which DD changes
diversification rates are not well defined at present.

Further considerations not parameterized by current mod-
els are the effects of other clades (i.e., competitor diversity
[61]), amount of available resources (i.e., ecological oppor-
tunity [62]) and the potential effect of unsampled species
due to protracted diversification [33] or cryptic speciation
(see below). Some studies have tested time-dependent
carrying capacities (as ecological opportunity shifts
through time, such as after mass extinctions), but these
were not well supported [51].

Trait-dependent rates

Dependence of speciation and extinction rates on organis-
mal traits is an old idea in evolutionary biology generally
[63]. The link between character states and rates of

Box 1. Time-dependent rates of speciation and extinction

An initial expansion and subsequent contraction in species richness

is a common pattern found in diversification studies (particularly in

the fossil record), necessarily exhibited by all extinct groups, and by

many extant groups [23]. This implies that negative net diversifica-

tion rates have been relatively common throughout the tree of life

[23,28]. However, commonly used models constrain speciation rates

(l) to be greater than extinction rates (m), yielding positive net

diversification rates (l – m; r), and relative extinction fractions (m/l;e)
less than 1 [14,42,44] (Figure I). Although the initial formulation of

the birth–death process applied to phylogenies included explicit

methods for incorporating time-dependent and negative diversifica-

tion [12], only recently have these been implemented by Morlon and

colleagues [13], providing greater reconciliation with the fossil

record. These models allow l and m to be specified as arbitrary

functions of time [commonly linear or exponential (shown)], so that

periods of both increasing and decreasing diversity can be

recovered. A drawback of these models is that they neither account

for the potential effects of trait dependence on evolutionary rates,

nor allow rates to vary continuously across branches. Rate variation

can be evaluated by decoupling the rates of a subclade and

estimating two (or more) time-dependent functions for l and m [13].
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Figure I. Illustration of exponential declines in speciation rate (l) and increases

in extinction rate (m) that intersect, yielding an initial increase in diversity and

subsequent decrease with negative net diversification rates.

Box 2. Diversity dependence in speciation and extinction

The idea that increasing diversity in regions (and, thus, presumably,

increasing interspecific interactions as species compete for declining

resources) would affect diversification is an old one [53,54,92–95].

However, only recently did Rabosky and Lovette introduce an explicit

model for detecting DD in completely sampled molecular phylogenies

[16], in the R package ‘laser’ [41]. When extinction is assumed to be

zero, this can easily be observed as a lengthening (either linearly or

exponentially) of waiting times between speciation events as the

number of branches increases, yielding estimates of total carrying

capacity (K) in clades and initial speciation rates (l0) (Figure I). This

can be tested against a null model of monotonic decay in speciation

rate, such as if speciation were being modulated by external

ecological controls [16]. However, extinction is not zero for most

clades, which can have a strong effect on estimates of l and K. The

difficulty arises in estimating the effects of extinct taxa on historical

rates, when they are not observed in the phylogeny. Etienne et al. use

a HMM to integrate stochastically across extinction and speciation,

while allowing for DD in both [17], in the R package ‘DDD,’ allowing for

incomplete sampling. From this, one can estimate both realized

carrying capacities (K) in the presence of extinction, and potential

carrying capacities in the absence of extinction (K0 = l0K/[l0–m]). This

model typically assumes decay in speciation and increases in

extinction, but any model can be accommodated.
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Figure I. Illustration of diversity dependence with extinction, resulting in an

‘inverted S’ shape of diversity through time [17]. This model allows for

estimation of K (carrying capacity), and diversity dependence in speciation (l),

extinction (m), or both (as shown).
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speciation and extinction [64,65] can now be modeled
explicitly (Box 3). If an intrinsic trait (e.g., body size) affects
the probability that a lineage will diversify or go extinct,
this in turn may impact estimates of speciation and ex-
tinction, and the character history (i.e., ancestral state
estimates) [66]. New models introduced by Maddison,
FitzJohn, Goldberg, and colleagues in the R package ‘diver-
sitree’ integrate the likelihood framework for speciation
and extinction described above with existing models for
character-state change [65]. These evaluate the effect of
binary and multistate [18,20,49], continuous [19], and
geographic [21] traits on diversification. Recent extensions
also allow for branch- versus node-based changes, provid-
ing estimates of changes along branches, at speciation
events, and independent state-based estimates [67]. This

ultimately enables one to determine whether organismal
attributes affect diversification rates [5,21].

