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Two popular examples of observable statistics

Topological balance: BETA Relative branch lengths : GAMMA

B<0 >0 y>0 y<0

Picture by Marc Manceau

> MLE of Beta-splitting (aidous 1996) > Yuletree:vy =0
> Yule tree, Kingman coalescent: 3 = 0 > Kingman coal has nodes closer to tips:y > 0
» Real trees are imbalanced : 3 < 0 (Blum &Francois » Real trees have nodes closer to the root :

2006) 7 < O (McPeek 2008)



Phylogenetic tree of Gymnosperms
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Forest et al Sci Reports 2018



Phylogenetic tree of Conifers

(T Vioomic [ commc ]

=
T é‘a “Tropical clade’

[ [ pormian | rimwic | Jorasic | Cretaceous | Patcogene] N | Sciadopityaceae
[ T TR« T & Mol = T —
Millions of Years Ago

Leslie et al Am J Botany 2018



Phylogenetic tree of Birds

Paleognathae

Jetz et al Nature 2012



Phylogenetic tree of Mammals

Bininda-Emonds et al Nature 2007

Ten
LXIV NOTREMATA

FLATE

Monotremata



Outline

> Lineage-based models of diversification, coalescent point process
> Three works inferring diversification from phylogenies
> Three bottom-up models of speciation, progressive emergence of RI

> Applications
P Q1. How does the interbreeding graph look like?

P Q2. (Why) are empirical phylogenies imbalanced?
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2. Lineage-based models of diversification



Birth-death model of diversification
Stanley, Savage, Raup, Simberloff, Gould, Nee, May...

> Species seen as particles that can independently split (speciation) and die (extinction)

> Rates b(t,n,a,i)and d(t,n,a,i) may depend upon:

timet
number n of co-occurring particles
a non-heritable trait a (e.g., age)

a heritable trait / (e.g., body mass)
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» Yule model: b = constant,d = 0.
> No information on the process of speciation, but

> Plainly generates a phylogeny



Reconstructed tree
Nee, May & Harvey (1994), Lambert & Stadler (2013)...

Reconstructed tree

-

> Q:Whatis the law of the reconstructed tree under the model?

» ‘Reconstructed tree’ or ‘reduced tree’ attime T
= Tree spanned by species extantat T

...or possibly by a sample of these extant species



Missing species

0

Sampling O

Each species is removed independently with the same probability.

0




Mass extinction event/bottleneck




Classifying lineage-based models

Lambert “The contour of splitting trees is a Lévy process” Ann Probab (2010)
Lambert & Stadler “Birth-death models and coalescent point processes : The shape and probability of reconstructed phylogenies” TPB (2013)

Proposition (Lambert 2010, Lambert & Stadler 2013)
Under the birth-death model with b = b(t,n,a,i)and d = d(t,n,a,i),

1. Tree shape only. The reconstructed tree always has the same topology in distribution as
the pure-birth Yule tree (b = constant, d = 0), IFFb = b(t,n) and d = d(t,n, a).

2. Tree shape + edge lengths. The likelihood of the reconstructed tree always has an explicit
product form IFFb = b(t) and d = d(t, a).

= The reconstructed tree is a so-called coalescent point process...



The Coalescent Point Process
Rannala (1997), Popovic (2004), Aldous & Popovic (2005)

Assume you are given the law of some random variable H > 0.

Coalescent Point Process (CPP) = Oriented tree whose node depths H;, Ha,
sequence of independent copies of H killed at its first value larger than T.

A

I
Hy H3 _

Hy

> Super fast simulation of reconstructed tree

Hs

He

..., forma

> Likelihood of reconstructed tree in explicit product form = Simple, efficient inference



b = b(t) and d = d(t, a) always produce CPP

Lambert & Stadler “Birth-death models and coalescent point processes : The shape and probability of reconstructed phylogenies” TPB (2013)

Theorem (Lambert & Stadler 2013)

Ifb = b(t) and d = d(t, a), where t is time and a is any non-heritable trait, then the
reconstructed (oriented) tree is a CPP with typical node depth H, where the function

F(t) :=1/P(H > t)

is the unique solution to the following linear integro-differential equation

)
F(t) = b(t) (F(t) - /T | dsF(s)g(t,s)) t>o0,

with initial condition F(0) = 1, where g(t, s) = density at time s of the extinction time of a
species born at time' t.

