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Recap



Bayes' theorem

Pr( data | model ) Pr( model )

Pr( model | data ) =
Pr( data)



Bayes' theorem

The probability of the
data given the model
assumptions and
parameter values

Likelihood

Pr( data | model ) Pr( model )
Pr( model | data ) =
Pr( data)



Bayes' theorem

This represents our
prior knowledge of
the model
parameters

Priors

Pr( data | model )/ Pr( model )

Pr( model | data ) =
Pr( data)



Bayes' theorem

Pr( data | model ) Pr( model )
Pr( model | data ) =

Pr( cata
( ) The probability of the

data, given all possible
parameter values. Can
be thought of as a
normalising constant

Marginal probability




Bayes' theorem

posterior

Reflects our combined
knowledge based on the
likelihood and the priors

Pr( model | data ) =

Pr( data | model ) Pr( model )

Pr( data)



Bayesian tree inference

likelihood priors

posterior
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Image source Tracy Heath

How do we find the ‘best’ tree?

better

worse
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It depends how you measure ‘best’

Method Criterion (tree score)

Maximum parsimony Minimum number of changes

Likelihood score (probability), optimised over branch lengths
and model parameters

Posterior probability, integrating over branch lengths and

Bayesian inference
model parameters

Both maximum likelihood and Bayesian inference are model-based approaches

Note these are not the only approaches to tree-building but they are the most widely used
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Graphical models

Provide tools for visually and
computationally representing
complex, parameter-rich models

Depict the conditional dependence
structure of parameters and other
random variables
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Expone

ntial :

e

Uniform

PhyloCTMC

JC

for (I in 1:n_branches) {
bl[I] ~ dnExponential(10.0)
}

topology ~ dnUniformTopology(taxa)
psi := treeAssembly(topology, bl)

Q_morpho <- fnJC(2)

phyMorpho ~ dnPhyloCTMC( tree=psi,
siteRates=rates_morpho, Q=Q_morpho,
type="Standard", coding="variable" )

phyMorpho.clamp( data )
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Summarising the posterior

Tracer is an
amazing program
for exploring
MCMC output

Setup... - Bins: 50 B

[ NN Tracer
Trace Files: A Marginal Density  |/# Joint-Marginal s Trace
Trace File States Burn-In
primate-mtDNA ... | 10000000 1000000 Summary Statistic clockRate
mean 0.0116
* - stderr of mean 4.5711E-5
B stdev 1.9587E-3
Traces: variance 3.8363E-6
Statistic Mean ESS median 0.0115
posterior -5515.... 2387 R value range [5.8576E-3, 0.022]
likelihood -5441.... 2349 R geometric mean 0.0115
prior -73.169 1379 R 95% HPD interval [7.9933E-3, 0.0156]
treeLikelihood.1stpos -1383.... 3189 R auto-correlation time (ACT) 4902.9582
treeLikelihood.2ndpos -952.37 2885 R effective sample size (ESS) 1835.8
treeLikelihood.3rdpos -2148.... 1687 R number of samples 9001
treeLikelihood.noncod... -957.267 1731 R
TreeHeight 83.827 1409 R "
mutationRate.1stpos 0.45 852 R
mutationRate.2ndpos  0.182 714 R 500
mutationRate.3rdpos 2.949 646 R
mutationRate.noncoding 0.346 1344 R
gammaShape.1lstpos 0.496 889 R
gammaShape.2ndpos  0.575 911 R 400-
gammaShape.3rdpos 3.022 726 R
gammaShape.noncodi... 0.244 1006 R
kappa.lstpos 6.235 719 R
kappa.2ndpos 8.5 1359 R
kappa.3rdpos 28.777 365 R 300-
kappa.noncoding 13.478 875 R o>
CalibratedYuleModel -47.285 1755 R e
birthRateY 2.561E-2 3805 R K
logP(mrca(human-chi... -0.731 9001 R g
mrcatime(human-chi... 5.949 8655 R Y- 200+
clockRate  |1.161E-2 {1836 [R]
1001
0 — ——
0.005 0.015 0.02 0.025
clockRate
Type: (R)eal (Dnt (C)at