Future directions

An immediate limitation of all three types of model (linking
rates either to time, diversity, or traits) is that they are not
fully integrated; a complete theory of ecomorphological
diversification includes roles for trait-dependent specia-
tion and extinction, which also varies with respect to
existing species richness and available niches, and changes
over time [51,68]. Nevertheless, available models allow for
a great degree of integration. Some adaptive radiation
models allow for time-dependent carrying capacities, and
model rate variation in decoupled subclades expressing
key innovations [51]. Approaches recently introduced by
Rabosky and colleagues model multiple concurrent time-
dependent processes that can change continuously across
the phylogeny, and integrate rates of trait evolution [6,7].
Allowing time-dependent rates in trait-dependent models
is mathematically possible, and is a simple matter of
programming. Additionally, these algorithms do not ac-
commodate trees with both extinct and extant terminals
[19,24,37], although extending them to include fossils
should be conceptually straightforward.

Can speciation and extinction be reliably estimated
from phylogenies?
Assuming that the phylogeny is known completely how
confident can one be in the estimates of speciation and
extinction using the models listed above? Phylogeny-based
estimators of speciation rate appear to perform well under
most empirical conditions, because the distribution of
branch lengths and branching times provides more infor-
mation for extracting diversification information than do
age and diversity alone (but see [28]).

Simulations and empirical tests

Tests of the recently proposed time-dependent models
[13,42] indicate apparently good power to detect both
constant extinction with decreasing speciation, and con-
stant speciation with increasing extinction, even on rela-
tively small trees (<100 tips). In one set of simulations
using trait-dependent models, power to detect a sigmoidal
relation between speciation rate and a continuous trait
varied from 10% to 40% for 125-taxon trees when the
magnitude of the effect was weak, to over 70% for 500-
taxon trees when the effect was strong [19]. For DD models
incorporating extinction, the power to detect DD is low at
recent timescales, but accuracy and precision increases for
older clades showing a strong influence of DD over time
[17]. Importantly, the time-dependent and DD + E models
both show strong concordance with patterns observed
directly from the fossil record in several groups [13,17].

The situation for estimating extinction is not as prom-
ising. For trees including fossils, the power to estimate
extinction is high [24,25]. By contrast, estimators using
only using clade age and diversity data are nearly useless
under empirical conditions, almost exclusively yielding
estimates of 0 or 1 for relative extinction fraction (m/l).
This led to suggestions that ‘extinction rates should not be
estimated from molecular phylogenies’ [22]. This is

Box 3. Trait dependence in speciation and extinction

Trait evolution and species diversification are not always indepen-

dent. Species with different traits, whether discrete, such as limb

number; continuous, such as body size; or extrinsic, such as

geographic area, may have different rates of speciation and

extinction related to those variables [65]. This can lead to serious

biases if evolutionary rates and character histories are estimated

assuming independence, but new models allow these factors to be

untangled [66]. Maddison and colleagues introduced a model

(Figure I) in which speciation and extinction rates vary according

to the state of a binary character (BiSSE [18]), which has now been

extended to multistate (MuSSE) and continuous (QuaSSE) char-

acters, and allows for incomplete sampling [19,49]. Another

extension also treats geographic range similarly (GeoSSE [21]),

although only two areas are supported at present. Other models

extend the BiSSE framework to test for punctuated equilibrium (i.e.,

speciational changes) versus gradualism (BiSSE-ness [67]).

