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OUTLINE

Overview of divergence time estimation

® Relaxed clock models — accounting for variation in
substitution rates among lineages

® Tree models — lineage diversification and sampling
BEAST v2 Tutorial — Divergence-time estimation under

birth-death processes

® Dating Bear Divergence Times with the Fossilized
Birth-Death Process



A TIME-ScaLE For EvoLuTioN

Phylogenies with branch lengths proportional to time provide

more information about evolutionary history than unrooted
trees with branch lengths in units of substitutions/site.
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A TIME-ScaLE For EvoLuTioN

Phylogenetic divergence-time
estimation

What was the spacial and
climatic environment of ancient
angiosperms?

How has mammalian body-size
changed over time?

How has the infection rate of
HCV in Egypt changed over
time?

Is diversification in Caribbean
anoles correlated with ecological
opportunity?

How has the rate of molecular

evolution changed across the
Tree of Life?

Understanding Evolutionary Processes

Historical biogeography

(Antonell & Sanmartin.Syst. Biol. 2011)

Molecular evolution

Trait evolution

(Mahler,Revel, Glor, & Losos. Evolution 2010)

Lartilot & Delsuc, Evolution 2012)

Epidemiology

(tadieretal. PNAS 2013)]




Divergence TIME EsTIMATION

Goal: Estimate the ages of interior nodes to understand the
timing and rates of evolutionary processes

Model how rates are
distributed across the tree

Describe the distribution of
speciation events over time

External calibration
information for estimates of
absolute node times
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THE GLoBaL MoLecuLAr CLock

Assume that the rate of
evolutionary change is A B C
constant over time

(branch lengths equal
percent sequence
divergence)

(Based on slides by leff Thorne; http://statgen.ncsu.edu/thorne/compmolevo.html)



THE GLoBaL MoLecuLAr CLock

A B C

We can date the tree if we
know the rate of change is

1% divergence per 10 My

(Based on slides by leff Thorne; http://statgen.ncsu.edu/thorne/compmolevo.html)



THE GLoBaL MoLecuLAr CLock

If we found a fossil of the A B C
MRCA of B and C, we can
use it to calculate the rate

of change & date the root

of the tree

(Based on slides by leff Thorne; http://statgen.ncsu.edu/thorne/compmolevo.html)



RejecTing THE GLoBaL MoLecuLar CLock

Rates of evolution vary across lineages and over time

Mutation rate:
Variation in

® metabolic rate

® generation time

® DNA repair

Fixation rate:
Variation in

® strength and targets of
selection

® population sizes



UNCONSTRAINED ANALYSIS

Sequence data provide
information about branch

Sequence
Data

lengths

[n units of the expected # of
substitutions per site

branch length = rate x time

Phylogenetic Relationships




RATE anD TIME

The sequence data al
provide information branch length = 0.5
about branch length o 4|
3]
o
S
H c
for any p955|b|e rate, g, e - 08
there's a time that fits rate = 0.625
the branch length |
perfectly
0 ‘ ‘ : e,
0 1 2 3 4 5
Branch Time

Methods for dating species divergences estimate the
substitution rate and time separately

(based on Thorne & Kishino, 2005)



BAYEsIAN DivErgeNce TIME EsTIMATION
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BAYEsIAN DivErgeNce TIME EsTIMATION
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BAYEsIAN DivErgeNce TIME EsTIMATION

Posterior probability

f(R, A 6r, 64,65 D V)

R Vector of rates on branches

A Vector of internal node ages
Or,0.4,0s Model parameters

D Sequence data

v Tree topology



BAYEsIAN DivErgeNce TIME EsTIMATION

f(R’ A, GR, G.AJ 65 | D) =

fDIR A f(R|0r) F(A]84) f(65)
f(D)

f(D|R, A bR 04,6) Likelihood

f(R|6r) Prior on rates
f(A|64) Prior on node ages
f(8s) Prior on substitution parameters

f(D) Marginal probability of the data



BAYEsIAN DivErgeNce TIME EsTIMATION

Estimating divergence times relies on 2 main elements:

® Branch-specific rates: f(R | 0r)

* Node ages & Topology: f(A|84)

Tree

Rate Matrix

Site Rates

Branch Rates

N/

DNA Data




BAYEsIAN DivErgeNce TIME EsTIMATION

Estimating divergence times relies on 2 main elements:

® Branch-specific rates: f(R | 0r)

* Node ages & Topology: f(A|84)

