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Understanding global biodiversity patterns 
using the Tree of Life 



What explains species 
diversity across groups?



What explains species 
diversity across groups?

What explains species 
diversity across regions?



What explains species 
diversity across groups?

What explains species 
diversity across regions?

What explains phenotypic diversity 
across groups and regions?



Species richness results from speciation and extinction 
events, themselves influenced by various ecological and 

evolutionary processes 
Abiotic factors

Biotic factors

competition

predation

mutualism

parasitism



Phenotypic diversity results from character evolution, 
itself influenced by various ecological and evolutionary 

processes 
Abiotic factors

Biotic factors

competition

predation

mutualism

parasitism



Estimating rates of speciation, extinction, 

dispersal and trait evolution 

Understanding how and why they vary 

across time, geographic regions, habitats, 

and taxonomic groups 



Fossil approaches for understanding diversification and 
trait evolution

Ezard et al. Science 2011

species age
diversity

climate
species ecology



Bininda-Edmond et al. Nature 2007

Jetz et al. Nature 2012

4 510 mammal species

10 000 bird species

Phylogenetic approaches for understanding 
diversification and trait evolution



Stochastic models of cladogenesis

Phylogenetic approaches for understanding 
diversification and trait evolution

Fit of models to data allows testing alternative scenarios of diversification and trait 
evolution and estimating relevant parameters 

tim
e

trait value

Stochastic models of trait evolution

We assume the phylogeny is known



Stochastic models of trait evolution

Trait value























Anolis lizards in the Caribbean

What is the role of shared ancestry
versus local adaptation?

Williams 1983 Book chapter

What drives phenotypic diversity?



Question 1: Have there been many 
independent microhabitat transitions in 
frogs? 

?



Phylogeny
•Topology: Pyron and Wiens 2011 Mol. Phylogenet. Evol.

•Branch lengths: BEAST (Drummond and Rambaut 2007 BMC Evol. Biol.)

n = 167 species



We find many transitions:
11 Arboreal > 2 Torrent
8 Semi/Fully Aquatic ~ 5 Terrestrial
9 Burrowing



How repeatable is evolution? Might we see
some convergent evolution but also a 
"footprint" of history?



Collected additional data on functional
morphology from 167 species across 10 sites

How repeatable is evolution? Might we
see some convergent evolution but
also a "footprint" of history?



Species (generally) cluster by 
microhabitat type



Developed novel tests of the effect of past
adaptation to previous environments

How repeatable is evolution? Might we
see some convergent evolution but
also a "footprint" of history?

Collected additional data on functional
morphology from 167 species over 10 sites



Ornstein-Uhlenbeck models of adaptation

θarboreal

θburrowing

θsemiaquatic

θterrestrial



Tests of history versus convergent adaptation
Do different origins of similar microhabitat use lead to
different morphology?

(A) Major clade?



Tests of history versus convergent adaptation
Do different origins of similar microhabitat use lead to
different morphology?

(A) Major clade? (B) All independent origins?



"Complete" convergence model



Brownian motion (random)

Single optimum OU
(all frogs the same)

"Complete" convergence
(5 microhabitats)

By clade arboreal By clade burrowing By clade aquatic

By clade
all three types

All origins
arboreal

All origins
burrowing

All origins
aquatic



Frog communities around the world converge 
towards similar evolutionary optima

… except burrowers for which different clades each have their own
optimum

≠ ≠

What drives phenotypic diversity?

Moen, Morlon & Wiens, in press



Stochastic models of cladogenesis

1. the bases



Stochastic birth-death process

Phylogenetic approaches to diversification

Reconstucted phylogeny

PTB 1994



Stochastic birth-death process

Phylogenetic approaches to diversification

Reconstucted phylogeny

1. compute the likelihood of 
the reconstructed phylogeny

2. apply maximum likelihood or 
bayesian methods to fit the 
model to empirical data  



Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



probability that n species
are sampled today

Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



probability that a lineage survives from t1 to t2
and leaves no descendant in the sample

Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



probability that a lineage survives from t1 to t2
and lives no descendant in the sample

probability of a speciation event at time ti

Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



probability that a lineage alive at time t1
has no descendant in the sample

Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



Calculating the likelihood of a reconstructed phylogeny

birth-death model
stem age t1
speciation rate λ
extinction rate μ

0

t in past

t
t + Δt

λ and μ can vary over time
sampling fraction f+



Calculating the likelihood of a reconstructed phylogeny

birth-death model
stem age t1
speciation rate λ
extinction rate μ

0

t in past

t
t + Δt probability that a lineage survives from t to s and 

lives no descendant in the sample

λ and μ can vary over time
sampling fraction f+



Calculating the likelihood of a reconstructed phylogeny

birth-death model

stem age t1
speciation rate λ
extinction rate μ

Morlon et al. PNAS 2011

λ and μ can vary over time
sampling fraction f+



Support for a 4-shift rate model in the cetacean phylogeny



The resulting diversity curves show 
boom-then-bust diversity dynamics

Morlon et al. PNAS 2011



The resulting diversity curve is consistent 
with the fossil record

fossil record

phylogenetic inference,
obtained by summing
individual diversity curves

Morlon et al. PNAS 2011



Stochastic models of cladogenesis

2. environmental dependence



Species richness results from speciation and extinction events, 
themselves influenced by various biotic and abiotic processes 

Abiotic factors Biotic factors



colder hotter

Global surface temperature distribution

Climate has been proposed as a major driver of diversification

Diversity gradients



Indonesia

Current level

-65 m

-120 m

Sea level may be a major determinant of diversity dynamics 



Condamine, Rolland & Morlon Ecology Letters (2013)

Macroevolutionary perspectives to 
environmental change

How can we test the effect of abiotic factors on diversity 
dynamics using paleoenvironmental and phylogenetic data?



