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T H E  ‘ U N I F O R M I TA R I A N I S M ’  O F  G R A D U A L I S M

“…natural selection is daily and hourly scrutinising […] at the improvement 

of each organic being […]. We see nothing of these slow changes in 
progress, until the hand of time has marked the long lapse of ages.” 

“The amount of organic change in the fossils […] probably serves as a 

fair measure of the lapse of actual time.” 
C. R. Darwin (1859)



‘ A B O M I N A B L E  M Y S T E R I E S ’

“The rapid development as far as we can judge of all the higher plants 

within recent geological times is an abominable mystery”. 

C. R. Darwin to J. Hooker (1879)

~300,000 extant Angiosperms (younger) vs ~1000 extant Gymnosperms (older).



‘ G H O S T  C O N T I N E N T S ’

“Nothing is more extraordinary […] than the apparently very sudden or 
abrupt development of the higher plants. I have sometimes speculated 

whether there did not exist somewhere during long ages an extremely 
isolated continent, perhaps near the South Pole.” 

C. R. Darwin to J. Hooker (1881)



‘ O N  T H E  I M P E R F E C T I O N  O F  T H E  G E O L O G I C A L  R E C O R D ’

“If then the geological record be as imperfect as I believe it to be […] 

the main objections to the theory of natural selection are greatly 

diminished or disappear.” 

C. R. Darwin (1859)





T E M P O  T O  I N F E R  M O D E



“They [experimental biologists] may reveal what happens to a hundred 

rats in the course of ten years under fixed and simple conditions, but 

not what happened to a billion rats in the course of ten million years 
under the fluctuating conditions of earth history. 

Obviously, the latter problem is much more important.” 

G.G. Simpson (1944) 

PA L A E O N T O L O G Y ’ S  B R AVA D O



‘ Q U A N T U M  E V O L U T I O N ’

Simpson (1944)



C L A D E - L E V E L  P R O C E S S E S

Simpson (1944; 1953)

“Much of life’s diversity originated from adaptive radiations”.

Fast diversification result from colonisation of new adaptive zones:  
the opening of ecological opportunities (e.g., key innovations) that 

materialise at the clade level.



B I O D I V E R S I T Y  I S  T H E  R E S U LT  O F  A  D I V E R S I F I C AT I O N  P R O C E S S
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P R O C E S S - B A S E D  M O D E L S  A S S U M E  C L A D E - L E V E L  VA R I AT I O N

Maddison (2007); Alfaro (2009); Rabosky (2014) ; Beaulieu & O’Meara (2016)
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Anseriformes
Galliformes
Neoaves
Struthioniformes
Tinamiformes
Alligatorinae
Camininae
Gavialidae
Crocodylinae
Cryptodira
Pleurodira
Gekkos
Non-Gekkonid Squamates
Sphenodon
Afrotheria + Xenarthra
Boreoeutheria
Marsupials
Monotremes
Caudata
Anura
Gymnophiona
Dipnoi
Latimeridae
Zeiforms
Percopsiformes
Lampriformes
Polymixiiformes
Scombridae
Percomorpha
Ophidiiformes
Beryciformes + Stephanoberyciformes
Myctophiformes
Aulopiformes
Argentiniformes
Osmeriformes
Stomiiformes
Galaxiiformes
Salmoniformes
Esociformes
Clupeomorpha
Ostariophysi
Osteoglossomorpha
Elopomorpha
Amiiformes
Chondrostei
Polypteriformes
Sharks
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2. 0.039  0.00 46.4
3. 0.0017  0.56 22.3 
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5.  0.00006 0.99 10.7
6.  0.0014  * 7.4
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9. 0.040  * 5.6
Bg. 0.010  0.99  
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Few major discrete shifts following ‘ecological opportunities’ 
(e.g., key innovations, geographical colonization) 



T H E  F O R G O T T E N  T R E E  I M B A L A N C E

Heard (1996); Mooers & Heard (1997)
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FIG. 1. Perfectly balanced (A) and imbalanced (B) eight-taxon
phylogenetic trees. Tree (A) has I = 0; tree (B) has I = I.

lutionary rates; I defer full coverage of these differences to
the description of the computer algorithm.
All the scenarios I examined shared the following basic

features. I simulated the evolution of clades beginning with
a single ancestral species, as those clades diversified through
time to a preset target size. In all cases, I allowed speciation
rates (or probabilities) to depend on a quantitative trait of

individuals that was evolving in a random walk. Therefore,
these rates changed through time and differed among the
species present at any instant in a growing tree. Speciation
rates were also allowed to vary among species in ways un-
related to any evolving trait. My focus was on patterns in
balance of the resulting trees.

The Computer Algorithm

My algorithm generated each tree by beginning with a
single species, and then stepping through time allowing both
trait evolution and speciation events until the tree reached
the desired size. At each time step, each of the species in the
growing tree had two associated quantities (Fig. 2): a value
x for a quantitative trait (such as body size), and a (relative)
speciation rate s, which is some function of x. Three inter-
dependent processes are therefore involved in the simulated
evolutionary history: evolutionary change in trait values, the
conversion of trait values to speciation rates, and speciation
itself.
Trait Evolution.-The modeled quantitative trait could rep-

resent any continuous characteristic of individuals that is
associated with speciation rate; body size is one obvious
possibility. I used three models for determining the size of
trait value changes (Table IA). In all three, at each oppor-
tunity for change (see below) a lineage "inherited" the trait
value it held previously, plus some stochastic change. The
models differed in exactly how this stochastic component
was calculated.
In the first model, trait evolution followed a log-Brownian

motion model: at each opportunity for trait evolution (see
below), the logarithm of the new trait value was simply the
logarithm of the old value plus a change (Ex) drawn from a
normal distribution with expectation zero and standard de-

TABLE I. Evolutionary models used in simulations. Setting up an evolutionary scenario for a simulation run involves choosing one
option from each of (A), (B), and (C).

(A) Size of trait value changes
Model

Log-Brownian
or
Linear-Brownian
or
Linear- Brownian,
bounded

New trait value"

Xnew = Xold + Ex

Bounds on trait value

(0, +00)

(0, +00)

(0, 20)

Trait value change

"Transformation applied at each trait value change. In all cases, Ex is a normally distributed random variable with expectation zero and standard deviation crx.

(B) Timing of trait value changes
Model

Punctuated

or
Gradual

in one daughter, at
speciation events

at every time step

(e) "Noise" used to determine relative speciation rates
Model Speciation rate function"

Intermittent s = 10Iog(x) + 's
or
Continuous s = 10Iog(x) +'s

b Es is a normally distributed random variable with expectation 0 and standard deviation crs.
C The two models are indistinguishable under the gradual model for trait value changes.

Timing of recalculation"

only wher x changes

every iteration

Imbalance
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FIG. 5. Imbalance with intermittent errors in speciation rates (Ta-
ble lC). For all curves, evolution is punctuated and trait evolution
is log-Brownian. The lower dashed line is the Markov expectation.
Hollow circles cover 95% confidence intervals around simulation
results. Triangles show data for Heard's (1992) samples of estimated
trees. (A) Errors alone: rrx = 0; bottom to top rrs = 0.1, 0.2, 0.3.
0.4, 0.8, and 1.2. (B) Errors and trait evolution: rrx = 0.3 (except
Markov curve); bottom to top rrs = 0.1, 0.2, 0.3. 0.4, 0.8, and 1.2.

Tree size
605040

.....................

302010
0.0 '----'----'------"'------'-----'-----'
o

0.2

0.4

0.6

0.8

I

RESULTS AND DISCUSSION

FIG. 4. Imbalance under three models for trait evolution (Table
IA). For all curves, evolution is punctuated and rrs = O. For the
linear-Brownian models (bounded below, long dashes; bounded
above and below, short dashes), rrx = 4.75. For the log-Brownian
model (solid line), rrx = 0.2; this value gives comparable changes
in x for a one-standard-deviation change at the first iteration. The
lower dashed line is the Markov expectation. Hollow circles cover
95% confidence intervals around simulation results.

similarly in describing imbalance (see also Kirkpatrick and
Slatkin 1993), and so I report only results for I, which is
computationally the simplest of the three.
I calculated means and standard errors for I, from the 2000

simulations, for each evolutionary scenario and separately
for each tree size. Tree size must be considered explicitly
because, for combinatorial reasons, imbalance declines for
larger trees, both for real trees and for the theoretical models
considered here (Heard 1992 and results below). I examined
trends in imbalance (plotted against tree size) among evo-
lutionary scenarios and with increasing rate variation (in-
creasing a x and as)' I did not conduct formal statistical anal-
yses, because differences were so clear: in all plots (Figs. 3-
5), approximate 95% confidence intervals (mean ± 2 SE)
would be hidden by the hollow circles shown on the top
curves. These confidence intervals narrow with increasing
tree size, as does the variance in the equal-rates Markov
distribution of I (Rogers 1994). I also plotted (Fig. 3) mean
imbalance indices for several samples of estimated (litera-
ture) trees compiled by Guyer and Slowinski (1991), Heard
(1992), and Mooers (1995).

Under most models of speciation-rate variation (Table 1),
imbalance increases with increasing rate variation. The only
exception is speciation rate noise under the continuous model,
which does not affect tree balance.

Imbalance in 

simulations
Imbalance in  

empirical trees



T R E E  I M B A L A N C E

Marsupials 
~ 407 spp.

Placentals 
~ 6,184 spp.

Monotremata 
~ 5 spp.

A less predictable interplay of species 

ecologies with their environment:  

Contingent diversification dynamics.



A LT E R N AT I V E  PA R A D I G M S

EVOLUTION

Imbalanced speciation pulses sustain the radiation
of mammals
Ignacio Quintero1*, Nicolas Lartillot2, Hélène Morlon1

The evolutionary histories of major clades, including mammals, often comprise changes in their
diversification dynamics, but how these changes occur remains debated. We combined comprehensive
phylogenetic and fossil information in a new “birth-death diffusion” model that provides a detailed
characterization of variation in diversification rates in mammals. We found an early rising and sustained
diversification scenario, wherein speciation rates increased before and during the Cretaceous-Paleogene
(K-Pg) boundary. The K-Pg mass extinction event filtered out more slowly speciating lineages and
was followed by a subsequent slowing in speciation rates rather than rebounds. These dynamics arose
from an imbalanced speciation process, with separate lineages giving rise to many, less speciation-prone
descendants. Diversity seems to have been brought about by these isolated, fast-speciating lineages,
rather than by a few punctuated innovations.