Tree

Rate Matrix

Site Rates

Branch Rates

~ N/

DNA Data




MobpeLing RATE VARIATION

Some models describing lineage-specific substitution rate
variation:

® Global molecular clock (Zuckerkandl & Pauling, 1962)

® Local molecular clocks (Hasegawa, Kishino & Yano 1989;
Kishino & Hasegawa 1990; Yoder & Yang 2000; Yang & Yoder
2003, Drummond and Suchard 2010)

® Punctuated rate change model (Huelsenbeck, Larget and
Swofford 2000)

® Log-normally distributed autocorrelated rates (Thorne,
Kishino & Painter 1998; Kishino, Thorne & Bruno 2001; Thorne &
Kishino 2002)

® Uncorrelated/independent rates models (Drummond et al.
2006; Rannala & Yang 2007; Lepage et al. 2007)

® Mixture models on branch rates (Heath, Holder, Huelsenbeck
2012)

Models of Lineage-specific Rate Variation



GLoBaL MoLecuLAar CLock

The substitution rate is _:

constant over time

All lineages share the same
e —__

branch length = substitution rate
low I high

Models of Lineage-specific Rate Variation (Zuckerkand! & Pauling, 1962)



ReLaxep-CLock MobELs

To accommodate variation in substitution rates
‘relaxed-clock” models estimate lineage-specific substitution
rates

® Local molecular clocks
® Punctuated rate change model
® Log-normally distributed autocorrelated rates

Uncorrelated/independent rates models

Mixture models on branch rates



LocaL MoLecuLar CLocks

Rate shifts occur _:

infrequently over the tree

Closely related lineages
have equivalent rates
(clustered by sub-clades)

branch length = substitution rate
low I high

Models of Lineage-specific Rate Variation (Yang & Yoder 2003, Drummond and Suchard 2010)



LocaL MoLecuLar CLocks

Most methods for
estimating local clocks
required specifying the

number and locations of —:

rate changes a priori

Drummond and Suchard
(2010) introduced a
Bayesian method that

samples over a broad range —E

Of pOSSible random Iocal branch length = substitution rate
low I high
clocks

Models of Lineage-specific Rate Variation (Yang & Yoder 2003, Drummond and Suchard 2010)



AUTOCORRELATED RATES

Substitution rates evolve
gradually over time —
closely related lineages have
similar rates

The rate at a node is

drawn from a lognormal P —
| I

distribution with a mean
equal to the parent rate

(geometrlc brownlan branch length = substitution rate
motion) low I high

Models of Lineage-specific Rate Variation (Thorne, Kishino & Painter 1998; Kishino, Thorne & Bruno 2001)



PuncTtuaTED RATE CHANGE

Rate changes occur along

lineages according to a _:

point process

At rate-change events, the

new rate is a product of —|

the parent’s rate and a

I-distributed multiplier _r

branch length = substitution rate
low I high

Models of Lineage-specific Rate Variation (Huelsenbeck, Larget and Swofford 2000)



INDEPENDENT/UNCORRELATED RATES

Lineage-specific rates are

uncorrelated when the rate

assigned to each branch is —

independently drawn from
an underlying distribution

—

branch length = substitution rate
low I high

Models of Lineage-specific Rate Variation (Drummond et al. 2006; Rannala & Yang 2007; Lepage et al. 2007)



INDEPENDENT/UNCORRELATED RATES

/\."\l
exp dist
Lineage-specific rates are

uncorrelated when the rate

exp dist

assigned to each branch is o

independently drawn from \md}a

an underlying distribution @
_____ jio

to the rest
of the model

Models of Lineage-specific Rate Variation (Drummond et al. 2006; Rannala & Yang 2007; Lepage et al. 2007)



INFINITE MixTURE MoDEL

Dirichlet process prior:
Branches are partitioned

into distinct rate categories I:I_

The number of rate
categories and assignment
of branches to categories

the rmando variables under E ﬂ H
)
the model

substitution rate classes

Models of Lineage-specific Rate Variation (Heath, Holder, Huelsenbeck. 2012 MBE)



MobpeLing RATE VARIATION

These are only a subset of the available models for
branch-rate variation

® Global molecular clock

® Local molecular clocks

® Punctuated rate change model

® Log-normally distributed autocorrelated rates

Uncorrelated/independent rates models

Dirchlet process prior

Models of Lineage-specific Rate Variation



MobpeLing RATE VARIATION

Are our models appropriate across all data sets?