The result still holds with missing species/mass extinction events.



Special cases
> Ifb = b(t) and d = d(t) (kendall194s, Nee et al 1994)

.
F(t)=1+ [ dsb(s)els du(b=a)w)
T—t

> If bisconstantand d = d(a), then g(t,s) = g(s — t) [if a the age
g(a) =d(a)e” Jo ds )] (Lambert 2010)
F'=b(F-Fxg),

Equivalently, F is the unique non-negative function with Laplace transform

* T
/0 Foevdt= o,

where 1) is the Lévy exponent

W) = A — /Ooobg(t) (1—eM)de x>0

> Mass extinction event with survival probability p at time T — s

B F(t) ifo<t<s
Fp(t) = {(1 —Pp)F(s) + pF(t) ifs<t<T,
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3. Inferring diversification from phylogenies



Appl.1 Diversification of Cetaceans: b = b(t), d = d(t)

Morlon, Parsons & Plotkin "Reconciling molecular phylogenies with the fossil record" PNAS (2011)
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Appl.2 Diversification of Mammals: b = b(t),d = d(t)

Stadler "Mammalian phylogeny reveals recent diversification rate shifts" PNAS (2011)

Diversification rate
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Appl.3 Do species age? b = constant, d = d(a)

Alexander, Lambert & Stadler "Quantifying age-dependent extinction from species phylogenies" Systematic Biology (2015)

Gamma distributed lifetime (k, s > 0), with mean m := ks

gla) = F(k)~'s~kagk—1e/s

> Test on simulations : accurate MLEs of b, k and s

> MLE on bird phylogeny = 9993 extant bird sp

(Jetz et al 2012)
> Exponential model rejected (p = 10~ ")
> Shape parameter k > 1: extinction rate increases with age
> Average lifetime m = 15.26 My

> Speciation rate b = 0.108 My !

22



What’s next?

Open the species box!

> Lineage-based models of macro-evolution
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JEB 2013, Morlon Eco Lett 2014)

A s ey
Estimating diversification rates from
phylogenetic information

Robert E. Ricklefs

Roview | Cell

Phylogenetic estimates of speciation
and extinction rates for testing
ecological and evolutionary
hypotheses

R. Alexander Pyron’ and Frank T. Burbrink””

sournaL of Evolutionary Biology

ok 10.1111/60.12139

REVIEW
and based on

phylogenies

T. STADLER

doi 101 Vel 12250
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What’s next?
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> Lineage-based models of macro-evolution
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42

Trait-dependent diversification : BiSSE, QuaSSE, HiSSE...
(Maddison et al Syst Biol 2007, FitzJohn MEE 2012, Beaulieu & O’Meara Syst Biol 2016...)

> Four survey articles!! (rickiefs TREE 2007, Pyron & Burbrink TREE 2013, Stadler l
JEB 2013, Morlon Eco Lett 2014)

> Species # particles : lineage-based models do not inform
us about the process of speciation
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> Progressive emergence of reproductive isolation (RI) is
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> Species # particles : lineage-based models do not inform
us about the process of speciation

> Progressive emergence of reproductive isolation (RI) is
ubiquitous

> Rl as a by-product of local adaptation : allopatric speciation

P Bateson-Dobzhansky-Muller (BDM) incompatibilities : start
with 2 monomorphic pop aabb, evolving as AAbb and aaBB
resp., with AAbb x aaBB = AaBb unviable

= Needs to open the species box
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Defining species in individual-based models

> Species # elementary particles

> Now elementary particles are (individuals or) populations that can

P Replicate = colonization of a new habitat by founders from a seed pop
P Die = local extinction of a population