U
nderstanding the tempo and mode by
which lineages diversify is fundamental
to explaining the variation of biodiver-
sity across space, time, and taxa (1). The
notable diversity present across the tree

of life generally results from episodes of fast
lineage diversification that underlie successful
evolutionary radiations (2). Special attention
has been given to understanding the timing
of such pulses with respect to major abiotic
events and the mode in which these pulses
occur in some lineages and not in others, with
no general consensus. Throughout the more
than 200 million year (Myr) evolutionary his-
tory of mammals, for instance, environmental
factors such as the radiation of flowering
plants (i.e., the Cretaceous Terrestrial Revolu-
tion), the Cretaceous-Paleogene (K-Pg) extinc-
tion event, the Paleocene-Eocene Thermal
Maximum (PETM), and other major environ-
mental events likely spurred distribution shifts
and extinctions, together with new ecological
opportunities, generating widespread diver-
sification pulses (3–6). Most often discussed
is the role of the K-Pg event, with hypotheses
that posit that fast diversification occurred
either before, at, or after the event, dubbed
as an “early,” “explosive,” or “delayed” rise of
extant mammals, respectively (3–5, 7–11).
A long-standing paradigm holds that such

shifts in the speed of diversification occur dis-
cretely and sporadically, driven by changes in
the environment or the acquisition of adaptive
evolutionary novelties, that is, “key innova-
tions” (Fig. 1A) (12–16). Here, fast diversifica-
tion is clade-wide, linked to the rapid filling of

a niche space that has been freed from other
occupants (e.g., due to environmentally driven
mass extinctions) or opened by a major evo-
lutionary innovation. Since early observations
that richness is highly unevenly distributed
across the tree of life (17), much effort has
been devoted to identifying the clade-wide in-
creases in diversification rates that supposedly

occurred at the origin of the most diverse spe-
cies groups (13, 18–20). However, evidence of
substantial intraclade heterogeneity in diver-
sification rates, beyond that expected from
large clade-level dynamics, challenges this par-
adigm (21–27). An alternative view considers
changes in diversification rates to be less pre-
dictable and more dynamic, giving promi-
nence to the role of contingency in driving
evolutionary outcomes (Fig. 1B) (28, 29). Here,
the interplay between species’ evolving ecolo-
gies and their particular spatial and envi-
ronmental contexts could occasionally lead
to short periods of fast diversification in spe-
cific lineages.

A fine-grained consideration of diversification

In this work, we developed the “birth-death
diffusion” model (Fig. 1B) (30), which was
designed to provide a flexible framework that
simultaneously enables the reconstruction of
overarching diversification dynamics and of
fine-grained stochasticity of speciation and
extinction rates. The process starts with a line-
age with speciation rate l0 and extinction rate
m0. Lineage-specific speciation ll(t) and ex-
tinction ml(t) rates then evolve in time fol-
lowing a geometric Brownianmotion (Fig. 1B).

RESEARCH

1Institut de Biologie de l’ENS (IBENS), Département de
Biologie, École Normale Supérieure, CNRS, INSERM,
Université PSL, 75005 Paris, France. 2Université Claude
Bernard Lyon 1, CNRS, VetAgroSup, LBBE, UMR 5558,
F-69100 Villeurbanne, France.
*Corresponding author. Email: ignacioquinterom@gmail.com
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Fig. 1. Punctuated versus diffused changes in diversification. (A and B) Hypothetical evolutionary
history of a clade under two contrasting views of diversification, highlighted by differences in how speciation
rates vary: (A) punctuated shifts in speciation, here shown as a clade-wide discrete increase (red) from
the background rate (blue) as predicted by, for example, the sudden appearance of adaptive innovations;
and (B) diffusion of speciation rates, assumed under our birth-death diffusion model, as predicted by
a temporally dynamic interplay between species traits and their environment. In the birth-death diffusion
model, for lineage l at time t, the changes in speciation ll(t) and extinction ml(t) rates during a small time
dt are given by the geometric Brownian process, the equations for which are shown in the figure. Here,
a represents a drift term, sl and sm the diffusion rates, and W(t) the Wiener process (i.e., standard Brownian
motion). Lineages that are not observed in the phylogenetic tree of present-day species because they
went extinct are represented with dashes. Our data augmentation framework takes a tree of present-day
species as input and outputs posterior samples of complete trees, including both observed and unobserved
lineages, with associated rate estimates.
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I N F E R E N C E  L I M I TAT I O N S  F O R  B D D

one can derive the extinction probabilities at time t + �t if the extinction probability at time t is

known. Within a very small time step �t we consider two or more events occurring as to having

negligible probability and consider the probability of a speciation or extinction event to be left

piece-wise constant, that is, for example, for extinction rates
R t
t+�t µ(s)ds = µ(t)�t. Three events

can then occur: i) lineage goes extinct with probability µ(t)�t; ii) lineage does not go extinct with

probability (1� µ(t)�t) but rather speciates with probability �(t)�t and both daughters eventually

go extinct. iii) lineage neither speciates nor goes extinct with probability (1�µ(t)�t)⇥ (1��(t)�t)

but it eventually goes extinct. If extinction does not happen, both �(t) and µ(t) di↵use during �t.

For clarity let �(t+ �t) = �0 and �(t) = �1 and, similarly, µ(t+ �t) = µ0 and µ(t) = µ1. Summing

up these probabilities:

�(�0, µ0, t+ �t) =

µ0�t+

(1� µ0�t)⇥ �0�t⇥
"ZZ

1

2⇡���µ�t
exp

 
(ln(�1)� ln(�0))2

2��
p
�t

+
(ln(µ1)� ln(µ0))2

2�µ
p
�t

!
�(�1, µ1, t)d�1dµ1

#2
+

(1� µ0�t)⇥ (1� �0�t)⇥
ZZ

1

2⇡���µ�t
exp

 
(ln(�1)� ln(�0))2

2��
p
�t

+
(ln(µ1)� ln(µ0))2

2�µ
p
�t

!
�(�1, µ1, t)d�1dµ1.

(3)
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Di↵usion updates We integrate over all possible rate di↵usion histories, ⇤, using Metropolis-92

Hastings updates for di↵usion path proposals. One particular concern for using data augmentation93

(as well as its EM algorithm analogue for maximum likelihood) to make inference for this model is94

the small ratio of information in the observed data in comparison to that of the augmented data,95

which could result in low e�ciency (Roberts and Stramer, 2001). Indeed, initial attempts yielded96

low mixing and convergence rates for ��, and so we follow Roberts and Stramer (2001) and van der97

Meulen and Schauer (2017) by using non-centered reparametization to make guided proposals of98

di↵usion paths.99

We use a general path di↵usion update based on nodes that are connected to a triad of branches100

in  , with one being the parent pr and the other the daughters, d1 and d2, with particular details101

given the specific context of the branch triad. First, we generate an independent sample for a102

di↵usion rate �⇤ ⇠ LogNormal(0.0, 1.0), and consider the following four cases to update the triad103

di↵usion paths ⇤pr,d1,d2 : i) If all branches are internal and the parent is not the root, we make a104

GBM proposal for the node based on the end points (i.e., �pr(t1),�d1(tb),�d2(tb)) and respective105

branch lengths. We then propose Brownian bridges for each branch with the new node value as106

an endpoint. ii) If all branches are internal and the parent is the root, we make a GBM node107

proposal based on the daughter end points, from which we then backwardly propose a new root108

value �r. We then use Brownian bridges to sample their respective di↵usion paths. iii) If one of109

the daughter branches is terminal, we make a GBM node proposal based on the internal daughter110

and the parent branch, from which we propose a new GBM value for the endpoint of the terminal111

branch. We then use Brownian bridges to sample their respective di↵usion paths. iv) If both of the112

daughter branches are terminal, we simply make a GBM node proposal given the parent branch,113

and then forwardly simulate both terminal daughter di↵usion paths. All the node proposals and114

GBM simulations are made usign �⇤. Then, the acceptance probability, ↵, for a new di↵usion path115

proposal, ⇤0 is116

↵ = min

⇢
1,

p(⇤0| ,��,MYD)

p(⇤| ,��,MYD)
⇥ p(⇤|�⇤,MBM)

p(⇤0|�⇤,MBM)

�
,

where MBM represents the Brownian motion model.117

1.3 Birth-Death Stochastic Di↵usion118

Extinction probability The probability of a lineage with a di↵using speciation rate of �(t)

and extinction rate of µ(t) at time t going completely extinct before the present is defined by

�(�(t), µ(t), t). As demonstrated before (Maddison et al., 2007; FitzJohn, 2010; Maliet et al.,

2019), one can divide time into very small steps and consider the events between time steps to

estimate the extinction probability. Considering time as going backwards, (i.e., 0 < t < t + �t),

5

Probability of a lineage at time t going extinct by the present. 

Quintero et al. (2024) Science



B AY E S I A N  D ATA  A U G M E N TAT I O N

The BDD model remains (in)famously intractable. 

Bayesian data augmentation to estimate the posterior distribution. 

p(θ |o)

p(θ |o) = ∫A
p(θ |o, a)p(a |o)da

Quintero et al. (2024) Science

θ = parameters

o = observed data

a = augmented data



B AY E S I A N  D ATA  A U G M E N TAT I O N  O F  C O N S TA N T  B I R T H - D E AT H

What are the past 
rates of speciation 
and extinction?