EroTT
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Krause et al., 2008. Mitochondrial genomes reveal an

explosive radiation of extinct and extant bears near the

Miocene-Pliocene boundary. BMC Evol. Biol. 8. Santini et al., 2009. Did genome duplication drive the origin
of teleosts? A comparative study of diversification in
ray-finned fishes. BMC Evol. Biol. 9.



MobpeLing RATE VARIATION

These are only a subset of the available models for
branch-rate variation

® Global molecular clock

® Local molecular clocks

® Punctuated rate change model

® Log-normally distributed autocorrelated rates
® Uncorrelated/independent rates models

* Dirchlet process prior

Considering model selection, uncertainty, & plausibility is
very important for Bayesian divergence time analysis

Models of Lineage-specific Rate Variation



BAYEsIAN DivErgeNce TIME EsTIMATION

Estimating divergence times relies on 2 main elements:

* Branch-specific rates: f(R | g)

* Node ages: f(A|84)

Tree

Rate Matrix

Site Rates

Branch Rates

N /.

DNA Data




Priors oN THE TReEe AND Nobe AGEs

Relaxed clock Bayesian analyses require a prior distribution
on time ftrees

Lall
ﬁmw m
bl

Different node-age priors make different assumptions about
the timing of divergence events

Tree Priors



StocHAsTIC BRANCHING PROCESSES

Node-age priors based on stochastic models of lineage
diversification

Yule process: assumes a speciation rate il S\

constant rate of speciation,
across lineages

A pure birth process—every

node leaves extant T

descendants (no extinction)

time tree

Tree Priors



StocHAsTIC BRANCHING PROCESSES

Node-age priors based on stochastic models of lineage
diversification

Constant-rate birth-death

process: at any point in

time a lineage can speciate

at rate A or go extinct with
.—>T
a rate of u 7] @

time tree

Tree Priors



StocHAsTIC BRANCHING PROCESSES

Node-age priors based on stochastic models of lineage
diversification

Constant-rate birth-death , ‘
process: at any point in LA

time a lineage can speciate OV
at rate A or go extinct with \ /

a rate of u
[[—®

time tree

Tree Priors



StocHAsTIC BRANCHING PROCESSES

Different values of A and u lead
to different trees

Bayesian inference under these
models can be very sensitive to
the values of these parameters

Using hyperpriors on A and u (or
d and r) accounts for uncertainty
in these hyperparameters

Tree Priors

e azall AU



StocHAsTIC BRANCHING PROCESSES

Node-age priors based on stochastic models of lineage
diversification

Birth-death-sampling
process: an extension of

[a],
the constant-rate birth-death

turnover

gl o<inction rate

model that accounts for WA

random sampling of tips v
Conditions on a probability [T} O [r]

of sampling a tip, p time tree

Tree Priors



Priors oNn Nobe TIMES

Sequence data are only informative on relative rates & times

Node-time priors cannot give precise estimates of absolute
node ages

== e S

We need external information (like fossils) to provide
absolute time scale

Node Age Priors



CALIBRATING DivERGENCE TIMES

Fossils (or other data) are necessary to estimate absolute
node ages

There is no information in

A B C
the sequence data for
absolute time

Uncertainty in the
placement of fossils




CALIBRATION DENSITIES

Bayesian inference is well suited to accommodating
uncertainty in the age of the calibration node

Divergence times are
calibrated by placing
parametric densities on
internal nodes offset by age
estimates from the fossil
record




AssiGNnING FossiLs To CLADES

Misplaced fossils can affect node age estimates throughout
the tree — if the fossil is older than its presumed MRCA

Rock Croiern
record clade
Present day
4 Oldest fossil A
£} Oldest fossils AB
STErn
AR
2 Oldest fossils ABC

W Acedndcatles foesll
1-4 Suitable fossiliferous horizons O Otherfeossil
@ EBrarching poinr of clade

Calibrating the Tree (figure from Benton & Donoghue Mol. Biol. Evol. 2007)



FossiL CALIBRATION

Age estimates from fossils L[E

can provide minimum time
constraints for internal
nodes

Reliable maximum bounds
are typically unavailable

A

Minimum age Time (My)

Calibrating Divergence Times



Prior DensiTIEs oN CALIBRATED NODES

Common practice in Bayesian divergence-time estimation:

Parametric distributions are L ——
typically off-set by the age
of the oldest fossil assigned
to a clade

l—' Uniform (min, max)
_J\ Log Normal (4, 62)

These prior densities do not

(necessarily) require N camawn

specification of maximum

bOUndS _/1 Exponential (1)

A

Minimum age Time (My)

