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Time-calibrated phylogenies of extant species (referred to here as ‘extant timetrees’)
are widely used for estimating diversification dynamics'. However, there has been
considerable debate surrounding the reliability of these inferences?* and, to date, this
critical question remains unresolved. Here we clarify the precise information that can

be extracted from extant timetrees under the generalized birth-death model, which
underlies most existing methods of estimation. We prove that, for any diversification
scenario, there exists an infinite number of alternative diversification scenarios that
are equally likely to have generated any given extant timetree. These ‘congruent’
scenarios cannot possibly be distinguished using extant timetrees alone, evenin the
presence of infinite data. Importantly, congruent diversification scenarios can exhibit
markedly different and yet similarly plausible dynamics, which suggests that many
previous studies may have over-interpreted phylogenetic evidence. We introduce
identifiable and easily interpretable variables that contain all available information
about past diversification dynamics, and demonstrate that these can be estimated
from extant timetrees. We suggest that measuring and modelling these identifiable
variables offers amore robust way to study historical diversification dynamics. Our
findings also make it clear that palaeontological data will continue to be crucial for
answering some macroevolutionary questions.

A central challenge in evolutionary biology is to reconstruct rates of
speciation and extinction over time®. Unfortunately, the majority of
taxathat have ever lived have not left much trace in the fossil record,
and the primary source of information on their past diversification
dynamics therefore comes from extant timetrees. Many methods
have been developed for extracting this information; most methods
fitvariants of abirth-death process'®. Despite the popularity of these
methods, which collectively have been used in thousands of studies’”®,
their reliability has been called into question by comparisons with
fossil-based estimates**%1°, The reasoning behind these critiques
is that there may be insufficient information in extant timetrees to
fully reconstruct historical diversification dynamics. However, this
critical issue has remained unresolved; itis unknown precisely what
information on speciation and extinction rates is contained in extant
timetrees.

Here we present a definite answer to this question for the general
stochastic birth-death process with homogeneous (that is, lineage-
independent) rates, in which speciation (‘birth’) rates (1) and extinc-
tion (‘death’) rates (i) can vary over time, that underlies the majority
of existing methods for reconstructing diversification dynamics from
phylogenies'. We mathematically show that, for any given candidate
birth-deathmodel, there exists an infinite number of alternative birth-
death models that can explain any extant timetree equally as well as
can the candidate model. These alternative models may appear to be
similarly plausible and yet exhibit markedly different features, such as

different trends through time in both A and p. This severe ambiguity
persists forarbitrarily large trees and cannot beresolved evenwithan
infinite amount of data; itis thusimpossible to design asymptotically
consistent estimators for A and p. Using simulated and real timetrees
as examples, we demonstrate how failing to recognize this issue can
seriously mislead our inferences about past diversification dynamics.
We present appropriately modified variables that are asymptotically
identifiable and that contain all available information on historical
diversification dynamics.

Lineages through time

Animportant feature of extant timetreesis the lineages-through-time
curve (LTT), which counts the number of lineages at each time in the
past that are represented by at least one sampled extant descending
speciesinthe tree. The likelihood of a tree under a given birth-death
model, the LLT of the tree and the LTT that would be expected under
the model arelinked as follows. Any given combination of (potentially
time-dependent) speciation and extinction rates (1and g, respectively)
and the probability that an extant species will be included in the tree
(‘sampling fraction’) (p) can be used to define a deterministic diver-
sification process, in which the number of lineages through time no
longer varies stochastically but instead according to a set of differ-
ential equations®" (Supplementary Information section S.1). Given
anumber of extant sampled species (M,), the LTT predicted by these
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differential equations (the deterministic LTT (dLTT)) corresponds to
the LTT thatis expected for trees generated by the original stochastic
model"". The likelihood of a tree under a given birth-death model
can be written purely in terms of the LTT of the tree and the dLTT of
the model (see Supplementary Information section S.1.2 and ref. 2
for derivations). This means that any two models with the same dLTT
(conditioned on M,) yield identicallikelihoods for the tree. We therefore
call two models ‘congruent’ if they have the same dLTT for any given
M,. Any two models are either congruent or non-congruent, regard-
less of any particular data considered (Supplementary Information
section S.1). The probability distribution of tree sizes generated by a
model, when conditioned onthe age of the stem or crown, isidentical
among congruent models (Supplementary Information sectionS.1.7).
Hence, congruent models have equal probabilities of generating any
giventimetree, analogous to how congruent geometric objects exhibit
similar properties (discussion in Supplementary Information section
S.1.8). Although the mathematical relationship betweenthe dLTT of a
modelanditslikelihood has been known', itsimplications for macro-
evolutionary inference have remained unexamined and—as we show
below—severely underestimated.