Quintero et al. (2024) Science
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probability

Extinction rate 
probability
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ExtinctionSpeciation

B AY E S I A N  D ATA  A U G M E N TAT I O N  O F  C O N S TA N T  B I R T H - D E AT H

Quintero et al. (2024) Science



x2

xa

x1 ∼ N(xa, σ2t)
x2 ∼ N(xa, σ2t)

x1

B AY E S I A N  D ATA  A U G M E N TAT I O N  O F  D I F F U S I O N

Quintero et al. (2024) Science

σ2 = diffusion rate



∫X

n−1

∏
i

xi+1 ∼ N (xi, σ2 t
n − 1 ) dx

x1

x2

xa

B AY E S I A N  D ATA  A U G M E N TAT I O N  O F  D I F F U S I O N

σ2 = diffusion rate

Quintero et al. (2024) Science
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M A M M A L  R A D I AT I O N

Grossnickle et al. (2019)In addition to the ancestor of all placentals, the earliest lineages of multiple placental subclades
are thought to be small insectivores [2,7,74,75,93]. These subclades include Euarchonta,
Afrotheria (in Africa), and Laurasiatheria (in the Northern Hemisphere), with early taxa from each
group being morphologically similar to insectivorous living representatives, such as tree shrews,
elephant shrews, and hedgehogs, respectively. Thus, the placental radiation in Figures 1 and 2
could be subdivided into multiple ecological radiations, each involving parallel ecomorphological
diversification (e.g., [5]).

Metatherians and multituberculates also show paleontological evidence for ecological diversifica-
tion in the Paleocene [10,94–97]. However, the multituberculate diversification in the aftermath of
the end-Cretaceous mass extinction event may have been short lived [10,76,96,98]
(Figure 1) and Cenozoic metatherians are primarily confined to the Southern Hemisphere
(which is less sampled than the Northern Hemisphere), making the timing and dynamics of their
diversification less clear. The Paleocene metatherian record of South America includes omnivo-
rous–herbivorous polydolopimorphians and carnivorous borhyaenids [21,95], suggesting a
metatherian radiation that was parallel to the placental radiation.

Although early placentals diversified in the Paleocene, the most diverse groups during this time
are thought to be stem members of extant orders. These include plesiadapiforms (stem

Mammaliaformes

Placentalia

Several clades (and 

radiate ecologically in 
the Late Cretaceous. 

Crown members of many 
placental (and marsupial) 
orders diversify after the 
PETM, led by herbivores 
and ecological specialists.

Brief decrease in ecological 
diversity is due to selective 
extinction of ecological 
specialists.
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Placentals diversify after 
the end-Cretaceous 
mass extinction event. 

Taxonomic turnover and 
extinction during the KTR 
(gray) results in a decrease 
in ecological diversity.

An Early–Middle Jurassic radiation is 
led by stem mammals, with Late 
Jurassic and Early Cretaceous diversity 
maintained by early crown groups.

CRETACEOUS
66 Ma145201

CENOZOICJURASSIC

1

PlacentalsMammaliaformes

2 3

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 2. Ecological Diversity through Time in Mammaliaformes and Placentalia, Highlighting the Unique Patterns Between Clades of Varying Levels of
Phylogenetic Scope. The numbered radiations correspond to the three periods of considerable diversification that are marked in Figure 1 and discussed in the text.
Abbreviations: KTR, Cretaceous Terrestrial Revolution; PETM, Paleocene–Eocene Thermal Maximum.

Figure 1. Ecological Radiations of Early Mammaliaforms. Three periods of considerable diversification are labeled at the bottom. The progenitor of each radiation is
thought to be a small insectivore or omnivore and examples of genera that may represent the ancestral states of these taxa are shown in the panel on the right. For each
radiation, derived diets and locomotor modes that are known from the fossil record are listed. See Table S1 in the supplemental information online for citations and
additional information. Mammaliaform reconstructions: Morganucodon, Michael B. H. (CC BY-SA 3.0); Cimexomys, courtesy Misaki Ouchida; Henkelotherium,
courtesy Elke Gröning [58]; Alphadon, courtesy Misaki Ouchida; Eomaia [59], S. Fernandez (CC BY 2.5); reconstruction of the placental ancestor [12] by Carl Buell,
courtesy of the National Science Foundation. Abbreviations: KTR, Cretaceous Terrestrial Revolution; Ma, million years ago; Tri., Triassic.
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PA L E O - E X T I N C T I O N  C U R V E S

Fig S10: extinction curves. Estimated extinction curves (Median and 95% Credible Intervals) derived from fossil
data using PyRate (35) for 16 major clades in the mammal tree. These clades are composed of 14 terminal clades
as shown in the phylogenetic tree in the left, and two major groupings: Theria and Eutheria. These extinction
curves were used to inform the extinction rate in their corresponding branches of the reconstructed tree to run the
birth-death diffusion fossil-informed model. Grey vertical solid lines denote the K-Pg boundary (ca. 66.02 Mya)
and dashed black vertical lines the PETM (ca. 55.5 Mya) in the phylogeny and the clade-specific extinction curves.
Dotted vertical lines denote the oldest fossil occurrence for those clades in which the molecular age is older. In
these cases we used the oldest extinction rate and extended it back to the molecular age.
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S P E C I AT I O N  R AT E  H E T E R O G E N E I T Y

Rates are inherited at speciation; this hypoth-
esis of inheritance is implicit (and in fact
stronger) in all phylogenetic and paleontolog-
ical diversification models that assume rate
homogeneity within specific time bins or sub-
clades and is justified by the inheritance of
traits that may modulate diversification rates.
A drift term a reflects temporal trends in spe-
ciation and avoids the “runaway species se-
lection” that the birth-death diffusion model
and others with inherited speciation rates
sometimes produce (14, 26, 31). Two diffusion
terms, sl and sm, reflect variability in speci-
ation and extinction rates, respectively. The
model can be simplified by imposing con-
straints. For example, we can assume no ex-
tinction, constant extinction rate, or constant
turnover (ratio of extinction to speciation rate).
Finally, we can constrain the extinction rate to
follow a specific trajectory, such as a curve (or
subclade-specific curves) separately estimated
from the fossil record.

Given a phylogeny of present-day species,
we developed an approach to obtain “com-
plete” trees under the birth-death diffusion
model, that is, trees with all of the extinct and
unsampled lineages, together with instanta-
neous lineage-specific diversification rate
estimates (fig. S1) (30). Our approach relies
on Bayesian data augmentation techniques,
which provide a probabilistic model-based im-
putation. Contrary to other imputation meth-
ods, the augmented data that arise from this
procedure do not influence the posterior pa-
rameters of the model given the observed data
(32). This allows us to estimate paleodiversity
curves, that is, variations in species richness
through time, as well as speciation rates av-
eraged over both lineages that are observed
in the empirical tree and lineages that are not.
We accounted for potential missing species in
the extant phylogeny using clade-specific sam-
pling probabilities. We validated the approach
using simulations (figs. S2 to S9) (30). Impor-

antly, whereas the Brownian diffusion as-
sumption may lead to smoothing of the recon-
structeddiversification trajectories, simulations
under scenarios of cross-species variation in
speciation rates along timeor punctuated diver-
sification rate shifts in specific lineages along
the tree (i.e., the scenario depicted in Fig. 1A)
show that the birth-death diffusionmodel is able
to recover sudden variations (figs. S8 and S9).
When constraining extinction rates to fol-

low estimates from the fossil record, the birth-
death diffusion model exploits the advantages
of the complementary sources of evolutionary
information provided by neontological and
paleontological data. Time-calibrated phyloge-
netic trees built from genetic data contain
topological information under a branching
process, providing information on ancestral-
descendant relationships across thousands of
lineages, whereas fossil information provides
direct evidence of past extinction dynamics,
including mass extinction events (33–35).

Fig. 2. Mammal diversification dynamics informed by their phylogeny
and fossils under the birth-death diffusion model, with extinction rates
estimated from the fossil record. (A) Complete radiation of mammals,
incorporating the tree of extant species and lineages that went extinct or were
not sampled at present (one representative complete tree sample from the
birth-death diffusion posterior); warmer colors represent higher speciation rates.
The surrounding colored radian arcs identify the crown-plus-stem diversity of
the 14 mammal clades with embedded species silhouettes from PhyloPic
(phylopic.org) and roman numerals for identification. Lineages without any

surrounding color correspond to those that are not part of the stem diversity
of any of these clades (e.g., stem therians and eutherians). Dashed gray lines
specify the timescale every 40 Myr into the past, and solid gray lines specify, in
order, the K-Pg mass extinction event and PETM. (B) Lineage speciation rates
through time plotted for the same complete tree sample as in (A). The gray
solid line demarcates the K-Pg boundary and the black dashed line the PETM.
(C) Posterior distributions for the three parameters of the birth-death diffusion
model (with extinction estimated from the fossil record): speciation rate at
the root l0, drift a, and diffusion in speciation rates sl.
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M A M M A L  D I V E R S I T Y  A N D  S P E C I AT I O N  A L O N G  T I M E