Calibrating Divergence Times



Prior DensiTIEs oN CALIBRATED NODES

S S—-
e —
L————=¢
Describe the waiting time _
between the divergence ”
event and the age of the
oldest fossil
< Minimum age Time (My)

Calibrating Divergence Times



Prior DensiTIEs oN CALIBRATED NODES

g S—
e
L———=¢
Overly informative priors >
can bias node age
estimates to be too young

Exponential (L)

Minimum age Time (My)

Calibrating Divergence Times



Prior DensiTIEs oN CALIBRATED NODES

Uncertainty in the age of
the MRCA of the clade
relative to the age of the
fossil may be better
captured by vague prior
densities

Ty A——
—>

‘ Exponential (L)

Minimum age Time (My)

Calibrating Divergence Times



Prior DensiTIEs oN CALIBRATED NODES

Common practice in Bayesian divergence-time estimation:

Estimates of absolute node

ages are driven primarily b :
g . . p . 'y 'y I Uniform (min, max)
the calibration density :
co. . _J\ Log Normal (y, 6%
Specifying appropriate :
densities is a challenge for S
most molecular biologists :
_/] Exponential (1)

Minimum age Time (My)

A

Calibration Density Approach



ImproOVING FossiL CALIBRATION

We would prefer to
eliminate the need for
ad hoc calibration
prior densities

Calibration densities
do not account for
diversification of fossils

Fossil and Extant Bears

— -

(Krause et al. BMC Evol. Biol. 2008; Abella et al. PLoS ONE 2012)

Domestic dog
Spotted seal

Zaragocyon daamsi 3, 4—
Ballusia elmensis 8

Ursavus brevihinus %,

Ursavus primaevus 8,

Giant panda

Ailurarctos lufengensis %
Agriarctos spp. B,
Kretzoiarctos beatrix 8, <—
Indarctos vireti

Indarctos arctoides ,
Indarctos punjabiensis B
Spectacled bear

Giant short-faced bear B, <—
Sloth bear

Brown bear

Polar bear



ImproOVING FossiL CALIBRATION

We want to use all
of the available fossils

Example: Bears

12 fossils are reduced
to 4 calibration ages
with calibration density
methods

Fossil and Extant Bears

— -

(Krause et al. BMC Evol. Biol. 2008; Abella et al. PLoS ONE 2012)

Domestic dog

Spotted seal

Zaragocyon daamsi 3, 4—
Ballusia elmensis 8
Ursavus brevihinus %,
Ursavus primaevus 8,

Giant panda

Ailurarctos lufengensis %
Agriarctos spp. B,
Kretzoiarctos beatrix 8, <—
Indarctos vireti

Indarctos arctoides ,
Indarctos punjabiensis B
Spectacled bear

Giant short-faced bear B, <—
Sloth bear

Brown bear

Polar bear



ImproOVING FossiL CALIBRATION

Domestic dog

Spotted seal
Zaragocyon daamsi %, <—

We want to use all
of the available fossils

Example: Bears Ko o 8, <=
12 fossils are reduced

to 4 calibration ages St 8 4
with calibration density Brounbea
methods o 2

Am. black bear

Asian black bear

Fossil and Extant Bears (Krause et al. BMC Evol. Biol. 2008; Abella et al. PLoS ONE 2012)



ImproOVING FossiL CALIBRATION

Domestic dog

Spotted seal
Zaragocyon daamsi 3,

Ballusia elmensis &,
Ursavus brevininus &,

Because fossils are Ursavus primaevus &,

Giant panda

pa I’t of t h e Ailurarctos lufengensis %
Agriarctos spp. B,
Kretzoiarctos beatrix %,

diversification process, -

Indarctos arctoides %,

we can combine fossil o o

Spectacled bear

calibration with Gt shotface bt &

Sloth bear
. Brown bear
birth-death models
Cave bear B,
Sun bear

Am. black bear

Asian black bear

Fossil and Extant Bears (Krause et al. BMC Evol. Biol. 2008; Abella et al. PLoS ONE 2012)



ImproOVING FossiL CALIBRATION

Domestic dog

Spotted seal

'T' h H | H Zaragocyon daamsi &,
Is relies on a Ballusia elmensis &,

Ursavus brevihinus 8,

branching model that as——

Giant panda

a CC O u n ts fo r Ailurarctos lufengensis %

Agriarctos spp. B,
H H 1 1 Kretzoiarctos beatrix 8,
speciation, extinction, e
Indarctos arctoides 2,
and rates of e
Spectacled bear

fossilization, g 3,

Sloth bear

preservation, and s
recovery ™

Asian black bear

Fossil and Extant Bears (Krause et al. BMC Evol. Biol. 2008; Abella et al. PLoS ONE 2012)



PaLEoNnTOLOGY & NEONTOLOGY

"Except during the interlude of the [Modern] Synthesis,
there has been limited communication historically among the
disciplines of evolutionary biology, particularly between
students of evolutionary history (paleontologists and
systematists) and those of molecular, population, and
organismal biology. There has been increasing realization
that barriers between these subfields must be overcome if a
complete theory of evolution and systematics is to be
forged.”.