Thebreadth of congruent model sets

Whenseenasarandomvariable, extant timetrees have the same prob-
ability distribution under any two congruent models. Therefore,
in the absence of further information, congruent models cannot
possibly be distinguished solely on the basis of extant timetrees—
neither through the likelihood nor any other test statistic. For any
birth-death model, this leads to four important unresolved ques-
tions: how many alternative congruent models there are, how dif-
ferent these congruent models are from one another, how many of
these congrument models correspond to plausible scenarios, and
how these scenarios can be explored. To answer these questions, we
present an alternative method for recognizing congruent models
(full details are provided in Supplementary Information section S.1.1).
Given anumber of sampled species (M,), the dLTT of amodel s fully
determined by its relative slope (hereafter, pulled speciation rate),
denoted by A, = -M"dM/dz (in which Mis the dLTT, tis time before
present (or age) and p is a label (for ‘pulled’)). It can be shown that
A,=AP, in which P(7) is the probability that a lineage extant atage t
survives until the present day and is included in the timetree. In the
absence of extinction (¢ = 0) and under complete species sampling
(p=1),A,isidentical to A; however, in the presence of extinction A, is
pulled downwards relative to A at older ages, whereas under incom-
pletesampling A, is pulled downwards relative to A near the present.
Because the dLTT of a modelis fully determined by A, and vice versa,
two models are congruent if and only if they have the same A, at all
ages.Inasimilar way, it can be shown that two models are congruent
if and only if they have the same product pA, (in which A,=1(0)) and
the same ‘pulled diversification rate™, which is another composite
variable and is defined as

R=A-p+s—— ()]

Ther, is equal to the net diversification rate (r=A - u) whenever A is
constantintime (dA/dr=0), butdiffers fromrwhenAvaries with time.

Weare now ready to examine the breadth of congruent model sets. We
begin with a model with speciation rate A >0, extinction rate u > 0 and
sampling fraction p € (0, 1]. If we denote n, = pA,, then for any alterna-
tive chosen extinctionrate function g* > 0 and any alternative assumed
sampling fraction p* € (0, 1], there exists aspeciationrate functionA*>0
such thatthe alternative model (1*, i* and p*) is congruent to the original
model (4, z and p). In other words, regardless of the chosen p* and p*,
we can find ahypothetical 1* that satisfies A* - y* + (1/A*)dA*/dr=r, and
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Fig.1|Illustration of congruentbirth-death processes (simulations).
Example of four hypothetical congruent—yet markedly different—birth-death
models. Allmodels exhibit the same dLTT, and would yield the same likelihood
forany given extanttimetree.a, dLTT and deterministic diversities (V)
predicted by the models, plotted over age (time before present).

b-d, Speciationrates (1) (b), extinction rates (u) (c) and net diversification
rates (r=A-p) (d) of the models. Myr, millionyears. For additional examples,
see Extended DataFig. 4.

p*A*(0) =n,. Indeed, to construct such a A* one merely needs to solve
the following differential equation:
da*

E:A*‘(rp—/l*"'[l*) 2)

withinitial conditionA*(0) =n,/p* (solutionin Supplementary Informa-
tionsectionS.1.4). The above observationimplies that—starting from
almostany birth-death model—we can generate aninfinite number of
alternative congruent models simply by modifying the extinctionrate
(1) and/or the assumed sampling fraction (p). Alternatively, congruent
models can be constructed by assuming various ratios of u/A (Sup-
plementary Information section S.1.5). This set of congruent models
(hereafter, the congruence class) is thus infinitely large. The congru-
ence class can have anarbitrary number of dimensions (depending on
restrictions imposed a priori on A* and u*), as y* could depend on an
arbitrarily high number of free parameters.

