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Testing hypotheses in evolutionary biology &
macroevolution

[ speciation or extinction times
r  rates of morphological or molecular evolution

A rate of speciation

U rate of extinction ‘ W
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Macroevolutionary parameters of interest are
phylogenetic parameters
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A straightforward model of evolution and sampling

A — speciation rate

| U — extinction rate
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Stadler, 2010
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A straightforward model of evolution and sampling
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Building the tree of life

o— o

branch lengths = rate x time

V =11
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Dating the tree of life

branch lengths = time

TGCCTGC ‘
TGCAT h
ATGCAT



Calibrating the molecular clock

branch lengths = time



Calibrating the molecular clock
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Bayesian divergence time estimation

P( data | model ) P( model )

P( model | data ) =
P( data )

Slides adapted from Louis du Plessis Taming the BEAST Workshop 2016



Bayesian divergence time estimation

likelihood priors

\ ¢

P( data | model ) P( model )

P( model | data ) =

ﬁ P( data )
posterior f
marginal
ikelihood of the
data

Slides adapted from Louis du Plessis Taming the BEAST Workshop 2016



Bayesian divergence time estimation
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alignment tree
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Slides adapted from Louis du Plessis Taming the BEAST Workshop 2016



Bayesian divergence time estimation
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Slides adapted from Louis du Plessis Taming the BEAST Workshop 2016



Bayesian divergence time estimation
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Slides adapted from Louis du Plessis Taming the BEAST Workshop 2016
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Bayesian divergence time estimation

® Seguence data do not contain information about absolute time



Bayesian divergence time estimation

® Seguence data do not contain information about absolute time
® [his has several important consequences:

e \\Ve need strong prior information about the divergence
times or the substitution rate

* Model selection cannot be used to select among possible
calibration strategies

e [f there Is uncertainty In the calibrations, even an infinite
amount of sequence data won't completely eliminate
uncertainty in the posteriors



Rate, r (x 107° s/s/My)

Rate and time are only semi-identifiable

a Prior f(t,r) b Likelihood L(D|t,r) c Posterior f(t,r|D)
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dos Reis et al. 2016. Nature Genetics Reviews



he global molecular clock model

¢ The substitution rate is
constant over time

* All lineages share the same
rate

branch length = substitution rate
low NN high



he global molecular clock model

exponential
©
\/

to the phyloCTMC

branch length = substitution rate
low NN high



he independent uncorrelated rates model

* | ineage-specific rates are
uncorrelated

* [he rate assigned to each
branch is drawn
independently from an
underlying distribution

branch length = substitution rate
low NN high

Drummond et al. 2006; Rannala & Yang 2007; Lepage et al. 2007



he independent uncorrelated rates model
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Many molecular clock models @

e Global clock (zuckerkandl & Pauling, 1962)

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

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

* | ocal clocks (Hasegawa, Kishino & Yano 1989: Kishino & Hasegawa 1990; Yoder
& Yang 2000; Yang & Yoder 2003, Drummond and Suchard 2010)

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

e Punctuated rate Change model (Huelsenbeck, Larget and Swoford 2000)



Vagaries of the rock and fossil records
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Vagaries of the rock and fossil records

e The fossil record is extremely incomplete & highly uneven

e Preservation gets (approximately) worse as you go further back in
time

® % of original habitat area that survives today at outcrop:
e Marine shelf habitats 2%
e Terrestrial habitats 0.5% (of which Cretaceous = 20% and
Neogene =30% of the total)

Wall et al. 2011. Geological Society Special Publication



Biologically driven

Diversity inferred
from fossil record

T

Taxonomic
biases

T

Collecting
biases

Diversity preserved
in geological record

Rock record

Tapgonomlc biases (erosion/
|ises metamorphism)

Faunal extinction/
radiation as shelf seas
contract/expand

T

Areal extent of
sediment deposits

Faunal migration
as sea level
rises and falls

Controls on the probability of

preservation
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Tectonic drivers Climatic drivers

Modified from Smith, 2007. J. of the Geological Society



Fossils provide minimum estimates
of species divergence time

Molecular evolution: ‘

Morphological evolution:

Fossil preservation:




Fossils provide minimum estimates
of species divergence time
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Fossils provide minimum estimates
of species divergence time

geheﬂc

Molecular evolution: .
divergence

Morphological evolution: apomorphy
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Fossils provide minimum estimates
of species divergence time

geheﬂc

Molecular evolution: .
divergence

Morphological evolution: apomorphy

Fossil preservation: earliest fossil




Fossils provide minimum estimates
of species divergence time

1. Fossil minimum
2. Acquisition of apomorphy
3. Most probable divergence time
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Donoghue, Purnell.