Heterogeneity of diversification rates
in mammals
We applied the birth-death diffusion model to
the evolutionary history of mammals, combin-
ing the latest time-calibrated species-level tree
for the group (36) with their paleontological
record. The dating of this tree is consistent
with a more recent one with increased whole-
genome sampling (10) and supports a “long
fuse” model of mammalian diversification
with interordinal divergences occurring most-
ly before, and intraordinal divergences after,
the K-Pg boundary, particularly after the PETM
(37). Applying the birth-death diffusion model
to the species-level tree allows us to interpret
node ages and branching patterns in terms of
diversification dynamics.
We first estimated temporal variation of ex-

tinction rates from 84,576 fossil occurrences
using PyRate, a model that detects the num-
ber, magnitude, and temporal placement of
rate changes while controlling for sampling

and preservation biases within a Bayesian
framework (30, 35). We estimated such ex-
tinction curves independently for 14 major
mammal clades, as well as for Theria (placen-
tals, marsupials, and their extinct relatives)
and Eutheria (placentals and their extinct
relatives) used to constrain extinction rates for
stem taxa (fig. S10). These curves recover a peak
in extinction rates at the K-Pg event (around
66 Myr ago) and PETM (around 55.5 Myr ago;
fig. S10). The K-Pg event caused high extinc-
tion of metatherians (marsupials and their
extinct relatives) and stem eutherians; at the
PETM, extinction targeted mostly stem euthe-
rian lineages again, in concordance with pre-
vious evidence (5), and, to a lesser degree,
Eulipotyphla. The completeness of the fossil
record is very uneven across clades. More
generally, the fossil record is subject to var-
ious sources of temporal, spatial, and taxonomic
preservation biases (30), which is reflected in
different degrees of uncertainty around our

extinction-curve estimates (fig. S10). Although
these inherent biases affect any inference of
deep-time dynamics, our measure of uncer-
tainty around the extinction curves allows us
to test the robustness of ours. In addition, to
obtain per-species extinction-rate estimates,
we used clade-specific species-by-genus esti-
mates, which are sensitive to present taxo-
nomic knowledge. Different species-by-genus
estimates would change the magnitude of the
extinction curves but not their dynamics.
We applied our data augmentation infer-

ence of the birth-death diffusion model to the
mammal phylogenetic tree, with extinction
constrained by the fossil estimates, which pro-
vided us with a posterior sample of complete
mammal trees (Fig. 2A). Congruent with pre-
vious empirical assessments of diversification
heterogeneity in mammals (25) and other
groups (23, 26, 38), we found substantial varia-
tion across lineages in speciation rates (Fig. 2,
A and B), with a median posterior diffusion
coefficient for speciation rates of sl = 0.063,
interpreted as an expected change of about
6.3% per Myr (Fig. 2C). Estimated lineage-
specific speciation rates range from close to
0.005 events per lineage per Myr in some
monotremes, up to more than 1.5 species per
Myr (spp. Myr−1) in Primatomorpha (Fig. 2A
and fig. S11), with an average of about 0.7 spp.
Myr−1. Primates experienced fast species turn-
over, characterized by both high speciation
and extinction rates (figs. S11 and S12). In
comparison, the species-rich rodents and bats
have lower speciation rates but were also less
affected by extinction, resulting in a faster ac-
cumulation of species than primates (Fig. 2A
and figs. S11 and S12). These results confirm the
role played by differences in both speciation and
extinction rates in explaining among-clade dif-
ferences in present-day species richness (33).
Over the full history of mammals, we estimate
a posterior average of about 145,000 extinct
species (around 96% of species extinct). These
estimates of past diversification and diversity
are comparable to paleontological estimates (33).
At the scale of all mammals, we recovered a

clear mass extinction event at the K-Pg bound-
ary (Fig. 3A). At the PETM, we found an almost
imperceptible slowdown in species accumula-
tion: The diversity loss experienced by mostly
stem eutherians (fig. S10) is almost fully bal-
anced by the radiation of crown placental line-
ages. We also applied the birth-death diffusion
model using other extinction assumptions (no
extinction, constant extinction, constant turn-
over, and extinction diffusion; figs. S14 to S17).
Irrespective of the assumption on extinction,
we consistently found an overall expectation
for lineages to decrease their speciation rates
by about 4% per Myr (posterior median for
drift a = −0.044; Fig. 2C). Analyses with ex-
tinction diffusion recover similar estimates of
the diffusion coefficient for speciation rates to
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Fig. 3. Wiping out of slowly speciating lineages during the K-Pg mass extinction event.
(A) Distribution through time of the estimated number of therian mammal lineages (placentals,
marsupials, and their extinct relatives). The solid line shows the median, the shaded region indicates
the 50% credible interval (CI), and the dotted line shows the lineage-through-time plot obtained from the
tree of present-day mammals. (B) Average speciation rates across all therian mammals, which displays
an increase before the K-Pg event followed by a sharp increase at the K-Pg boundary, with a slowdown in the
aftermath. The solid line shows the median, and the shaded region indicates the 50% CI, across all data-
augmented trees. (C) Average speciation rates (median and 50% CI across all data-augmented trees)
for eutherians (placentals and their extinct relatives in blue) and metatherians (marsupials and their extinct
relatives in orange). Speciation rates increased before the K-Pg boundary in eutherians but not metatherians
and then increased abruptly at the K-Pg boundary in metatherians and, to a lesser extent, in eutherians.
(D) Density distributions of speciation rates before the onset (67 Myr ago) and end (65 Myr ago) of
the K-Pg boundary across all data-augmented trees, colored by lineages that survived (light green) or went
extinct (light red). Horizontal bars show the average speciation rates for each of these groups separately,
colored respectively, and combined (black; note that the colored bars overlap the black bars). The inset
shows the posterior frequency distribution of the proportion of therian mammal diversity that survived the
K-Pg extinction event, across all data-augmented trees.
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F I LT E R I N G  O F  S L O W LY- S P E C I AT I N G  L I N E A G E S  

Heterogeneity of diversification rates
in mammals
We applied the birth-death diffusion model to
the evolutionary history of mammals, combin-
ing the latest time-calibrated species-level tree
for the group (36) with their paleontological
record. The dating of this tree is consistent
with a more recent one with increased whole-
genome sampling (10) and supports a “long
fuse” model of mammalian diversification
with interordinal divergences occurring most-
ly before, and intraordinal divergences after,
the K-Pg boundary, particularly after the PETM
(37). Applying the birth-death diffusion model
to the species-level tree allows us to interpret
node ages and branching patterns in terms of
diversification dynamics.
We first estimated temporal variation of ex-

tinction rates from 84,576 fossil occurrences
using PyRate, a model that detects the num-
ber, magnitude, and temporal placement of
rate changes while controlling for sampling

and preservation biases within a Bayesian
framework (30, 35). We estimated such ex-
tinction curves independently for 14 major
mammal clades, as well as for Theria (placen-
tals, marsupials, and their extinct relatives)
and Eutheria (placentals and their extinct
relatives) used to constrain extinction rates for
stem taxa (fig. S10). These curves recover a peak
in extinction rates at the K-Pg event (around
66 Myr ago) and PETM (around 55.5 Myr ago;
fig. S10). The K-Pg event caused high extinc-
tion of metatherians (marsupials and their
extinct relatives) and stem eutherians; at the
PETM, extinction targeted mostly stem euthe-
rian lineages again, in concordance with pre-
vious evidence (5), and, to a lesser degree,
Eulipotyphla. The completeness of the fossil
record is very uneven across clades. More
generally, the fossil record is subject to var-
ious sources of temporal, spatial, and taxonomic
preservation biases (30), which is reflected in
different degrees of uncertainty around our

extinction-curve estimates (fig. S10). Although
these inherent biases affect any inference of
deep-time dynamics, our measure of uncer-
tainty around the extinction curves allows us
to test the robustness of ours. In addition, to
obtain per-species extinction-rate estimates,
we used clade-specific species-by-genus esti-
mates, which are sensitive to present taxo-
nomic knowledge. Different species-by-genus
estimates would change the magnitude of the
extinction curves but not their dynamics.
We applied our data augmentation infer-

ence of the birth-death diffusion model to the
mammal phylogenetic tree, with extinction
constrained by the fossil estimates, which pro-
vided us with a posterior sample of complete
mammal trees (Fig. 2A). Congruent with pre-
vious empirical assessments of diversification
heterogeneity in mammals (25) and other
groups (23, 26, 38), we found substantial varia-
tion across lineages in speciation rates (Fig. 2,
A and B), with a median posterior diffusion
coefficient for speciation rates of sl = 0.063,
interpreted as an expected change of about
6.3% per Myr (Fig. 2C). Estimated lineage-
specific speciation rates range from close to
0.005 events per lineage per Myr in some
monotremes, up to more than 1.5 species per
Myr (spp. Myr−1) in Primatomorpha (Fig. 2A
and fig. S11), with an average of about 0.7 spp.
Myr−1. Primates experienced fast species turn-
over, characterized by both high speciation
and extinction rates (figs. S11 and S12). In
comparison, the species-rich rodents and bats
have lower speciation rates but were also less
affected by extinction, resulting in a faster ac-
cumulation of species than primates (Fig. 2A
and figs. S11 and S12). These results confirm the
role played by differences in both speciation and
extinction rates in explaining among-clade dif-
ferences in present-day species richness (33).
Over the full history of mammals, we estimate
a posterior average of about 145,000 extinct
species (around 96% of species extinct). These
estimates of past diversification and diversity
are comparable to paleontological estimates (33).
At the scale of all mammals, we recovered a

clear mass extinction event at the K-Pg bound-
ary (Fig. 3A). At the PETM, we found an almost
imperceptible slowdown in species accumula-
tion: The diversity loss experienced by mostly
stem eutherians (fig. S10) is almost fully bal-
anced by the radiation of crown placental line-
ages. We also applied the birth-death diffusion
model using other extinction assumptions (no
extinction, constant extinction, constant turn-
over, and extinction diffusion; figs. S14 to S17).
Irrespective of the assumption on extinction,
we consistently found an overall expectation
for lineages to decrease their speciation rates
by about 4% per Myr (posterior median for
drift a = −0.044; Fig. 2C). Analyses with ex-
tinction diffusion recover similar estimates of
the diffusion coefficient for speciation rates to

post-K-Pgpre-K-Pg

Surviving species Non-surviving species
Relative density

S
pe

ci
at

io
n 

ra
te

 (
sp

p 
M

yr
  

)
-1

Eutherians
Metatherians

Time (Myr ago)

F
re

qu
en

cy

Diversity (post/pre)

D
iv

er
si

ty

Time (Myr ago)

A

B

C

D

PETMK-Pg

S
pe

ci
at

io
n 

ra
te

 (
sp

p 
M

yr
  

)
-1

S
pe

ci
at

io
n 

ra
te

 (
sp

p 
M

yr
  

)
-1

Fig. 3. Wiping out of slowly speciating lineages during the K-Pg mass extinction event.
(A) Distribution through time of the estimated number of therian mammal lineages (placentals,
marsupials, and their extinct relatives). The solid line shows the median, the shaded region indicates
the 50% credible interval (CI), and the dotted line shows the lineage-through-time plot obtained from the
tree of present-day mammals. (B) Average speciation rates across all therian mammals, which displays
an increase before the K-Pg event followed by a sharp increase at the K-Pg boundary, with a slowdown in the
aftermath. The solid line shows the median, and the shaded region indicates the 50% CI, across all data-
augmented trees. (C) Average speciation rates (median and 50% CI across all data-augmented trees)
for eutherians (placentals and their extinct relatives in blue) and metatherians (marsupials and their extinct
relatives in orange). Speciation rates increased before the K-Pg boundary in eutherians but not metatherians
and then increased abruptly at the K-Pg boundary in metatherians and, to a lesser extent, in eutherians.
(D) Density distributions of speciation rates before the onset (67 Myr ago) and end (65 Myr ago) of
the K-Pg boundary across all data-augmented trees, colored by lineages that survived (light green) or went
extinct (light red). Horizontal bars show the average speciation rates for each of these groups separately,
colored respectively, and combined (black; note that the colored bars overlap the black bars). The inset
shows the posterior frequency distribution of the proportion of therian mammal diversity that survived the
K-Pg extinction event, across all data-augmented trees.