P Mutate = major genetic/phenotypic change, new stage in speciation process

> Speciation = consequence of genetic/phenotypic change/differentiation

> Compared to lineage-based models, we seek
(A) Anatural way of partitioning particles into species according to their geno/phenotypes
(B) Aunique way of defining the species phylogeny consistently with the genealogy of particles
(C) Afastalgorithm simulating the partition and the phylogeny

(D) A statistical method for the inference of microscopic parameters of the process
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4. Bottom-up models of speciation
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Model 1. Protracted Speciation

Rosindell et al (2010), Etienne & Rosindell (2012)

> |dea: Speciation takes time

> Species = ensemble of pops, each pop gradually diverges from mother species

> Speciation is complete when a pop has accumulated k mutations

> Newborn particles are in stage ‘incipient’ = € same species as mother population
> Arrive in stage ‘good’ after k mutations = new species (A)

> Each species is represented by one single particle

> Phylogeny = tree (genealogy of particles) spanned by representative particles (B)

26



Model 1. Protracted Speciation - cont’d

Lambert, Morlon & Etienne “The reconstructed tree in the lineage-based model of protracted speciation” J Math Biol (2015)

> Herek =1

» 4 extant populations at time T

> 3extant species
> Species b is represented by Population 4

\ > Representative = leftmost particle in natural
o1l tree orientation

> Species a is represented by Population 2.
Proposition (Lambert, Morlon & Etienne 2015)

Ifthe pop birth rate does not depend on speciation stage, then the tree spanned by
representative populations sampled at T is a coalescent point process with explicit node
depth distribution (C, D).

27



Model 1. Protracted Speciation - cont’d

Etienne, Morlon & Lambert “Estimating the duration of speciation from phylogenies” Evolution (2014)

Number of data sets

> Test on simulations : poor ML inference for each individual parameter

> Efficient inference of duration of speciation = waiting time before first descending
good population

> Bottom right : duration of speciation inferred in 46 bird clades (in My)

10

-2 -1 0 1
10Iog(Duration of speciation)

i

Jetzetal (2012)

28



Model 2. Speciation by Genetic Differentiation

Manceau & Lambert “The species problem from the modeler’s point of view” Bull Math Biol (2019)

>

>

No knowledge of mother species (ancestral state)

Define species by one of the following two rules : 1 2 3 45 6 7 8 9

P Rule 1. Particles separated by < q mutations are in the
same species. )

> Rule 2. Particles separated by > q mutations are in fY
different species.

Partition into species (A) ? Species phylogeny (B) ? ﬁ

A subset of tips is monophyletic = forms a subtree

If species form monophyletic subsets
= ! phylogeny obtained by collapsing each subset
into one tip

Proposition (Manceau & Lambert 2019)

1. 3! species partition that is the finest monophyletic partition satisfying Rule 1.
2. 3l species partition that is the coarsest monophyletic partition satisfying Rule 2.

29



Model 2. Speciation by Genetic Differentiation - cont’d

Manceau, Lambert & Morlon “Phylogenies support out-of-equilibrium models of biodiversity" Ecology Letters (2015)

> Start an ind-based birth-death b, d process, Poisson mutations at rate 6, species and
phylogeny defined from finest monophyletic partition (A, B) such that two clonal tips €
same species (Rule1,g = 1).
> The phylogeny can be generated by a 3-type time-inhom. branching process (C)
> alineageisin state 1if the allele it is carrying is NOT represented at T
> alineage is in state 0 if the allele it is carrying is represented at T

> alineage in state 0 gets frozen into one single phylogenetic lineage when it splits into two
0-lineages

> Likelihood computation by peeling algorithm (D), including the case of missing species

» Tests on simulations : precise ML estimates of f and b — d
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* A split 020+0 freezes the descendance as a single phylogenetic lineage

Mutation: 1> 1o0r1 -0 — type O linea
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Model 3. The Split-and-Drift Evolving Graph

Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)

> SGD:draw an edge between particles separated by
< g differences (genealogy + mutations)

» Here: draw an edge between particles able to
interbreed
> Minimal assumption : interbreeding evolves by
P Plain replication : ‘Split’

> Spontaneous divergence : ‘Drift’

» The interbreeding relationship is not transitive : e.g.,
ring species (see figure)