As anillustration of these principles, the simulations in Fig. 1 show
four markedly distinct and yet congruent models (pulled rates are
shown in Extended Data Fig. 1). The first scenario exhibits a constant
Aand atemporary spike in g (thatis, a mass extinction event), the sec-
ond scenario exhibits a constant z and a temporary drop inAaround
the sametime, the third scenario exhibits amass extinction eventata
completely different time and a fluctuating A, and the fourth scenario
exhibits anexponentially decaying i and afluctuating A. These congru-
entscenarios were obtained simply by assuming alternative extinction
rates, and amyriad of other congruent scenarios exist. Figure 2 shows
amodel with exponentially varying speciation and extinction rates,
A=aef and u=ye’, witha, B,y and 6 fitted to a timetree of 79,874 extant
seed plant species viamaximum-likelihood methods. Simply by modi-
fying the coefficient § and choosing A according to equation (2), one
canobtain asimilarly complex scenario with opposite trends over time
(Fig. 2b). Similar examples can also be generated using more realistic
speciation and extinctionrates, three of which canbe seenin Extended
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Fig.2|Illustration of congruent birth-death processes (real data). Birth-
death model with exponentially varying Aand g, fitted to an extant timetree of
79,874 seed plant species™ over the past 100 Myr, compared to a congruent
model obtained by simply modifying the exponential coefficientof u.a,LTT of
thetree,comparedto the dLTT predicted by the two models. b, Speciation

DataFig. 2 (based on data from ref. ), Extended Data Fig. 3 (based on
data fromref.'°) and Extended Data Fig. 4.

Such ambiguities have previously been observedin special cases
For example, a previous study” recognized that a variable A and con-
stant u can be exchanged for a constant A and a variable i to produce
the same dLTT. Other work on constant-rate birth-death models has
revealed that alternative combinations of time-independent A, u and
p canyield the same likelihood for a tree”. Our work not only uni-
fies these previous findings (which are all special cases of our general
theory), but in fact reveals that vast (infinite-dimensional) expanses
of model space are fundamentally indistinguishable evenif p isknown
or all extant species have been sampled.

11,16

Implications

ToestimateAand y, previous phylogenetic studies haveimposed largely
arbitrary constraints. For example, many studies assume that Aor g vary
exponentially through time”. However, this functional form is rarely
justified biologically, and alternative functional forms of comparable
simplicity and shape can be envisioned. Normally one expects that,
with sufficient data, fitting any of these forms will lead to qualitatively
similar trends and shapes. This expectation simply does not hold here,
because the best-fitting representative within a given model set will
generally only be the one closest to the congruence class of the true
process, rather than closest to the true process itself (Fig. 3). Conse-
quently, fitting alternative functional forms can result in markedly
different inferences with alternative trendsin A and g, evenif each
functional form used is in principle adequate for approximating the
true historical A and u (examples are shown in Extended Data Fig. 5,
Supplementary Information section S.10). This conclusion applies
to almost any model set used in practice, including models in which A
and u change at discrete time points®. Because any given true diver-
sification history (even a relatively simple one) is unlikely to exactly
match the particular functional form considered, fitting the latter
may not even approximately yield the true diversification history. The
existence of congruent scenarios can thus seriously alter macroevo-
lutionary conclusions—for example, when assessing the influence of
environmental factors on diversification dynamics (example shown
in Supplementary Information section S.4, and further discussion
in Supplementary Information section S.5). Our findings thus shed
doubt over previous work on diversification dynamics that is based
solely on extant timetrees, including some of the conclusions from work
that we have coauthored®”. Previous studies have underestimated this
issue because they typically consider only a limited set of candidate
modelsatatime, both when analysing real datasets and when assessing

504 | Nature | Vol 580 | 23 April 2020

b Speciation and extinction rates
5 = = A (fit)
- - p(fit)
41 e A (congruent)
T T e u (congruent)
> e,
2
g o
o e -
1 mm==—"
0 - - - - -
100 80 60 40 20 0

Age (Myr)

rates (A1) and extinction rates (u) of the two models. Ineach model, zis almost
identical toA. The two models cannot possibly be distinguished using extant
timetrees alone. Foradditional examples, see Extended DataFig.2and
Supplementary Information sectionsS.10 and S.11.

parameter identifiability via simulations; as aresult, previous studies
have been (un)lucky enough to not compare two models in the same
congruence class (see Supplementary Information sectionsS.3andS.7
for reasoning). We stress that common model selection methods that
arebased on parsimony or ‘Occam’s razor’ (such as the Akaike informa-
tion criterion®) generally cannot resolve these issues (Extended Data
Fig. 6, details in Supplementary Information sections S.2 and S.10).