RESEARCH | RESEARCH ARTICLE

Quintero et al., Science 384, 1007–1012 (2024) 31 May 2024 3 of 6

D
ow

nloaded from
 https://w

w
w

.science.org at bibC
N

R
S IN

SB
 on M

ay 30, 2024

Quintero et al. (2024) Science



C L A D E - L E V E L  D Y N A M I C S ?

Fig S9: Clade-level rate shifts. A Lineage-specific speciation rates �l(t) for a clade-level type simulation, wherein
rates are constant with a few shifts along the tree (straight lines). Superimposed are the lineage-specific speciation
rates estimated on the reconstructed tree with the birth-death diffusion model. B Zoom from panel A into the
largest speciation pulse as given by the birth-death diffusion model. C Left axis: Post-pulse distribution in the
reconstructed tree. The grey triangle shows the pulse magnitude. Density plots display the distribution after the
pulse of the surviving lineages. Right axis: Solid and dashed black lines show the frequency of post-pulse rates
that are above the initial and end rate of the pulse, respectively. D As in C but across all data augmented trees,
including unsampled lineages in the reconstructed simulated tree.

35

S
p

e
c
ia

tio
n
 r

a
te

 (
sp

p
/M

yr
) 

Quintero et al. (2024) Science



I M B A L A N C E D  S P E C I AT I O N  P U L S E S

analyses with homogeneous extinction (figs.
S14 to S17), suggesting that the variability of
speciation rates is not inflated when assuming
homogeneous extinction. The analyses that
did not use the fossil record to constrain ex-
tinction rates yielded lower diversity estimates,
regardless of their respective extinction as-
sumption (figs. S14 to S17), and did not detect
mass extinction events. This corroborates the
importance of integrating fossil-based extinc-
tion rate estimates in recovering deep-time di-
versity dynamics (33, 39).

Extinction of slowly speciating lineages at the
K-Pg boundary

The average speciation rate across all ther-
ian mammals was relatively high and stable
throughout the Jurassic, mirroring early crown
mammal radiations (4) (Fig. 3B). This period
was followed by a decrease at the onset of the
Cretaceous and an increase during the late
Cretaceous that led to the diversification of
most extant placental orders (10, 36) (Fig. 3,
B and C). Coinciding with the K-Pg extinc-
tion event, average speciation rates increased
abruptly (Fig. 3, B and C). These temporal
trends are robust to uncertainty around the
phylogenetic tree and the extinction curves
(fig. S13).
The abrupt increase of speciation rates at

the K-Pg extinction event was driven by the
extinction of slowly speciating lineages rather
than a collective increase in speciation rates
across lineages (Fig. 3D). Our results show
that, on average, about 34% of therian diver-
sity survived theK-Pg boundary (comparison at
67 and 65 Myr ago), with an average pre–K-Pg
boundary speciation rate of about 0.78 spp.
Myr−1 for extinct lineages (predominantly stem
metatherians and eutherians) and of about
0.88 spp. Myr−1 for those that survived (Fig. 3D;
mean difference of 0.096 spp. Myr−1, Welch’s
t test, p < 10−99). This is driven mostly by the
fact that metatherians, which had slower spe-
ciation rates, experiencedmore extinctions than
eutherians (average speciation rates at the
outset of the K-Pg extinction event of 0.52 and
0.88 spp. Myr−1, with surviving percentages of
3.5 and 43%, respectively); indeed, only very
fewmetatherians survived the K-Pg extinction
event (posterior average of 4.25 lineages). The
preferential extinction of slowly speciating
lineages also occurredbothwithinmetatherians
and eutherians: Itwas particularly strongwithin
metatherians (mean difference of 0.09 spp.
Myr−1, Welch’s t test, p < 10−18) andmarginally
significant in eutherians (mean difference of
0.009 spp. Myr−1, Welch’s t test, p = 0.055).
This sorting process is expected under amodel
of “speciational evolution” (i.e., speciation-
driven phenotypic change), where clades under-
going frequent speciation have an evolutionary
advantage (40, 41). At mass extinction events in
particular, higher diversity and variability among

descendant species increases the chances that at
least one of them survives. These results differ
from those expected under an explosive-rise
scenario of ecological release after mass ex-
tinctions and are not a necessary outcome of
our model assumptions (fig. S18).
Of particular interest is whether mass ex-

tinctions primarily affected lineages with high
background extinction rates. Although our
(necessary) assumption of homogeneous ex-
tinction rates within each of the 16 clades pre-
cluded us fromprecisely evaluating this question
at the species level, the fact that the K-Pg mass
extinction event wiped out more metather-
ians, with lower background extinction rates
(about 0.49 spp. Myr−1 at the onset of the K-Pg
boundary), than eutherians (0.61 spp. Myr−1)
suggests that this need not be the case (fig.
S10). These results support a decoupling be-
tween background and mass extinctions (42).
Regardless of the effect of background extinc-
tion rates, the disappearance of more-slowly
speciating lineages at theK-Pgmass extinction
event, rather than a collective increase of spe-
ciation rates across surviving lineages, re-
sulted in an increase in average speciation rates
(Fig. 3). After the K-Pg mass extinction event,
speciation slowed down (Fig. 3B). We found a

decreasing trend across most of the Cenozoic,
mirroring trends in rates of morphological
evolution (6), until around the early Miocene,
when a surge in speciation rates is seen [Fig. 3,
B and C; this pattern was also robust to phy-
logenetic uncertainty (fig. S13)], mostly driven
by the renewed diversification of primates, ar-
tiodactyls, lagomorphs, and, more recently, ro-
dents (fig. S12).
Our results refute the explosive- and delayed-

rise hypotheses wherein mammals were sup-
pressed in their ecomorphological and taxonomic
diversity during the Cretaceous and exper-
ienced a release at or after the K-Pg extinction
event that spurred their diversification (37).
Indeed, inference under simulations charac-
terizing ecological release scenarios after (or
not) mass extinction events does not conform
to the empirical pattern observed acrossmam-
mals (fig. S18). Instead, our results suggest an
early rise scenario, wherein rates of speciation
increased before the K-Pg boundary, leading
to the appearance of severalmajor extantmam-
mal orders (3, 10). Average speciation rates in-
creased again at the K-Pg boundary, but this
was because more-slowly speciating lineages
were filtered out rather than because an eco-
logical release spurred diversification. This
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Fig. 4. Imbalanced speciation in mammals. (A to D) Four illustrative examples of how speciation rates
vary in the mammal tree, obtained by zooming into parts of the tree of (A) Rodentia, (B) Marsupialia,
(C) Xenarthra, and (D) Lagomorpha. Shown at the top of each panel, in gray, is the section of the tree,
and shown at the bottom is the evolution of speciation rates along the respective branches, represented both
by color and the position on the y axis. For clarity, the posterior median lineage-specific speciation rates
in the tree of present-day mammals is shown, rather than complete trees with extinct lineages.
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Fig. 2 Di!erent models of diversification rate evolution on the example tree from Fig. 1.
Upper left: time-dependent birth-death (TDBD); upper right: cladogenetic diversification
rate shifts (ClaDS); lower left: lower right: anagenetic birth-death rate shifts according to
a di!usion process (anagenetic BDD); lower right: full anagenetic model (AnaDS) incorpo-
rating both a gradual di!usion and a sudden jump process.

large anagenetic shifts. For a rigorous treatment of the mathematical under-
pinnings behind CRBD, TDBD, and ClaDS see for example the supplementary
information to the previously published concept paper [8].

Anagenetic birth-death rate shifts

We hypothesize that diversification rate evolution is caused by the ever-present
changes that a lineage accumulates with time(anagenetic shifts in biological or
ecological traits). The birth-death di!usion (BDD) [? ] is a model, where the
birth and death rates vary continuously with time and independently for each
lineage according to a geometric Brownian motion process. BDD is controlled
by two parameters: the trend parameter ω and the variance ε2. Furthermore,
we discretize the process by describing the transition of the speciation rate ϑ
after a small time step ”:

F → N (” log(ω),”ε2))

log ϑ(t+”) ↑ log ϑ(t) + F.
(1)

If µ = 0 throughout we have the no-extinction BDD; if µ = const throughout
we have the constant extinction BDD; if, after the initial values have been
sampled, µ deterministically co-evolves with ϑ, i.e. ϖ = const, then we have the
constant-turnover BDD; and finally if we have ϑ and µ evolving independently
according to GBM, then we write “free” BDD.
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2.1 Detailed analysis of some interesting cases

In order to expand on the Bayes factor comparison, we further analyzed several
trees with a very large number of SMC sweeps, allowing for the computation
of accurate posterior distributions. For this second stage of analysis, we chose
three trees from the group where BDD is best: Muscicapidae-+, Thamnophil-
idae, and Parulidae+. Muscicapidae-+ and Thamnophilidae are interesting
because not only does the anagenetic BDD outperform ClaDS, but also TDBD
outperforms ClaDS. Parulidae is a counterpoint to them, with a very low score
for TDBD, but still with BDD advantage over ClaDS. We also analyzed the
Lari tree, which is interesting because it was the only case with evidence for
ClaDS winning over BDD. For Lari, we also ran the novel AnaDS model,
which incorporates not only the birth-death di!usion process, but an anage-
netic large shift as well. This was motivated by desire to eliminate a possible
anagenetic jump masking a cladogenetic jump.