Reaka-Kudla & Colwell: in Dudley (ed.), The Unity of Evolutionary Biology: Proceedings of the Fourth

International Congress of Systematic & Evolutionary Biology, Discorides Press, Portland, OR, p. 16. (1994)

Two Separate Fields, Same Goals



PaLEoNnTOLOGY & NEONTOLOGY

Biology and Philosophy 19: 687-720, 2004.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.

The role of fossils in phylogeny reconstruction:
Why is it so difficult to integrate paleobiological and
neontological evolutionary biology?

TODD GRANTHAM
Department of Philosophy, College of Charleston, Charleston, SC 29424, USA
(e-mail: granthamt@ cofc.edu)

Two Separate Fields, Same Goals



ComBINING FossiL & ExTanT DATA

Statistical methods provide a way to integrate
paleontological & neontological data

r

Syst. Bial. 50(6)513-525, 2001

A Likelihood Approach to Estimating Phylogeny from Discrete
Morphological Character Data

PauL O. LEwIs

Department of Ecology and Evolutionary Biology, The Liniversity of Connecticut, Storrs, Connecticut 06269-3043, LISA;
E-mail: paul lewis@uconn. edu

manfl-\rt reathus: Comians Atkalice Nan-Cermerdal Lismee l“ll" femoalivescanmens.org loenses Sy ne S0, which permils
iy provided the criginal wark 5 properdy o

A Total Evidence Approach to Dating with Fossils, Applied to the
Early Radiation of the Hymenoptera

FREDRIK RONGQUIST *, SERATNA KLOPFSTEDN!, LARS VILHELMSENZ, SUSANNE SCHUTMEISTER?, DEBRA L. MURRAY?, AND
ALEXANDR P, Rasnirsyn®

Two Separate Fields, Same Goals



ComBINING FossiL & ExTanT DATA

Combine models for sequence evolution, morphological
change, & fossil recovery to jointly estimate the tree
topology, divergence times, & lineage diversification rates

Time Tree Model

—
[Site Rate Model]—>[DNA Data] [Morphological Daialﬂ—{Site Rate Model]
—

Branch Rate Model Branch Rate Model

[Fossil Occurrence Time Data]




ComBINING FossiL & ExTanT DATA

Until recently, analyses combining fossil & extant taxa used
simple or inappropriate models to describe the tree and fossil
ages

Time Tree Model

—
[Site Rate Model]—>[DNA Data] [Morphological Daialﬂ—{Site Rate Model]
—

Branch Rate Model Branch Rate Model

[Fossil Occurrence Time Data]




MobpELING THE TREE & OccUrRrReENCE TIMES

Stadler (2010) introduced a generating model for a serially
sampled time tree — this is the fossilized birth-death process.

Complete Tree Reconstructed or Sampled Tree

mrea

-
_

ez

IR S SRR

(Stadler. Journal of Theoretical Biology 2010)



ParRaMETERSs oF THE FBD

This graph shows the conditional dependence structure of
the FBD model, which is a generating process for a
sampled, dated time tree and fossil occurrences

speciation rate fossil recovery rate extinction rate

Q sampling probability

time tree

fossil occurrence times



ParRaMETERSs oF THE FBD

We re-parameterize the model so that we are directly
estimating the diversification rate, turnonver and fossil

sampling proportion

diversification rate @,

.'4- ---------------

@ fossil sampling proportion

gl fossil recovery rate

time tree

() emm
4

gl -xinciion rate)

/® sampling probability

@ fossil occurrence times




THE FossiLizep BiRTH-DeEaTH Process (FBD)

Improving statistical inference of absolute node ages

Eliminates the need to specify arbitrary
calibration densities

Useful for ‘total-evidence’ analyses

Better capture our statistical
uncertainty in species divergence dates

All reliable fossils associated with a
clade are used

Time

The fossilized birth—death process for coherent
calibration of divergence-time estimates

Tracy A. Heath™®, John P. Huelsenbeck™", and Tanja Stadler®®’

(Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

Recovered fossil specimens
provide historical
observations of the
diversification process that
generated the tree of
extant species

L . . )
150 100 50 0
Time

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

The probability of the tree
and fossil observations
under a birth-death model
with rate parameters:

A = speciation
u = extinction

w = fossilization/recovery

L . . )
150 100 50 0
Time

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

The occurrence time of the e )
fossil & indicates an
observation of the
birth-death process before
the present

€<X9

250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

The fossil must attach to
the tree at some time and
to some branch: %

Diversification of Fossil & Extant Lineages

* 2
250 200 150 100 50 0
Time (My)

(Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

If it is the descendant of
an unobserved lineage, then
there is a speciation event
at time %

* 2
250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

MCMC is used to propose
new topological placements
for the fossil

Diversification of Fossil & Extant Lineages

*
250 200 150 100 50 0
Time (My)

€<X9

(Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

@

Using rjfMCMC, we can ?

propose % = E, which

means that the fossil is a

"sampled ancestor”
*
2
=
v

250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

Using rjfMCMC, we can —
propose % = E, which
means that the fossil is a
"sampled ancestor”

Yo @

250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

The probability of any
realization of the
diversification process is
conditional on:

A u, and w

<X

*
250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

Using MCMC, we can
sample the age of the
MRCA @ and the
placement and time of the
fossil lineage

Diversification of Fossil & Extant Lineages

2

250 200 150 100 50 0
Time (My)

(Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

Under the FBD, multiple —_— e )
fossils are considered, even .

if they are descended from
the same MRCA node in
the extant tree

<X
<X

*
250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

Given % and &, the new s JLLLLLLLILE )
fossil can attach to the tree :

via speciation along either
branch in the extant tree at
time %

<%
<%

<xa
<xa
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THE FossiLizep BiRTH-DeEaTH Process (FBD)

Or the unobserved branch
leading to the other fossil

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

®
—.: ---------- .
If % = &, then the new :
fossil lies directly on a
branch in the extant tree
L
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THE FossiLizep BiRTH-DeEaTH Process (FBD)

— i -0
Or it is an ancestor of the :
other sampled fossil
% e
* =%
\ 2R 2 /

250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THE FossiLizep BiRTH-DeEaTH Process (FBD)

The probability of this : @
realization of the —Q e L
diversification process is
conditional on:

A u, and w

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



THe FossiLizep BiRTH-DeEaTH Process (FBD)

Using MCMC, we can
sample the age of the
MRCA @ and the
placement and time of all
fossil lineages

250 200 150 100 50 0
Time (My)

Diversification of Fossil & Extant Lineages (Heath, Huelsenbeck, Stadler. PNAS 2014)



SAMPLED ANCESTORS

Sampled lineages with sampled descendants

==

———eo—eo——

Paleobinlngy, 22(2), 1996, pp, 141-151

On the probability of ancestors in the fossil record

Mike Foote

150 100 50 0
Time

There is a non-zero probability of sampling
ancestor-descendant relationships from the fossil record



SAMPLED ANCESTORS

Complete FBD Tree Reconstructed FBD Tree
e L=
Because fossils & living taxa are assumed to come from a

single diversification process, there is a non-zero probability
of sampled ancestors




SAMPLED ANCESTORS

Complete FBD Tree No Sampled Ancestor Tree
T ) =
A==
H 4(__$T:

. >

If all fossils are forced to be on separate lineages, this
induces additional speciation events and will, in turn,
influence rate & node-age estimates.




ComBINING FossiL

Substitution Model

[Sile Rate Model}—»IDNA Datal

Branch Rate Model

I

I

& ExTanT DATA

Substitution Model

—

IMorphologicaI Da1a]<—{sne Rate Model]
~—
|Fossil Occurrence Time Datal

Branch Rate Model

(turtle tree image by M. Landis)



MobEeLiING MorpHoLOGICAL CHARACTER CHANGE

Syl il HIEIS1T3 S25, 2000

A Likelihood Approach to Estimating Phylogeny from Discrete
Morphological Character Data

FPauL O, LEwis

Depariment of Feology and Foslutisrary RBinkogy, The Unisersity of Consectiu, Stores, Connectiou (6260-30M3  1754;
Fomuidl: panl lnis@uconn, sl

. J

(turtle tree image by M. Landis)



MobEeLiING MorpHoLOGICAL CHARACTER CHANGE

The Lewis Mk model

Assumes a character can take
k states Tl O
Transition rates between T2 O
states are equal T3 1
T4 2
1 —k | o | T5 2