Ways forward

Our findings are analogous to classic results from coalescent theory in
populationgenetics, inwhichmany alternative models cangiverisetothe
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Fig.3|Conceptual implications. Conceptualillustration of the limited
identifiability of adiversification process, assumed to be adequately described
by some unknown birth-death model (red circle; hereafter ‘true process’). The
congruence class of the true processisshownasasub-space comprisinga
continuum of alternative models (pink area). In practice, maximum-likelihood
modelselectionis performed amonga parameterized low-dimensional set of
allowed models, the precise nature of which can vary from case to case (for
example, depending on assumed functional forms for Aand g, or the number of
allowed rate shifts)®°. The two continuous lines shown here represent two
alternative cases of allowed model sets (for example, considered intwo
alternative studies), from within each the model closest to the truthis (ideally)
sought. However, in each case likelihood-based model selection will converge
towards the allowed model closest to the congruence class (blueand green
filled circles), whichingeneralis not the allowed model thatis actually closest
tothetrue process (white circles). This identifiability issue persists even for
infinitely large datasets.



same drift process as the idealized Wright-Fisher model”??, This realiza-
tion was particularly important for the field: it focused the attention of
researchers onthe dynamics of the effective populationsize, anidentifiable
parameter, rather than onactual (but non-identifiable) historical demogra-
phy.Similarly, congruentbirth-death models canbe definedintermsof,
or—equivalently—intermsofr,and pA,, allof whichareidentifiable provided
sufficient data™. Each congruence class contains exactly one model with
p=0andp=1,whichisalso the model in whichA=A,; hence, the pulled
speciation rate can be interpreted as the speciation rate that generates
the dLTT of the congruence class in the absence of extinctions and under
completespecies sampling. Inother words, A, canbe seenas the ‘effective’
speciationrate thatfully explains the shape of the LTT of the tree. Similarly,
each congruence class contains models with time-independent A, and for
these models r, =r; therefore, the pulled diversification rate can be inter-
preted as the effective net diversification rate if A was time-independent.

Fossil data could help to resolve the ambiguities highlighted here?*%,
and biological knowledge could, in principle, also help to reduce ambi-
guities. Forexample, if p and g are somehow known from other sources,
the congruence class collapses to a unique diversification scenario
(Extended Data Fig. 7). Nevertheless, for many taxa the fossil record
remains scarce and ambiguous, and our general understanding of what
constitutes a plausible diversification scenario is poorly developed.
Rather than attempting to estimateAand u, one canestimateA,, r,and
pA, (and A, if pis known)—for example, by using likelihood methods?
(Extended DataFig. 8, Supplementary Information sectionS.9). Previ-
ouswork®hasshown thatr, canindeedyield insight into diversification
dynamics and help to detect major transitions over time (Supplemen-
tary Information section S.8), as changes in r, necessarily imply changes
inAand/or u. ThroughA,, italso becomes possible to simulate and ana-
lyse diversification models with substantially simplified mathematical
tools, asany modelis congruent toamodel with speciationrateA,, zero
extinction and complete species sampling?. Reciprocally, many exist-
ing estimation tools can be used to estimate A, and r,, by constraining
ptobezeroorAtobe time-independent, respectively. Depending on
the situation, other invariants of congruence classes may also have
advantages, such as the ‘coalescent density’ introduced by ref. 2, which
permits an elegant description of the distribution of branching ages
(see Supplementary Information section S.8 for further details).

Conclusions

Without further information or biologically well-justified constraints,
in general extant timetrees alone cannot be used to reliably infer
speciation rates (except for the present day), extinction rates or net
diversification rates. Consequently, correlations betweenA, g or rand
fluctuating environmental factors (such as temperature) also cannot
bereliably inferred, neither when A, u or rare first estimated and then
related to the environmental factors nor if A, g and r are expressed as
parameterized functions of the environmental factors and then fitted
tothe timetree (Supplementary Information sectionS.5), because dif-
ferent parameterizations canlead to completely different inferences.
Our findings could explain why diversification dynamics observed in
the fossil record often contradict inferences based on phylogenet-
ics'*%1° although other explanations have also been proposed®?, It
is possible that similar major identifiability issues may also be hiding
inother evolutionary reconstruction methods based on extant organ-
isms alone, but this remains to be examined. On amore positive note,
we have resolved a long-standing debate and precisely clarified what
information canbe extracted from extant timetrees alone, formulated
interms of easily interpretable and identifiable variables.
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Methods