We also attempted a larger number of simulations for Psittacidae1, a tree
for which the null CRBD model is su”cient. Psittacidae1 is incidentally the
tree where BDD performed worst. However, the simulations for Psittacidae1
timed out after the alloted compute time due to it being an extremely bad fit
for BDD.

Posterior predictive simulations

Detailed posterior distributions were computed for the special cases listed
above (without Psittacidae1) by running a large number of SMC sweeps and
are visualized in Fig. 6. ClaDS and the anagenetic BDD predict similar mode
of the initial net diversification rates ω0 → µ0, although its distribution under
BDD is tighter. (Fig. 6 left column). The anagenetic BDD predicts less extreme
values (closer to 0) of the trend parameter logε (Fig. 6 center column), and
less variance ϑ2 (Fig. 6 right column).



Heterogeneity of diversification rates
in mammals
We applied the birth-death diffusion model to
the evolutionary history of mammals, combin-
ing the latest time-calibrated species-level tree
for the group (36) with their paleontological
record. The dating of this tree is consistent
with a more recent one with increased whole-
genome sampling (10) and supports a “long
fuse” model of mammalian diversification
with interordinal divergences occurring most-
ly before, and intraordinal divergences after,
the K-Pg boundary, particularly after the PETM
(37). Applying the birth-death diffusion model
to the species-level tree allows us to interpret
node ages and branching patterns in terms of
diversification dynamics.
We first estimated temporal variation of ex-

tinction rates from 84,576 fossil occurrences
using PyRate, a model that detects the num-
ber, magnitude, and temporal placement of
rate changes while controlling for sampling

and preservation biases within a Bayesian
framework (30, 35). We estimated such ex-
tinction curves independently for 14 major
mammal clades, as well as for Theria (placen-
tals, marsupials, and their extinct relatives)
and Eutheria (placentals and their extinct
relatives) used to constrain extinction rates for
stem taxa (fig. S10). These curves recover a peak
in extinction rates at the K-Pg event (around
66 Myr ago) and PETM (around 55.5 Myr ago;
fig. S10). The K-Pg event caused high extinc-
tion of metatherians (marsupials and their
extinct relatives) and stem eutherians; at the
PETM, extinction targeted mostly stem euthe-
rian lineages again, in concordance with pre-
vious evidence (5), and, to a lesser degree,
Eulipotyphla. The completeness of the fossil
record is very uneven across clades. More
generally, the fossil record is subject to var-
ious sources of temporal, spatial, and taxonomic
preservation biases (30), which is reflected in
different degrees of uncertainty around our

extinction-curve estimates (fig. S10). Although
these inherent biases affect any inference of
deep-time dynamics, our measure of uncer-
tainty around the extinction curves allows us
to test the robustness of ours. In addition, to
obtain per-species extinction-rate estimates,
we used clade-specific species-by-genus esti-
mates, which are sensitive to present taxo-
nomic knowledge. Different species-by-genus
estimates would change the magnitude of the
extinction curves but not their dynamics.
We applied our data augmentation infer-

ence of the birth-death diffusion model to the
mammal phylogenetic tree, with extinction
constrained by the fossil estimates, which pro-
vided us with a posterior sample of complete
mammal trees (Fig. 2A). Congruent with pre-
vious empirical assessments of diversification
heterogeneity in mammals (25) and other
groups (23, 26, 38), we found substantial varia-
tion across lineages in speciation rates (Fig. 2,
A and B), with a median posterior diffusion
coefficient for speciation rates of sl = 0.063,
interpreted as an expected change of about
6.3% per Myr (Fig. 2C). Estimated lineage-
specific speciation rates range from close to
0.005 events per lineage per Myr in some
monotremes, up to more than 1.5 species per
Myr (spp. Myr−1) in Primatomorpha (Fig. 2A
and fig. S11), with an average of about 0.7 spp.
Myr−1. Primates experienced fast species turn-
over, characterized by both high speciation
and extinction rates (figs. S11 and S12). In
comparison, the species-rich rodents and bats
have lower speciation rates but were also less
affected by extinction, resulting in a faster ac-
cumulation of species than primates (Fig. 2A
and figs. S11 and S12). These results confirm the
role played by differences in both speciation and
extinction rates in explaining among-clade dif-
ferences in present-day species richness (33).
Over the full history of mammals, we estimate
a posterior average of about 145,000 extinct
species (around 96% of species extinct). These
estimates of past diversification and diversity
are comparable to paleontological estimates (33).
At the scale of all mammals, we recovered a

clear mass extinction event at the K-Pg bound-
ary (Fig. 3A). At the PETM, we found an almost
imperceptible slowdown in species accumula-
tion: The diversity loss experienced by mostly
stem eutherians (fig. S10) is almost fully bal-
anced by the radiation of crown placental line-
ages. We also applied the birth-death diffusion
model using other extinction assumptions (no
extinction, constant extinction, constant turn-
over, and extinction diffusion; figs. S14 to S17).
Irrespective of the assumption on extinction,
we consistently found an overall expectation
for lineages to decrease their speciation rates
by about 4% per Myr (posterior median for
drift a = −0.044; Fig. 2C). Analyses with ex-
tinction diffusion recover similar estimates of
the diffusion coefficient for speciation rates to
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Fig. 3. Wiping out of slowly speciating lineages during the K-Pg mass extinction event.
(A) Distribution through time of the estimated number of therian mammal lineages (placentals,
marsupials, and their extinct relatives). The solid line shows the median, the shaded region indicates
the 50% credible interval (CI), and the dotted line shows the lineage-through-time plot obtained from the
tree of present-day mammals. (B) Average speciation rates across all therian mammals, which displays
an increase before the K-Pg event followed by a sharp increase at the K-Pg boundary, with a slowdown in the
aftermath. The solid line shows the median, and the shaded region indicates the 50% CI, across all data-
augmented trees. (C) Average speciation rates (median and 50% CI across all data-augmented trees)
for eutherians (placentals and their extinct relatives in blue) and metatherians (marsupials and their extinct
relatives in orange). Speciation rates increased before the K-Pg boundary in eutherians but not metatherians
and then increased abruptly at the K-Pg boundary in metatherians and, to a lesser extent, in eutherians.
(D) Density distributions of speciation rates before the onset (67 Myr ago) and end (65 Myr ago) of
the K-Pg boundary across all data-augmented trees, colored by lineages that survived (light green) or went
extinct (light red). Horizontal bars show the average speciation rates for each of these groups separately,
colored respectively, and combined (black; note that the colored bars overlap the black bars). The inset
shows the posterior frequency distribution of the proportion of therian mammal diversity that survived the
K-Pg extinction event, across all data-augmented trees.
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N E O N T O L O G I C A L  B I A S

Rabosky (2009)

sophisticated methods for addressing the problem of
differential sampling through time in the fossil record.
The fundamental problem is that the availability of fossils
for analysis can vary widely through time, perhaps due to
differential exposure and availability of sedimentary rock
outcrops (Peters 2005). Recent studies with these methods
strongly suggest that diversity has not increased unbounded
through time; rather, diversity appears to be relatively
constant for long periods of time, and there is little evidence
for sustained increases in diversity.

Alroy et al. (2008) re-analysed the marine invertebrate
fossil record and found that, despite periodic diversity
expansions, large expanses of time are characterized by no
clear trend in diversity, including most of the Paleozoic and
Cenozoic. Rabosky & Sorhannus (2009) used sampling-
standardization methods to assess the diversity of marine
diatoms across the Cenozoic and found no evidence for the
explosive recent rise in diversity that had previously been
proposed (Falkowski et al. 2004). Alroy (1996, 2009) showed
that diversity trends in mammals across the Cenozoic
cannot be explained by a stochastic random walk model and,
in contrast, exhibits a relatively flat diversity trajectory
consistent with ecological limits. This apparent limit on
diversity was reached almost immediately after the mass
extinction at the Cretaceous-Tertiary boundary. Clearly,
periodic expansions of the biosphere have occurred over
time (Valentine 1969), as illustrated by the increase in the
number of ecological guilds in marine faunas during the
Paleozoic (Bambach et al. 2007). But the overall pattern in
the fossil record is more of diversity constancy than of
unbounded increase (Ricklefs 2007), because such intermit-
tent expansions are frequently accompanied by long periods
of time with little net change in diversity.

No relationship between clade age and species richness

Perhaps the best evidence in favour of diversity regulation at
the level of clades comes from the observation that, for
many groups, there is no relationship between clade age and
species richness (Ricklefs 2007, 2009). If clade diversity is
generally increasing through time, then a positive relation-
ship between age and diversity should be apparent (Fig. 1),
even when clades themselves differ dramatically in their
rates of diversification (Rabosky 2009). The lack of
relationship between age and diversity is widespread,
occurring across a range of taxa and temporal scales.
Ricklefs (2006) found that tribes of passerine birds showed
no relationship between age and diversity, but when several
tribes were subdivided into younger constituent clades,
diversity was positively related to age. An apparent logistic
rise in diversity with clade age, as predicted by the ecological
limits hypothesis (Fig. 1), is also observed among subclades
of the Proteaceae that live in Mediterranean environments

(Sauquet et al. 2009). Cardillo et al. (2005) found that the
importance of diversification rate for the latitudinal gradient
in avian species richness depended on clade age: while there
appears to be a relationship between diversity and diversi-
fication rate in young clades, the relationship is much
weaker in older clades, suggesting that they may already have
reached limiting diversity levels or carrying capacity.