However, some drawbacks remain to these models. One is that

current implementations (e.g., the R package ‘diversitree’ [20]) do not

easily support the analysis of multiple traits simultaneously, although

this is easily altered in the general framework and will likely be added

in the future [19]. Thus, one must be careful not to estimate multiple

sets of speciation and extinction rates for a single clade, which are

difficult to interpret biologically. Also, results may be dominated by

one or a few clades that are particularly diverse and exhibit a specific

trait value and, thus, the apparent effect size of a significant relation

between a trait and diversification may be inflated.

Trait value
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Figure I. Example of a sigmoidal relation between speciation (negative) and

extinction (positive) and a continuously valued trait (e.g., body size), resulting

in greater diversification of clades that have lower values of that trait due to

their higher net diversification rate.
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concerning, because extinction affects other parameters,
such as l and K [17], even if models have good power to
estimate them in the absence of extinction. The phylogeny-
based estimators perform better, but with wide confidence
intervals, and a positive bias in estimated extinction as
among-lineage rate variation increases. However, these
simulations were run on small trees (50 tips), and did
not incorporate time dependence, trait dependence, or
DD in extinction rates.

For trait-dependent models, power to estimate extinc-
tion is low but not zero, and the effects of a trait on
extinction can be recovered approximately 40% of the time
on trees with at least 500 tips when the magnitude of the
effect is high, although power is lower (nearing 0%) when
effect sizes and trees are smaller [19]. As noted above, the
time- and density-dependent models recover extinction
rates in accordance with the fossil record for the data sets
that have been tested, as well as in simulation [13,17]. For
trees that include extinct species as terminals, rates of
extinction can be observed and quantified more directly
and accurately [24,25,37], although such data sets are only
now beginning to become available [26,27].

Numerous empirical studies have now begun to recover
non-zero and biologically plausible estimates of extinction
using time-, diversity-, and trait-dependent models
[9,13,17,51,60]. It seems reasonable to be cautiously opti-
mistic that the broad-scale signature of extinction can be
recovered from well-sampled phylogenies, although exten-
sive simulations are still needed to determine the range of
conditions under which rates can be accurately estimated
using time-, diversity-, and trait-dependent models. Im-
portantly, extinction estimators seem to be more sensitive
to model violation than do speciation estimators [22].

Errors from phylogenetic inference

Accounting for error introduced by gene-tree discordance,
unsampled taxa, and cryptic diversity is also likely to
improve rate estimates. Simulations suggest that these
are critical factors for accurate rate estimates and often
plague empirical data sets [34], leading to biased infer-
ences about diversification processes [32]. Given that gene-
tree divergences always pre-date species divergences, and
the relative magnitude of this effect is greatest at younger
nodes, the estimated speciation times and branch lengths
from gene trees can exhibit significant skew [69,70]. This
results in severe biases towards estimating early bursts of
speciation and rate slowdowns in both simulated and
empirical phylogenies [32]. Accounting for coalescent vari-
ance in branch lengths during tree inference is crucial for
accurate estimation of rates, and failure to do so may be a
primary reason why many studies show early bursts of
diversifications.

Similar problems are posed by unsampled diversity.
Although incomplete sampling can be easily accounted for
using time-, diversity-, and trait-dependent frameworks and
existing algorithms [12,13,17,19,49], these assume that the
total diversity of the group is known with a relative degree of
accuracy. Errors in the sampling fraction change expecta-
tions for the density of nodes and lengths of branches,
biasing rate estimates. Even for relatively well-known
groups, such as frogs, new species are accumulating at a

massive rate, and previous estimates of total richness were
drastically underestimated [71,72]. One way of addressing
this may be to run models under various sampling fractions,
to determine whether this parameter is dominating results.
Finally, cryptic diversity within described species may also
exert a strong effect, because the lack of these lineages also
skews the expected distribution of branching times. This
results in the same erroneous inference of early bursts as the
failure to include known species [73].