No statistical methods were used to predetermine sample size. Thor-
ough mathematical derivations and computational details are provided
in Supplementary Information sections S.1-S.11.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Pulled speciationand diversificationrates. a, b, Pulled speciationrate (a) and pulled diversification rate (b) of the four congruent models
showninFig.1.
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Extended DataFig. 2 |Illustration of congruent birth-death processes
(fossil data). a, Origination and extinction rates of marine invertebrate genera,
estimated from fossil data. b, Congruent scenario to thatina, obtained by
reversingthelinear trend of  (that s, fitting alinear curve to the original 4, and

thensubtracting that curve twice) and adjusting A according to equation (2).c,
Congruentscenariotothatina,assumingan extinctionrate of zero. Further
detailsare provided in Supplementary Information section S.10.
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Extended DataFig. 3 | Previousstudies are likely to have over-interpreted
phylogenetic data. Time-dependent birth-death modelfitted to anearly
complete extant timetree of the Cetacea, under the assumption of extinction
rates of zero (1 =0), compared to a congruent model in which the extinction
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rateisclosetothespeciationrate (z=0.91).a,LTT of the tree, compared to the
dLTT predicted by the two models. b, Speciationrates (1) and extinction rates
(p) of the two models. ¢, Net diversification rates (r=A-u) of the two models.
Further details are provided in Supplementary Information section S.4.



Article

a speciation and extinction rates b net diversification rates and PDR dLTT and total diversities
1e+07
T
R ;r*
= = 100000 —
s s 8
s s g
~ ~ (9]
0] o] £
= ©
g = 1000
10
T T T T
15 10 5 0
d f
10000
1000
= ©
> >
b S 3
= = g 100~
~ Q
2 © \ £
© '
= -0.5 . 10 4
-1.0
xl 1 —
T T T T T T T T T T T T T T T T T T
25 20 15 10 5 0 25 20 15 10 5 0 25 20 15 10 5 0

age (Myr)

Extended DataFig. 4 |Additional examples of congruent birth-death
processes. a-c, Example of two congruent—yet markedly different—birth-
death models. Both models exhibit atemporary spike in the extinction rate and
atemporaryspikeinthe speciationrate; however, the timings of these events
differ substantially between the two models. Both models exhibit the same
dLTTand the same pulled diversificationrate (r,) and would yield identical
likelihoods for any given extant timetree. a, Speciation rates (1and A*) and
extinction rates (u and u*) of the two models, plotted over time. Continuous
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curves correspond to the first model, and dashed curves correspond to the
second model. b, Netdiversificationrates (rand r*) and pulled diversification
rate (r,) of the two models. ¢, dLTT and deterministic total diversities (Nand N*)
predicted by the two models. d-f, Another example of two congruent models.
Inthe first model, the speciation and extinction ratesboth decrease
exponentially over time, whereas in the second model the extinctionrate
increases exponentially over time and the speciation rate exhibits variable
directions of change over time. In allmodels, the sampling fractionis p=0.5.
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Extended DataFig. 5|Identifiability issues persistinlarge trees.a-c,
Diversification analysis of atimetree (about 114,000 tips) simulated froma
birth-death process that exhibits amass extinction eventataround SMyr
before present.a, LTT of the generated tree (long-dashed curve), dLTT of the
truemodel that generated the tree (continuous curve) and dLTT of amaximum-
likelihood fitted model (short-dashed curve) areshown. The fitted dLTT is
practicallyidentical tothe true dLTT and thusis covered by the latter.b, True
speciation and extinction rates (continuous curves), compared to fitted
speciation and extinction rates (dashed curves). Thereis considerable
disagreementbetween the fitted and trueAand i, despite the fact that the
allowed modelset could—in principle—approximate the true rates reasonably
well. ¢, Pulled diversification rate (PDR) of the true model (continuous curve),
comparedtothe pulled diversification rate of the fitted model (dashed curve).
d-f, Diversification analysis of a timetree (about 785,000 tips) simulated from