For many other groups, no signal of increasing diversity
with age is present. Diversity within these clades may be
regulated at approximate constancy by a host of ecological
factors. Although this is true for many old clades, such as
squamate reptiles (Ricklefs et al. 2007), angiosperms
(Magallon & Sanderson 2001), and teleost fish orders
(Rabosky 2009), it is sometimes true for very young clades.
These include cichlids within African rift lakes, which also
lack a positive relationship between clade age and species
diversity (Seehausen 2006). Despite a general lack of
relationship with age, species richness is sometimes associ-
ated with the area of the biogeographic region in which
clades have diversified (Ricklefs 2006; Ricklefs et al. 2007;
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Figure 1 The relationship between clade age and species richness
when diversity within clades is limited by ecological or other
factors. Individual clades vary in age, with orange and purple clades
being the oldest and youngest clades, respectively; and clades vary
in diversification rate during the !growth" phase, where the slope of
the log-diversity curve is proportional to the net rate of
diversification. The relationship between clade age and species
richness depends on our temporal frame of reference. If we
observe a set of young clades undergoing exponential increase (a),
we will note a positive relationship between clade age and species
richness, even if diversification rates vary dramatically among
clades (Rabosky 2009). When some clades have reached diversity
limits and others continue to grow (b), an apparent logistic
relationship between clade age and species richness will be noted.
Finally, if diversity within clades is regulated, there will be no
relationship between clade age and species richness. Most higher
taxa that have been studied show age-diversity relationships
consistent with (c).
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In extant-only phylogenies, diversity seems to always increase or stabilise: 

used as evidence for `adaptive radiations’ and `ecological limits’.
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(Fig. 2B; examples: Echinoidea, Ostra-
coda), (d) radiation followed by a mass
extinction followed again by a re-radia-
tion (Fig. 2C; examples: Crinoidea, An-
thozoa, Stenolaemata), and (e) very slight
radiation followed by long-term steady-
state of very low diversity (Fig. 2D; ex-
amples: Priapulida, Pterobranchia,
Cephalochordata).

The description of each pattern, or
combinations of them within a clade, de-
pends upon the level at which phyloge-
netic relationships are resolved, and the
extent of that resolution is entirely re-
sponsible for the appellation—radiation,
reduction, steady-state—given to any par-
ticular pattern (Cracraft, 1981a).

A pattern of radiation diversity is pro-
duced when, for any time interval, spe-
ciation rate (S) exceeds extinction rate (E).
A radiation can originate or be main-
tained as a result of three obvious changes
in the rate-functions of S and E (Table 1):
S increases, E remains constant (la); S
remains constant, E decreases (lb); and
S increases, E decreases (lc). But, as long
as S exceeds E, a radiation pattern will
result even if S and E are both decreasing

through time (Id) or both increasing (le);
and, if the initial rate of S far exceeds E,
a radiation pattern will continue to de-
velop under conditions of S remaining
constant and E increasing (If), until such
time E exceeds S. Finally, a clade will
continue to radiate if S and E remain con-
stant, as long as S is greater.

A pattern of reduction diversity obtains
when E is greater than S. Three obvious
interactions of S and E produce reduction
diversity (Table 1): S decreases, E in-
creases (2a); S remains constant, E in-
creases (2b); and S decreases, E remains
constant (2c). As long as E is greater than
S, reduction diversity will take place even
if both S and E are decreasing (2d) or both
increasing (2e). If E were much higher
than S initially, then E could remain con-
stant and S increase and still maintain a
reduction diversity pattern, until S ex-
ceeds E. And, both S and E could remain
constant, but with E greater than S, and
thereby maintain reduction diversity.

Finally, steady-state diversity is main-
tained if S approximates E, no matter
whether those rates are constant (Table
1, 3a), decreasing (3b), or increasing (3c).
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state of very low diversity (Fig. 2D; ex-
amples: Priapulida, Pterobranchia,
Cephalochordata).

The description of each pattern, or
combinations of them within a clade, de-
pends upon the level at which phyloge-
netic relationships are resolved, and the
extent of that resolution is entirely re-
sponsible for the appellation—radiation,
reduction, steady-state—given to any par-
ticular pattern (Cracraft, 1981a).

A pattern of radiation diversity is pro-
duced when, for any time interval, spe-
ciation rate (S) exceeds extinction rate (E).
A radiation can originate or be main-
tained as a result of three obvious changes
in the rate-functions of S and E (Table 1):
S increases, E remains constant (la); S
remains constant, E decreases (lb); and
S increases, E decreases (lc). But, as long
as S exceeds E, a radiation pattern will
result even if S and E are both decreasing

through time (Id) or both increasing (le);
and, if the initial rate of S far exceeds E,
a radiation pattern will continue to de-
velop under conditions of S remaining
constant and E increasing (If), until such
time E exceeds S. Finally, a clade will
continue to radiate if S and E remain con-
stant, as long as S is greater.

A pattern of reduction diversity obtains
when E is greater than S. Three obvious
interactions of S and E produce reduction
diversity (Table 1): S decreases, E in-
creases (2a); S remains constant, E in-
creases (2b); and S decreases, E remains
constant (2c). As long as E is greater than
S, reduction diversity will take place even
if both S and E are decreasing (2d) or both
increasing (2e). If E were much higher
than S initially, then E could remain con-
stant and S increase and still maintain a
reduction diversity pattern, until S ex-
ceeds E. And, both S and E could remain
constant, but with E greater than S, and
thereby maintain reduction diversity.

Finally, steady-state diversity is main-
tained if S approximates E, no matter
whether those rates are constant (Table
1, 3a), decreasing (3b), or increasing (3c).
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C L A D E - L E V E L  P R O C E S S E S

Simpson (1944)

Diversity stagnates and decreases through filling (diversity-dependence) or 

closing of `adaptive zones’.
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C L A D E - L E V E L  P R O C E S S E S ?

A Measure of Asymmetry
Any taxonomic group, if properly defined, originates as a single

species, builds to maximum diversity (often in a complex pattem of
fluctuation) and then (unless it be still extant) declines to extinction.
The relative time ofwaxing and waning might provide a measure of
temporal asymmetry. Clades may have their period of greatest
diversity at the midpoint of their geological duration (no temporal
asymmetry), nearer the beginning (producing a bottom-heavy
clade), or nearer the end (a top-heavy clade). If clades are character-
istically either top or bottom heavy, then life has an asymmetry that
can serve as an arrow of time.
Both directions of asymmetry have been defended with insecure

data and misplaced confidence in the domination of one evolution-
ary process over another (8). Clades have been proclaimed bottom
heavy because adaptive radiation should follow evolutionary break-
through, or top heavy because mass extinction so often cuts off a

group at high diversity, thereby suppressing a period of gradual
decline before extirpation. Rather than defend potential reasons,

paleontologists should first ascertain whether either of these pat-
tems is statistically dominant.

Beginning in 1973, Raup et al. (9) developed a random model to
generate clade diversity diagrams as a null hypothesis for assessing
the basis of order in the fossil record. For comparison with this
model, they also began to develop a compendium of actual clade
diversity diagrams, beginning at the lowest operational taxonomic
level ofgenera within families-a project originated by Sepkoski and
continued with remarkable and unexpected results (10).
As part of this program, Gould et al. (11) developed a set of clade

statistics for the quantitative study ofclade diversity diagrams. They
included a simple measure of temporal asymmetry, CG or center of
gravity.

Center of gravity is defined as the relative position in time of a

clade's mean diversity, not as its time of maximum diversity (a
transient moment of little significance). The simple calculation is
most easily grasped by turning the clade diversity diagram on its side
and treating the half above the midline as an ordinary histogram
with time scaled from 0 to 1, and the mean calculated in the usual
way as

n

E Niti
CG =

n

ENi

with each class interval as a stage of geological time, and frequency
in each interval as the number of taxa living at that time.

Bottom heavy Symmetrical Top heavy

F

Diversity Diversity Diversity

Fig. 1. Idealized clade diversity diagrams for bottom-heavy, symmetrical,
and top-heavy clades.
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Fig. 2. Two modes of calculating CG as a response to the problem of
unequal stage lengths. Top (method two of our text) considers each stage
only once regardless of its length and yields CG = 0.516. Bottom (method
three) interpolates a value for each million-year interval and vields
CG = 0.448. We favor, and have generally used, uniform sampling schemes
like method three.

In an obvious match with our intuitions (Fig. 1), clades with CG
equal to 0.5 have their greatest weight at their midpoints, CG less
than 0.5 defines bottom-heavy clades, and CG greater than 0.5 top-
heavy clades. Mean CG is 0.5 in a random system treating all times
and all lineages alike, and applying to each lineage an equal
probability of branching or becoming extinct in each stage of time
(9). Thus, in documenting an empirical pattern of CG less than 0.5
for real clades, we believe that we have identified a basic, nonran-
dom (and time-ordering) property of life's history.

Asymmetry by Time of Origin
Marine invertebrates. Gould et al. (1-1) calculated CG for 703

clades at the level ofgenera within families for eight major groups of
marine invertebrates. We used only extinct clades in this analysis,
since living clades have not yet run their course and can yield no
prediction about the shape of evolutionary histories.
The stratigraphic distribution ofCG reveals a marked asymmetry,

with clades of CG < 0.5 concentrated early in the -history of
Metazoa, and no systematic departure from symmetrical CG = 0.5
for life's later history.

In Table 1, we divide the clades of each- major group into two
categories: those arising during the Cambrian and Ordovician
periods and those originating later in geological time. The base of
the Cambrian represents a crux in life's recorded history: the
"Cambrian explosion" when nearly all basic designs of invertebrate
life enter the fossil record for the first time. Without exception, for
each of eight groups, mean CG for a large sample of Cambro-
Ordovician clades is less than mean CG for clades of later origin.
Moreover, mean CG for the total sample of 350 later clades is as
close to the symmetrical 0.5 of random models as anyone could
expect (0.4993), whereas 353 Cambro-Ordovician clades show a
significant tendency to bottom heaviness at CG = 0.482.

Therefore, early arising clades of marine invertebrates have a
characteristic bottom-heavy asymmetry (statistically defined in large
samples), whereas clades arising later are temporally symmetrical. If
presented with a complete chart of clades for marine invertebrates,
we could orient the array in time by considering only the distribu-
tion of temporal asymmetry among clades.

Confirmation at another taxonomic level and with other modes of
calculating CG. As a natural experiment, the fossil record has both
strengths and weaknesses compared with usual laboratory stan-
dards-strengths in the amplitude of time provided, weaknesses in
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Quental & Marshall (2013)

W H Y  D O  C L A D E S  R I S E  A N D  FA L L ?

both scenarios, the existence of diversity-dependent
rates implies that each island (in MacArthur and
Wilson’smodel) or clade (in themacroevolutionary
equivalent of their model) has an equilibrium
diversity, the diversity at which the origination
rate equals the extinction rate. Diversity depen-
dence in origination rates, but not in extinction
rates, has also been reported in Cenozoic North
American mammals [(13), but see (14)].