Evolutionary and ecological applications
Estimating speciation and extinction rates alone is rarely
the primary focus of evolutionary investigations. These
new models now enable one to investigate some of the
fundamental questions in evolutionary biology, such as
how variation in speciation and extinction affects biodiver-
sity through space and time, and how ecological factors
influence these processes [1,74,75]. Indeed, many of these
models were introduced to characterize the shape of evo-
lutionary radiations and the rate processes that generated
them [15]. Trait-dependent models can reveal the relations
between life-history strategies and diversification [9,76].
Time-dependent models are also useful for testing explicit
hypotheses regarding the timing of radiations or extinc-
tions, such as coincidence with the Cretaceous–Tertiary
(K–T) boundary [42,77–79].

Diversity- and trait-dependent models are also impor-
tant for testing some of the fundamental questions regard-
ing adaptive radiation and the effects of ecological
opportunity [53,80] for lineages encountering sources of
open niche space, such as key innovations [18,51] and
colonization of new areas [21,81]. DD seems to occur com-
monly across the tree of life [16,58,82]. Less is known about
how rates of extinction change during adaptive radiation,
which can now be tested using models incorporating vari-
able extinction rates [17]. A remaining drawback of these
methods is that they do not easily incorporate information
about the diversity of other clades (i.e., competitors) or
available resources (i.e., total amount of ecological oppor-
tunity) and, thus, are likely to be limited in their capacity
for inferring complex dynamics [51].

These models can also be used to investigate patterns
such as the latitudinal diversity gradient [83]. For in-
stance, biogeographic models can determine whether re-
gional variation in species richness is caused by differences
in speciation and extinction rate [81], and trait-dependent
models can test whether these rates vary latitudinally in
response to environmental factors, such as climate or
ecosystem energy [60]. Trait-dependent speciation models
could also be used to test hypotheses about species selec-
tion if particular characters are correlated with speciation
or extinction rates [84]. Finally, punctuated-equilibrium
models of trait change can determine whether phenotypic
changes affecting speciation and extinction rates are clus-
tered around speciation events, or occur along branches
[67,85–88].

Concluding remarks
Biodiversity varies through space and time and among
lineages in response to many factors, including external
events, such as asteroid impacts and the breakup of
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continents; interspecific interactions, such as competition
for available niches; and inter- and intraspecific variation
in traits, such as body size. These act to affect species
richness by changing speciation and extinction rates in
different clades over time. This is reflected in both the fossil
record and phylogenies of extant taxa, but only recently
have models for the latter become available that enable one
to estimate these rates directly [1,89]. Despite some lim-
itations [22,28], phylogenies appear to have at least some
power to estimate absolute rates of both speciation and
extinction. Importantly, models that incorporate negative
net diversification rates and allow for periods of contract-
ing diversity within clades align molecular rate estimates
with observed patterns in the fossil record [13]. Other
models now directly account for the effects of time
[13,15], intraclade diversity [16,17], and traits [18,19,21]
on speciation and extinction rates. These can now be used
to investigate the various processes that lead to classically
observed patterns in ecology and evolution, such as adap-
tive radiation [6,51,58], and latitudinal gradients in diver-
sity [60,83,90].

There are several areas for future research, integration,
and synthesis. One is the continued combination of fossil
and molecular data [3,24,26,27,68,91]. Consideration of
issues such as gene-tree discordance, and the inference
of accurate species trees will be an increasingly crucial
endeavor, as will accurate characterization of biodiversity
in terms of unknown and cryptic species [32,33]. Current
models offer unparalleled insight into the evolutionary
processes of speciation and extinction. Future goals should
be models that allow for: (i) continuous among-lineage
variation in speciation and extinction; (ii) the effects of
extrinsic factors, such as the diversity of other clades; and
(iii) integration of time-, diversity-, and trait-dependent
functions in a single analytical framework.
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