> Species = connected components of interbreeding
graph (A)

-

Illustration by Randy Schmieder. Reprinted from Life on the Edge : A
Guide To California’s Endangered Natural Resources by Carl G.
Thelander. Copyright 1994 by Ten Speed Press, Berkeley, CA
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Split-and-Drift Evolving Graph

Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)
> npopulations

> Extinction-recolonization as in Moran m%del
a a'

> Atrate 1/2 per oriented pair (a, b) : pop b goes extinct
+ is replaced by a copy of pop a

P The new pop a’ inherits neighbors of mother pop a
+ new edge mother-daughter

> Divergence : each edge disappears at rate r

> Gp,, := stationary state of this graph
> Simple two-parameter model
» n = metapopulation capacity

P r =rate of evolution of reproductive isolation
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Backward-Forward Approach

Vertex splitting Edge removal
X
X
A X
X
] ¥
1 2 3 4 {12} {13} {14} {23}{24}{34}

= Kingman coalescent (rate 1) + pairwise Poisson processes (rate r)
= Super fast simulation of the graph at stationarity (C)
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Degree and cliques : moments
Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)

> Fix k nodesin Gp,r

> By standard argument of competing clocks, the probability that these k nodes form a
cliqueis
o (1)
i) =TT = (1)
2 Q)+ N

> For k = 2 fixed nodes, probability of edge presence is

1
nr)=—
pa(n,r) s

» D(n,r) := Degree of a fixed node

n—1
1+r

n
E(D(n,r)) = ~ asn,r— oo
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Degree and connected components : limiting behavior
Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)

Recall D = degree of a fixed node and #CC = number of connected components.

Theorem (Bienvenu, Débarre & L. 2019)

Assume thatasn — oo, rp — ocoandra/n — 0.
Then
D(n,r, oo
lim P (M >x> :/ 4yeYdy
n— oo n/rn

and

1 Ccc(G
lim P(*SMS2> —1.
n—oo 2 rn

n =1000,r = 54
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Perspectives
Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)

v

Ahighly tractable neutral model for the evolution of Rl
> Convergence in distribution of #CC/rp?
> Distribution of sizes of connected components?

> Convergence in the graphon sense? (dense regime, r constant)

v

Definition/simulation/law of the phylogeny (B,C)?

» Inference (D)?

n = 1000. Left: r = 5, middle: r = 41, right: r = 347.
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Outline

5. Applications
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Aldous’ Markov branching model on binary tree shapes
Aldous (1996, 2001)

> Goal: generate a random, binary tree T, with n exchangeable tips labelled by {1, ..., n}

> Assume given distributions g, on {1,...,n —1},n > 2

> Recursively split each subset of n balls according to g (r.v.s K, below)

e & o0 O L _il.
2=t 1 D ® @ 0| e C
S0 e @ 0@ <
42110 @ ® @@ O
RN BN BN BN I
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Aldous’ Markov branching model on binary tree shapes
Aldous (1996, 2001)

> Goal: generate a random, binary tree T, with n exchangeable tips labelled by {1, ..., n}

> Assume given distributions g, on {1,...,n —1},n > 2

> Recursively split each subset of n balls according to g (r.v.s K, below)

R p R

2O e @ e e 0O

o e @ e e O

MO @ @ e e O

et 0 @ @ 0 @ O

> gn uniform yields the same tree shape as a Yule tree stopped at a fixed time and
Kingman coalescent



Sampling consistency

> Recall T, is arandom, binary tree with n exchangeable tips labelled by {1, ..., n}.

> Call T/ the tree obtained by removing one tip from Tj;1, say the tip labelled n + 1
> The model is said sampling consistent if T, and T}, have the same distribution.