: 1l —k ... |
Q=a . T6 1
| | | —k T7 1

(Lewis. Systematic Biology 2001)



MobEeLiING MorpHoLOGICAL CHARACTER CHANGE

The Lewis Mkv model

Accounts for the ascertainment

bias in morphological datasets TTL 0012

by conditioning the likelihood
on the fact that invariant T2 0012
characters are not sampled T3 1012
T4 2012
-k 1 ... 1 T5 2012
Oia| i ok T6 1012
' i T7 1012

I I I —k

(Lewis. Systematic Biology 2001)



“ToTaL-EviDENCE" ANALYSIS

Integrating models of molecular and morphological evolution
with improved tree priors enables joint inference of the tree
topology (extant & extinct) and divergence times

Time Tree Model

—
[Site Rate Model]—>[DNA Data] [Morphological Daialﬂ—{Site Rate Model]
—

Branch Rate Model Branch Rate Model

[Fossil Occurrence Time Data]




Pencuin DiversiTy IN Deep TIME

How does our understanding of penguin evolution improve
when we consider both extant and fossil taxa?

HAPRY PENGUN AWARENESS D - JAMUARY 20TH

d e
oY / . g
N'ﬁ INT



PencuiN DivERsITY

(By Peppermint Narwhal Creative, hitp://www.peppermintnarwhal.com)

Miocene | Pli. |Ple.|




PencuiN DivERSITY

Miocene ‘Pli.%le

Late Cretaceous | Paleocene ‘ Eocene ‘Oligocene

(silhouette images from http://phylopic.org)


http://phylopic.org

FossiL PencuiN DIVERSITY

Sipfieniscus arbinad
Hao'otpo MUSM 401

A

oo
N
:

Miocene ‘ Pli. ‘PIeA‘

(S. urbinai holotype fossil, 5-7 MYA, image by Martin Chavez)



Pencuins IN THE OLIGOCENE

Kairuku

* ~1.5 m tall
® slender, with narrow bill

® scapula & pygostyle are
more similar to
non-penguins

® ~27 Mya

\

Image courtesy of Daniel Ksepka

(Ksepka, Fordyce, Ando, & lones, J. Vert. Paleo. 2012)



PeNcGuINs IN THE PALEOCENE

Waimanu

® oldest known penguin
species

® intermediate wing
morphology

¢ ~58-61.6 Mya

(Slack et al., Mol. Biol. Evol. 2006)



Pencuin DiversiTy IN Deep TIME

Artistic by: icz for Scientific American
Fordyce, R.E. and D.T. Ksepka. The Strangest Bird Scientific American 307, 56 — 61 (2012)

|Pa|eocene| Eocene | Oligocene | Miocene |P|i. ’Ple.|




Pencuin DiversiTy IN Deep TIME

(Gavryushkina, Heath, Ksepka, Welch, Stadler, Drummond. Syst. Biol., in press. http://arxiv.org/abs/1506.04797)


http://arxiv.org/abs/1506.04797

Pencuin DiversiTy IN Deep TIME

(Gavryushkina, Heath, Ksepka, Welch, Stadler, Drummond. Syst. Biol., in press. http://arxiv.org/abs/1506.04797)


http://arxiv.org/abs/1506.04797

MoLEcuLEs + MorpHOLOGY + FossiLs

(based on slides by M. Landis)



...but | study amphibians...

— 7?2727
g2 - = = A
Do
@
20,

2272?

?7?

(sides courtesy of M Landis; hitp //bifly/ 2aHgB )



Molecules + biogeography + paleogeography

I ; :
Geological time

+ Paleogeography Landis, 2016
(sides courtesy of M Landis; hitp //bifly/ 2aHgB )



Events should occur before areas split

> i
i a V Less probable

observation

} — given tree
Geological time

Event | Event
common !  rare
1
, A—>B )
:. e B
i
1 o
A
A = : A0
:
:
1

+ Paleogeography Landis, 2016
(sides courtesy of M Landis; hitp //bifly/ 2aHgB )



Events should occur before areas split

Event : Event
common : rare
A-B | -
. % B
| : W=t
1 o
" A
A 1 :‘4‘{\
: A
1 = po=-
o S
1

i (g V More probable

observation

' | given tree

I ; : 1
Geological time

+ Paleogeography Landis, 2016
(slides courtesy of M Lands; hitp //bitly/ 2aHgB4)



Events should occur after areas merge

Event Event
rare common
g B
a>B Z‘%&
A0

1
1
1
1
1
1
1
1
1
| ' @ B
1
1
1
:
1
I
!