abirth-death process thatexhibitsarapidradiation eventataround 5Myr
before presentand a mass extinction event ataround 2 Myr before present. d-f
areanalogoustoa-c.Thereis considerable disagreement between the fitted
and trueAand g, despite the fact that the allowed model set could—in
principle—approximate the true rates reasonably well. Extended Data Figure 7
provides the fitting results when pis fixed to its true value. g-i, Diversification
analyses of anextant timetree of 79,874 seed plant species, performed either
by fittingAand gonagrid of discrete time points or by fitting the parameters of
generic polynomial or exponential functionsfordand u. g, LTT of the tree,
dLTT of the grid-fitted model and dLTT of the fitted parametric model. h,
Speciation and extinctionrates predicted by the grid-fitted model or the fitted
parametric model. i, Pulled diversification rate predicted by the grid-fitted
model and thefitted parametric model. Further details are provided
inSupplementary InformationsectionsS.10 and S.11.
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Extended DataFig. 6 | Identifiability issues cannotberesolved with

the Akaike information criterion. Maximum-likelihood birth-death models
fitted toatree comprising1,000,000 tips, simulated on the basis of the
originationand extinctionrates of marineinvertebrate genera estimated from
fossil data. Top row, maximum-likelihood-fitted piecewise constant model
(also known as birth-death-shift model), with grid size (n=11) chosen by
minimizing the Akaike information criterion (AIC). Bottom row, maximum-
likelihood-fitted piecewise linear model, with grid size (n=12) chosen by
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minimizing the AIC. Left column, dLTTs of the fitted models compared to the
truedLTTand the LTT of the tree. Right column, fitted speciation and
extinction rates, compared to the true rates used to generate the tree. Inboth
cases, the maximum-likelihood models poorly reflect the true rates despite a
near-perfect match of the LTT, even when the complexity of the models was
optimized on the basis of the AIC. For further details, see Supplementary
Information sectionsS.2andS.10.
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Extended DataFig.7|EstimatingAwhenuandp are fixed orknown.a-c,
Example analysis of asimulated extant timetree (about 114,000 tips) that
exhibits amass extinction event ataround 5 Myr before present. Abirth-death
modelwas fitted while fixing g and p to their true values; A was fitted at
15discrete time points.a, LTT of the generated tree (long-dashed curve), dLTT
of the true model that generated the tree (continuous curve) and dLTT of a
maximum-likelihood fitted model (short-dashed curve). Thefitted dLTT is
practically identicalto the true dLTT, and is thus covered by the latter. b, True
speciationand extinction rates (continuous curves), along with the fitted
speciationrate and fixed extinction rate (dashed curves). ¢, Pulled
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diversificationrate of the true model (r,,, continuous curve), compared to the
pulleddiversification rate of the fitted model (dashed curve). d-f, Example
analysis of asimulated extant timetree (about 785,000 tips) that exhibits a
rapid radiation event atabout 5Myr before present and amass extinction event
atabout2Myrbefore present. Abirth-death model was fitted similarly to the
exampleshownina-c,and d-fareanalogous toa-c.Inboth cases, rate
estimation wasrestricted to ages at which the LTT included at least

500 lineages. Further details are provided in Supplementary Information
sectionS.10.
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Extended DataFig. 8 |Fitting congruence classesinstead of models.
Analysis of an extant timetree generated by abirth-death model that exhibits a
temporary rapid radiation event about 5 Myr before present and a mass
extinction eventabout 2 Myr before present. A congruence class was fitted to
the timetree eitherin terms of the pulled diversificationrate (r,) and the
productpA,, orinterms of the pulled speciationrate (PSR) (4,).a, LTT of the
tree (long-dashed curve), together with the dLTT of the true model (continuous
curve)and thedLTT ofthe fitted congruence classes (short-dashed curve); in
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completely covered by thelatter. b, Pulled diversification rate of the true
model (continuous curve), compared to the fitted pulled diversificationrate
(short-dashed curve). ¢, Pulled speciation rate of the true model (continuous
curve), compared to the fitted pulled speciation rate (short-dashed curve). The
pulleddiversification rate and pulled speciation rate were fitted viamaximum-
likelihood methods, allowing the pulled diversification rate or pulled
speciationratetovary freely at 15 discrete equidistant time points. Further
detailsare providedinin Supplementary Information sectionS.9.
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