Duplication

axonomic uncertainty: crown versus stem groups

100

.\\J““_.\_J
c 16£191d00IBS ww i
2 57
Q
@)
%
I6A101dounoy e
I
lIpoyluBdY I\v .r
7)) ,.J.,,L._N_.\/.. 4
o o/
£ J
5 <
o SAUIYOLPUOIYD e
£ 6 W
© W
c N
5] IWIspodeld /Mf,_,.
n“r.ﬁ.Lm
10BJ1S08]SO et
5
_ 4
%
epldsesen e
F/;.mm i
,,,_ﬁ_m
uopojeyL 4 K
epidseuy
lydiowopidseiald
=
)
) BIUOPOUO)) «
epiuozAwoliad
BapPIOUIXA
elepioyoojeydan
gleoIun | I@W .
COO0O0 Q0 QOO
OO O NN O OO AN
Ausianq



axonomic uncertainty: crown versus stem groups

e Crown group: all descendants of the last common ancestor of
the living members of a group

e Stem group: all species more closely related to the living
members of a group than to any other

e [otal group: stem + crown group members

e Early crown and stem group members may be difficult to
distinguish

Present day

Time

Total group




axonomic uncertainty: preservation biases

Chordata

Cephalochordata |
m\\\\, S i

p————t ————

S

Pa—=

Stage-3 decay: stem vertebrate

Stage-4 decay: stem chordate
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Stage-5 decay: stem chordate Stage-5 decay: stem chordate

Stage-4 decay: stem chordate

Samson et al. 2010. Nature



1. Oldest certain fossil in lineage 2. Lithostratigraphy of formation

Stratigraphic age
uncertainty
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Fish fossils
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Soft maximum constraints on divergence times
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Soft maximum constraints on divergence times

e Minimum constraint: 552.85 Ma Kimberella, interpreted as a
protostome

e Maximum constraint: 833 Ma Lagerstatten in the Bitter Springs
and Svanbergfjellet Formations, preserve in 3 dimensions at

the cellular level prokaryotes, sphaeromorph acritarchs,
multicellular algae, but nothing that could be interpreted as a

total group metazoan

l—

a

Calibrations: Benton et al. 2015. Palaeontologica Electronica. Plots: Ho, Phillips. 2009, Sys Bio
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Probabilistic divergence times priors
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A prior for the non-fossil calibrated nodes

Extant species phylogeny

A prior for the uncalibrated nodes



A prior for the non-fossil calibrated nodes: the tree prior

- — ] Yule, 1925




A prior for the non-fossil calibrated nodes: the tree prior

Yule, 1925
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e Different combinations of A and p produce different tree shapes



A prior for the non-fossil calibrated nodes: the tree prior

Yule, 1925
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he fossilized birth-death process
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A — speciation rate
U — extinction rate
P — fossil sampling rate

0 — extant species sampling

Stadler, 2010



Incorporating fossils into the tree prior

A=1,u=0.3, — T | Stadler, 2010
0=05¢p=1 —— S B e |
— %7 —. &
.

e The simpler models can be considered special cases of the FBD
model

e Traditional node dating may depend on a small number of fossils

e Molecular clock analyses will be sensitive to both the calibration
priors & the tree prior



Sampled ancestors

e The probability of sampling an ancestor in the fossil record is not
zero (Foote, 1996. Paleobiology)

e Bayesian inference of sampled ancestor trees now possible in
BEAST2, MrBayes, RevBayes, DPPDiv

e Different combinations of A, y, p, Y affect the probability of having a
sampling an ancestor (Wright, Heath. in prep)



Sampled ancestors

A=0.1,u=0.03,r=0.3 A=0.1,pu=0.08,r=0.8

A=0.1,u=0.05r=0.5 Wright et al. in prep.



The fossilised birth-death process: taxonomic

uncertainty

e MCMC is used to
propose possible
fossil placements

¢ IMCMC is used to
propose sampled
ancestor
placements

Fossil occurrence
® Speciation event



The fossilised birth-death process: taxonomic
uncertainty
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The fossilised birth-death process: taxonomic
uncertainty

.........

R ]t * The probability of
° ) any given realisation
. . of the FBD process
S G 4 + IS conditional on the
""""" model parameters:
) Ao, U
— ¢ — ¢ Fossil occurrence

® Speciation event




Application with or without character data for fossils

¢ [hree alternative scenarios to applying to FBD model in
divergence time estimation

* Molecular data for extant taxa only 4 AC..

ACAG...

e Molecular data for extant taxa + morphological data for both

extant & extincttaxa acac. 0101...
AC.. 1101...
ACAG... 0100...

e Morphological data for both extant and extinct taxa or extinct

taxa only 0101L...
0

0100...



Application with or without character data for fossils

¢ [hree alternative scenarios to applying to FBD model in
divergence time estimation

* Molecular data for extant taxa only 4 AC..

A AG
e Molecular data for extant taxa + morphological data for both
extant & extincttaxa acac.. 0101...
AC.. 1101...
ACAG... 0100...
e Morphological data for both extant and extinct taxa or extinct

taxa only 0101L...
0

0100...
¢ [he model can also be applied to estimate macroevolutionary
parameters when you have no character data



Stratigraphic range data

-~ A — speciation rate
- U — extinction rate
— p — fossil sampling rate
I 0 — extant species sampling
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Stratigraphic range data

A — speciation rate

- U — extinction rate
- - P — fossil sampling rate

0 — extant species sampling
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Putting things In a graphical modelling framework

exponential

extinction rate

exponential

sampling probability

\
to the phyloCTMCs



Putting things In a graphical modelling framework
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Dating the origin of crown penguins

Taal

Late Cretaceous Paleocene Eocene Oligocene Miocene Pli.Ple

Gavryushkina et al. 2016. Sys Bio



Dating the origin of crown penguins

i
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Artistic reconstructions by: Stephanie Abramowicz for Scientific Amerlcan
Fordyce, R.E. and D.T. Ksepka. The Strangest Bird Scientific American 307, 56 — 61 (2012)
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Gavryushkina et al. 2016. Sys Bio
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Dating the origin of crown penguins
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