a V Less probable

L I observation

| - . 1 .
Geological time given tree

(slides courtesy of M Lands; hitp //bitly/ 2aHgB4)




Events should occur after areas merge

Event
common

Event
rare

A>B — S B
- e

Lo »

a V More probable

L I observation
| - . 1 .
Geological time given tree

(slides courtesy of M Lands; hitp //bitly/ 2aHgB4)




BiogeoGrAPHIC DATING

A—)B

&

Fossil-free calibration

® data: molecular sequences
¢ data: biogeographic A‘I_
B

ranges

k13

® empirical paleogeographic ~
model that alters the rates v w
of biogeographic change ; g

over time

Geologlul time '

Landis. In Press. "Biogeographic Dating of Speciation Times Using
Paleogeographically Informed Processes”. Systematic Biology, doi:
10.1093/sysbio/syw040.

(image by M. Landis; http://bit.1ly/2alHgB4)


http://sysbio.oxfordjournals.org/content/early/2016/06/21/sysbio.syw040
http://sysbio.oxfordjournals.org/content/early/2016/06/21/sysbio.syw040
http://bit.ly/2alHqB4

BioGeoGrAPHIC DATING
25 areas, 26 time-slices, 540—0Ma

strong=share land, weak=nearby land, none=all pairs

Connectivity model constructed using literature review and
GPlates (http://www.gplates.org/)

(model & animation courtesy of M. Landis;


http://www.gplates.org/
http://bit.ly/2alHqB4

DaTiNG + ANcesTRAL AReAa REcoNsTRucTION

Ancestral area estimates (+G)

Pleurodira Cryptodira

(image by M. Landis; http://bit.1ly/2alHqB4)


http://bit.ly/2alHqB4

SKYLINE BIRTH-DEATH PROCESS

T

ansmissi

A piecewise shifting model
where parameters change
over time

Used to estimate
epidemiological parameters
of an outbreak =

100 75
Days

Birth—death skyline plot reveals temporal changes
of epidemic spread in HIV and hepatitis C virus (HCV)

Tanja Stadler™"?, Denise Kiihnert”~", Sebastian Bonhoeffer®, and Alexei J. Drummond®™*

(see Stadler et al. PNAS 2013 and Stadler et al. PLoS Currents Outbreaks 2014)



SKYLINE BIRTH-DEATH PROCESS

[ is the number of
parameter intervals

R; is the effective
reproductive number
for interval i €l

6 is the rate of
becoming
non-infectious

s is the probability of R; = Ai L S=p+1, s= v
sampling an individual pty w9y
after becoming
non-infectious



SKYLINE BIRTH-DEATH PROCESS

[ is the number of
parameter intervals

A; is the transmission
rate for interval i €/

y is the viral lineage
death rate

y is the rate each
individual is sampled

probabilty of sampling

et of becoing non-neciious

Geath rate

mares (1)

@ patient sample dates

Ai=Ri0, p=9—s0, ¥ =s0



SKYLINE BIRTH-DEATH PROCESS

probability of sampling

sampling rate

rate of becoming non-infectious
effective reproductive number

death rate

R EEEEEEEEEEEEEEsEEEEEEEEEEEEEEEE,

"

patient sample dates

®

o the rest
of the model



SKYLINE BIRTH-DEATH PROCESS

A decline in R over the
history of HIV-1 in the UK
is consistent with the
introduction of effective
drug therapies

After 1998 R decreased 7 ——
below 1, indicating a ﬂ W
declining epidemic ° : : ——

(Stadler et al. PNAS 2013)



Exercise INn BEAST 2

This tutorial uses sequence data and fossil occurrence times
to date species divergences using a relaxed-clock model and
the fossilized birth-death process

- Ballusia elmensis X

- Parictis montanus X

- Ursavus brevihinus X

- Ursavus primaevus X

Zaragocyon daamsi X

Agriarctos spp X

. Ailurarctos lufengensis X

Ailuropoda melanoleuca

== Indarctos arctoides X

Indarctos punjabiensis X

Indarctos vireti X

~ Kretzoiarctos beatrix X

_________ Arctodus simus X

Tremarctos ornatus

Helarctos malayanus

Melursus ursinus

Ursus abstrusus X

Ursus americanus

Ursus thibetanus

Ursus arctos

Brown Bears e — Ursus maritimus
----- Ursus spelaeus X

Origin

sieag
wels

Pandas,

@

Root
(Total Group)

432 3