( ) ( ) ( ) ( )( )tEtEtEtt k,...,,,~
21λλ =

( ) ( ) ( )( )tEtEtEtt k,...,,,)(~
21µµ =

Macroevolutionary perspectives to environmental change

the speciation rate λ can vary over time, lineages, and measured environmental variables E(t)
the extinction rate μ can vary over time, lineages, and measured environmental variables E(t) 

the extinction rate can exceed the speciation rate (periods of diversity decline)
only a fraction f of extant species are sampled

tim
e

E1 E2

We derived the likelihood corresponding to 
a birth-death process in which:

Condamine, Rolland & Morlon Ecology Letters (2013)



• Phylogenetic trees spanning most of the tree
of life
– Amphibians
– Angiosperms
– Birds
– Gymnosperms
– Insects
– Mammals
– Reptiles

• Paleoclimatic records from the Cenozoic
(Zachos et al. 2001)

Empirical application… under way

suggests the influence of temperature on 
diversification may explain the diversification 
slowdown observed in molecular phylogenies



Stochastic models of cladogenesis

3. diversity- dependence



Louis DU PLESSIS tomorrow!



Stochastic models of cladogenesis

4. testing hypotheses of equilibrium dynamics



Is present-day species richness constrained by current ecological limits?

Time
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diversity-dependent
dynamics

equilibrium
dynamics



We derived the likelihood of a reconstructed phylogeny 
corresponding to 

equilibrium dynamics
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diversity-dependent
dynamics

equilibrium
dynamics

Morlon et al. PloS B 2010



speciation rate

Likelihood of internode distances for the phylogeny of k randomly sampled species: 

Likelihood derived from the coalescent process from
population genetics

Morlon et al. PloS B 2010

constant diversity expanding diversity



We used this likelihood to test the support for equilibrium 
dynamics across a wide range of phylogenies (289) 

Morlon et al. PloS B 2010

McPeek AmNat 2008 Phillimore & Price PloSB 2008



Most phylogenies are 
consistent with the 

hypothesis that 
diversity is expanding

with time- varying 
diversification rates

Model probability (Akaike weight)

Morlon et al. PloS B 2010



Consistent result for a bacterial clade

Borrelia burgdorferi sensu lato



Stochastic models of cladogenesis

5. protracted speciation (Rampal!)

6. age dependence



Combining models of trait evolution with 

models of cladogenesis : 

character-dependent diversification



λ0

μ0

λ1

μ1

q01

q10

0 1

Binary trait

Quantitative trait



allopatric speciation

Geographic trait



speciation rate
in the tropics

extinction rate
in the tropics

speciation of 
widespread species

by
biome divergence  

speciation rate
in temperate regions

extinction rate
in temperate regions

range expansion
into temperate regions

range expansion
into tropical regions



Rolland, Condamine, Jiguet & Morlon PloS B (2014)



Trait change at cladogenetic event 
(Goldberg & Igic Evolution 2012)

Rolland, Jiguet, Jonsson, Condamine & Morlon PRSB (2014)



Cantalapiedra et al. PRSB 2013

Character + environmental dependence



Developments under way

Testing the effect of biotic interactions on diversification



Stochastic models of cladogenesis:

Do we need a different approach? 





Stochastic models of cladogenesis:

Models incorporating community assembly, 

range dynamics, population dynamics?



environmental gradient

patch 1 patch 2 patch j 

… … …

dynamics of species i in patch j

E1 E2 (=Ei*)
… … …

Ej



Syst. Biol. 2010



Phylogenies arising from the
Neutral Theory of Biodiversity (NTB)

Hubbell 2001







Phylogenies predicted by NTB 
have realistic imbalance…

Jabot & Chave
Eco. Lett. 2008

im
ba

la
nc

e

number of species

… but unrealistic branch-length
patterns

ν = 10-4

ν = 10-3

ν = 10-2

Davies et al.
Evolution 2011



The model of speciation by genetic 
differentiation



We relax a first limitation of NTB: constant total population size 

We assume individuals give birth with rate b and die with rate d

birth-death process resulting genealogy 

b and d can vary over time and we can have b<d



We relax a second limitation of NTB: the point mutation mode of 
speciation

Speciation by genetic differentiation:
A node is a speciation event only if all individuals 

of the two descendant populations are separated by at least one 
mutation

mutation event, ν
0

t



Phylogenies under SGD can be generated by a forward in time 
time-inhomogeneous branching process with three types 

type 0

type 1

frozen



Phylogenies under SGD have realistic branch-lengths and 
imbalance

branch-length imbalance

increasing b-d increasing b-d

increasing ν increasing ν



Likelihoods of trees under SGD can be computed efficiently





Current and future developments

Testing diversity-dependent effects in trait evolution

Quantifying the role of past adaptation on current 
morphological diversity 

= "optimum"
morphology



Fabien Condamine

Jonathan Rolland

Marc Manceau

Dan Moen

Amaury Lambert

Joshua Plotkin

Todd Parsons

Frederic Jiguet

We develop and use phylogenetic approaches to understand 
global biodiversity patterns, across the Tree of Life 
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