» Example : Kingman coalescent.
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Aldous’ Markov branching model

Construction
> Color dots are uniformly distributed in the interval

> Intervals are iteratively fragmented by r.v. with law

o ol oo | * ¢ T

J |

— 18—
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& £y
—L ®* @ (.
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Aldous’ Markov branching model

Construction

> Color dots are uniformly distributed in the interval

> Intervals are iteratively fragmented by r.v. with law

| | | S ¢ Lj
® 0@ @

] | |
A T . I .“\../_

04— —0 18—

— 9 01 & —
Theorem (Haas, Miermont, Pitman & Winkel 2008, Lambert 2016)

A MB tree model is sampling-consistent IFF it there is a symmetric measure p on [0,1] s.t.

an(i) = an(f)”" { @ /( oy X0 =" ) {0 + nu(m)u-_n_]}
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The S-splitting model

> The 3-splitting model is for 8 € (=2, 00) : pu(dx) = cx” (1 — x)Pdx

» Imbalance decreases with 3

Smin VS Smin + Smax (Aldous 2001) MLE of B (Blum & Francois 2006)

size of smaller

daughter clade =00

8 =0 Markov model .
Lol A Binary trees
PN p—
.
© h
©
30 £
?
[
B
10 Q
Q
-
: g
8 - £ .
Y . | 1 —i
=5 T
2+ - T + * ()é
8= —1.5 PDA model =3
1L norinm o & 5 N
o]
L L 1 1 ! T T T T — T T T
10 30 100 300 0 20 40 60 80 100 120 140

Size of parent clade

Tree size

Aldous (2001) : “Why 3 &~ —17” or “Are there mathematically simple/biologically plausible
stochastic models for phylogenetic trees whose realizations mimic actual trees”
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Why 8 ~ —17

> Birth-death processes where
b = b(t,n)andd = d(t,n,a)
produce same tree shapesas 5 = 0

> Protracted speciation (Model 1)
produces same tree shapesas § = 0

» SGD (Model 2) : Inference from
Cetaceans generates realistic values
of Band ~

» Age-dependent speciation rate
b= b(a) = C0¢_1 Hagen et al (2015)

P Estimates of ¢ for 9243 empirical
species trees from TreeBase

> Estimates of ¢ liein (0, 1) :
speciation rate decreases with age

P Distribution of 3 generated by ¢
estimates fits well

Beta Statistic

Gamma Statistic
]

regh-

1LPL 1

= . ==

B statistic

o
|

g imulations™
Manceau, Lambert & Morlon Eco Lett 2015

200 400 600 |

5

10 20

50

S)
200 500 2000

Number of tips Counts

Hagen, Hartmann, Steel & Stadler Syst Biol 2015
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Degree Distribution : Proof (1)

Fix one node, say n, in G, and follow its lineage backward in time...

» Edge removal:

» Each pair {i, n} has a rate r Poisson process of edge
removal

P At the first atom backward in time, kill the lineage and
color allits descending subtree

P When k + 1lineages, the probability that the next event
is a killing rather than a coalescence is
rk _ 2r
(“;‘) Yk k+142r

> Vertex splitting :

P When k + 1 lineages, the distinguished lineage is involved
in the next coalescence event with probability 2 /(k + 1)

.

Degree of blue node D = 4
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Degree Distribution : Proof (2)

> Let (/x, Jx) denote the numbers of uncolored/colored lineages when there are k
lineages.

> (Ix, ki k > 0)is a Markov chain starting from (1, 0) with transition probabilities, writing

k=i+j
o k+1 i1 it
(i+1,j) w.pr. ———— T i1 4or
k+1+2r k+1 i+j+1+2r
. j r kel
1) w.pr. — =
(i) W o o Tk itj+1+2r

> |, — 1 =degree of distinguished node + elementary calculations. a



Connected components
Bienvenu, Débarre & Lambert “The split-and-drift random graph, a null model for speciation” SPA (2019)

> Assumel < rp < n. |

> Lett, :=time when the coalescent tree has k lineages

» Lower bound : Choose m s.t. the graph at time t, is
empty w.h.p.
mo O - -
Result:m ~ —
2 G
» Upper bound : Choose M s.t. the descending subtrees
of each of the M nodes of time ty are connected w.h.p.
Result: M ~ 2r, log(n) -f00000

Theorem

Assume that asn — oo, ry — oo and ra/n — 0. Then

. s
lim P (EH < #CC(Gnry) < 21 log(n)) = 1.
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