Third, we unexpectedly find that, during the
decline phase, decreases in the per-genus origi-
nation rate are just as important as increases in the
per-genus extinction rate in driving the observed
diversity losses (Fig. 1). In fact, on average the
initial origination rate is of a similar magnitude to
the final extinction rate, and the final origination
rate is as low as the initial extinction rate (Fig. 2).
Most discussions of clade extinction focus only
on the processes and rates of extinction and sel-
dom consider the possibility that diversity can
also be lost because of a failure to replace extinct
taxa. However, Bambach et al. (15) showed that
the loss in generic diversity in the end-Devonian
and end-Triassic mass extinctions was primarily
driven by a lack of origination. Similarly,VanValen
(3) noted that the decline in generic diversity of
perissodactyl mammals was largely due to a drop
in origination rate. The causes of a failure to
originate, the evolutionary sterility that we call
the Entwives effect (16), are not understood and
require more attention.

Last, on average the overall diversity trajec-
tories were more influenced by changes in orig-
ination rate than by changes in extinction rate

(fig. S6). This disparity is due to the fact that
changes in origination rate dominated the diver-
sification phases of the diversity trajectories (Fig. 1),
whereas changes in origination and extinction
rates contributed equally during the decline phases.
Similarly, Gilinsky and Bambach (17) found that
family diversity within marine orders and sub-
orders was largely driven by changes (decreases)
in family origination rates.

The simplest way of modeling these observed
diversity dynamics is with the macroevolution-
ary equivalent of MacArthur andWilson’s model
(12). However, this model leads to logistic diver-
sification with a stable equilibrium diversity and
thus requires modification to accommodate diver-
sity loss. Whereas Whittaker et al. (18) provides
a qualitative modification of the model that in-
corporates the formation and ultimate demise of
oceanic islands with the extinction of their terres-
trial biotas, we quantitatively extendedMacArthur
and Wilson’s framework to incorporate loss to
the Red Queen by adding in a temporal decay
in the intrinsic diversification rate, the diversi-
fication rate at the inception of the clade. We
achieved this by decreasing the intrinsic origina-
tion rate and increasing the intrinsic extinction
rate at constant rates with time (10), which trans-
lates into a constant rate of decay in the expected
equilibrium diversity (Fig. 3 and eq. S13). Thus,
under this model the expected equilibrium diver-
sity steadily decays to zero and then becomes in-
creasingly negative, driving the clade to extinction.

We began with a slow rate of decay in the
intrinsic diversification rate (from 0.03% to 0.3%

Fig. 2. Origination rates decrease and extinction rates increase as the mammalian clades age.
There is a significant and roughly equal change in the average per-genus origination (A) and the
average per-genus extinction (B) rates between the diversity-rise and the diversity-decline phases across
the 19 families analyzed. Each pair of values corresponds to one of the analyzed families. For
origination, N = 19, V = 184, P = 0.000053, Wilcoxon rank paired test; for extinction, N = 19, V = 25,
P = 0.0033, Wilcoxon rank paired test. The crosses in the legend identify extinct clades. LMY, lineage
million years.

Fig. 3. Howa clade loses to theRedQueenviaa
decay in its intrinsic per-genus rate of diver-
sification. (A to C) The change of the intrinsic orig-
ination and extinction rates (shown by the arrows); the
decay of the equilibrium diversity (shown by the mov-
ing position of the dashed orange line); and the
realized per-genus origination (blue points) and per-
genus extinction (red points) rates at different times in
its history. (D) The diversity trajectory generated by
the diversity dynamics shown in (A) to (C). Light blue
points show the diversity for the time points shown in
(A) to (C). The graphs depict solution to eqs. S10, S11,
and S17 (10). The running Red Queen symbolizes the
deterioration of the environment. Myr, million years.
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“ E N T W I V E S ”  E F F E C T

Quental & Marshall (2013); Drawing credits: Luca Bonatti

per million years) but could not generate di-
versity trajectories with temporally symmetrical
waxing and waning phases nor the switch in the
magnitudes of the initial origination and extinc-
tion rates with their final rates (10). Instead, clades
quickly reached equilibrium diversity and then
slowly rode the decaying equilibrium diversity
down to extinction—the decline phase was longer
than the diversification phase, and the final orig-
ination and extinction rates remained at interme-
diate values between the high initial origination
rate and the low initial extinction rate, rather than
switching in value.

The only way to accommodate the observed
diversity dynamics is if the intrinsic diversifica-
tion rate (and thus the equilibrium diversity) de-
teriorated sufficiently fast. For example, whenwe
modeled the decay in the intrinsic diversification
at a rate of ~3% per million years, the clade was
left with a standing diversity that increasingly
lagged behind the equilibrium diversity as the
clade went extinct (Fig. 3C). This resulted in the
switching in the values of the initial and final per-
genus origination and extinction rates and led to a
sufficiently negative diversification rate during the
clade’s decline to produce the temporally symmet-
ric waxing andwaning phases of diversity change.

An unexpected consequence of the rapid de-
cline in the per-genus rate of diversification is
that a clade’s diversity only transiently equals
the equilibrium diversity. In contrast, in typical
diversity-dependent models, species diversity
remains at or close to the equilibrium diversity
after the initial radiation, even when the equilib-
rium diversity decays with time, for example, as
in Whittaker et al.’s modeling of the disappear-
ance of islands through erosion (18, 19). Under
our model, the diversification phase involves a
gain toward an equilibrium diversity, as in stan-
dard logistic growth. However, as diversity in-
creases, the equilibrium diversity is decaying in
response to an already deteriorating environment,
and the clade reaches its peak diversity at an equi-
librium value less than the initial equilibrium di-
versity. Then, as the clade moves into the decline
phase, the decay in its intrinsic rate of diversifi-
cation leads to a sufficiently rapid decrease in its
equilibrium diversity that the clade’s realized di-
versity increasingly lags behind the decaying equi-
librium diversity (Fig. 3). Thus, although diversity
dependence in the per-genus origination and ex-
tinction rates plays a role in determining the dura-
tion of the clade’s history, the diversity dynamics
is dominated by the decay in the intrinsic diver-
sification rates, not by the diversity-dependent
equilibrium processes.

The secondary role that diversity-dependent
rates of origination and extinction play in the di-
versity dynamics of the mammalian clades in
decline offers a resolution to a debate in the
paleontological literature, where diversity depen-
dence has been proposed (13, 20) but where the
evidence of equilibrium is scarce (21–23). In our
model, the mechanism of diversity dependence is
decoupled from the ultimate factors that deter-

mine the clades’ fates: the deterioration of their
environment. Our results suggest that diversity
dependence plays a role in diversity dynamics
similar to the role that friction plays in the dy-
namics of motion—although it must be accounted
for in the dynamics of diversity change, the dom-
inant forces of diversity change lie beyond the
existence of diversity dependence.
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Exceptional Convergence on the
Macroevolutionary Landscape in
Island Lizard Radiations
D. Luke Mahler,1* Travis Ingram,2 Liam J. Revell,3 Jonathan B. Losos2

G. G. Simpson, one of the chief architects of evolutionary biology’s modern synthesis, proposed
that diversification occurs on a macroevolutionary adaptive landscape, but landscape models
are seldom used to study adaptive divergence in large radiations. We show that for Caribbean
Anolis lizards, diversification on similar Simpsonian landscapes leads to striking convergence of
entire faunas on four islands. Parallel radiations unfolding at large temporal scales shed light
on the process of adaptive diversification, indicating that the adaptive landscape may give rise
to predictable evolutionary patterns in nature, that adaptive peaks may be stable over
macroevolutionary time, and that available geographic area influences the ability of lineages
to discover new adaptive peaks.

The concept of a macroevolutionary adapt-
ive landscape—a multivariate phenotype
surface on which species evolve up local

adaptive peaks—has guided thinking about adapt-
ive radiation since G. G. Simpson proposed it in

1944 (1–4). Although influential as a metaphor,
Simpson’s landscape has only rarely been ap-
plied to study large adaptive radiations in nature.
Moreover, when applied the macroevolutionary
landscape generally has been invoked to describe
evolutionary dynamics within a single lineage
in a particular ecological setting. In recent years,
however, a number of studies have suggested that
entire evolutionary radiations can exhibit pheno-
typic convergence when they diversify in similar
environments (5–10). To the extent that such
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AV O I D I N G  E X T I N C T I O N  T H R O U G H  S P E C I AT I O N

Eldredge & Gould (1972); Pearson (1985)

Speciation as the main mechanism of evolutionary change.

N. Eldredge & 

S.J. Gould



A G E - D E P E N D E N T  S P E C I AT I O N  A N D  E X T I N C T I O N

Lineages that do not speciate: 

Become stagnant given the homogenising and stabilising effects of gene flow. 

Become bested by spectating (changing) lineages and an unstable environment, 

becoming maladapted. 

Decrease their speciation and increase their extinction rates. 

Eldredge & Gould (1972); Van Valen (1973); Pearson (1995)



“And life itself confided the secret to me: behold, it said, I am that which must 
always overcome itself.”  

Thus Spoke Zarathustra (1883)

‘ Z A R AT H U S T R A N  H Y P O T H E S I S ’

The maintenance of life does not merely follow from conservation, but rather from 

constant renovation, movement and expansion.



S U M M A R Y

III. Stagnation brought about by a lack of speciation causes most lineages to 

lag behind a continuously reshaping (biotic and abiotic) environment.

II. Suggest a more nuanced, dynamic and unpredictable diversification process 
with species as individuals: species traits and their specific environmental 

context periodically propitiate suitable conditions for speciation pulses.

I. Reject a simple model of diversification explained by clade-level processes, 

such as adaptive radiations or diversity equilibria.

IV. The few successful individual lineages that depart from this general 

tendency disproportionally engender biodiversity, yet sometimes fail to 

compensate a general insidious loss of macroevolutionary fitness, leading 

to the recurrent decline and fall of clades.
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