Summarising the posterior

® O Tracer
Trace Files: A Marginal Density  |# Joint-Marginal  As Trace
Trace File States Burn-In
tutorial_runl.log 200000 20000 Summary Statistic clockRate
mean 0.0107
bl Fhos stderr of mean 7.7591E-4
~ stdev 2.4897E-3
Traces: variance 6.1985E-6
Statistic Mean ESS median 0.0103
° posterior -9115.... 22 R value range [8.8632E-3, 0.0262]
Tra ceriIs an kelihood i 2k o
prior -177.165 8 R 95% HPD interval [8.8632E-3, 0.0153]
treeLikelihood -8937... 20 R auto-correlation time (ACT) 17677.7058
® TreeHeight 9.704 R effective sample size (ESS) 10.2
a I I l a Z I n ro ra I I l clockRate ] 1.067E-2 _ﬂ number of samples 181
freqParameter.1 0.263 R
freqParameter.2 0.249 35 R -
° freqParameter.3 0.239 19 R
fO r eX I O rI n freqParameter.4 0.25 24 R 50
rateAC 1 19 R
rateAG 0.91 23 R
rateAT 0.964 21 R
MCMC output A
rateGT 0.916 24 R
popSize 34.573 16 R B
CoalescentConstant -158.016 9 R
30-
>
g
5
g
Y- 20
107
0 H g , : , ” :
0.005 0.015 0.02 0.025 0.03
clockRate

Type: (Real (Hnt (C)at

Setup... - Bins: 50 B




Introduction to molecular dating
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https://royalsocietypublishing.org/doi/full/10.1098/rspb.2013.1733

Molecular (or morphological) characters are
not independently informative about time

ATGCATGC 1

TTGCCTGC Slow rate, long
TCCATCC - interval or fast rate,
h short interval?
root ATGCATCG

ATGCATGG 9\>
TTGCCTGG w
TAGCGTGC

TAGCGAGC

Goal: to disentangle
evolutionary rate and
time

branch lengths = genetic distance
v=rt



Molecular (or morphological) characters are
not independently informative about time

ATGCATGC 1

TTGCCTGC ‘

TTGCATCG

ATGCATCG h

ATGCATGG &.

TTGCCTGG w

TAGCGTGC Goal: to disentangle

TAGCGAGC evolutionary rate and
time

branch lengths = time



The molecular clock hypothesis
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Molecules as documents of evolutionary history Zuckerkand! & Pauling (1965)

A history of the molecular clock Morgan (1998) 21


https://pubmed.ncbi.nlm.nih.gov/5876245/
https://www.jstor.org/stable/4331476

Calibrating the substitution rate

branch lengths = time

ATGCATGC 1

TTGCCTGC
TTGCATCG
ATGCATCG
ATGCATGG
TTGCCTGG

TAGCGTGC
TAGCGAGC

-
»
S,
!

Temporal evidence of
divergence for one
species pair let's us
calibrate the average
rate of molecular
evolution
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Calibrating the substitution rate

50

15
SO

branch lengths = time

ATGCATGC 1

TTGCCTGC
TTGCATCG
ATGCATCG
ATGCATGG
TTGCCTGG

TAGCGTGC
TAGCGAGC

-
»
Ee S
!

We can use this rate to
extrapolate the
divergence times for
other species pairs
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Molecular dating: challenges

Rate and time are not fully identifiable!

ATGCATGC 1

TTGCCTGC
TTGCATCG
root ATGCATCG
ATGCATGG

B
»
S
TTGCCTGG T
|

TAGCGTGC
TAGCGAGC

branch lengths = genetic distance
v=rt
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Molecular dating: challenges

Many variables contribute to variation in the substitution rate

Environment

[ UV J | Latitude | | Temperature |
Mutation Substitution
| Mitochondrial Mitochondrial
) l ! Species
\ P | . Chloroplast Richness
(v )
\ —

Bromham et al. (2015)
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https://lindellb.files.wordpress.com/2015/03/bromham-plantrates-amnat15.pdf

Molecular dating: challenges

Many variables contribute to variation in the substitution rate

The molecular clock is not constant

Rates vary across:

* taxa
* time
* genes

» sites within the same gene
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Molecular dating

Calibrations are imprecise

- challenges

Molecular evolution:

Morphological evolution:

Fossil preservation:

27



Molecular dating: challenges

Calibrations are imprecise

S

genéﬂc
divergence

Molecular evolution:

Morphological evolution:

Fossil preservation:




Molecular dating: challenges

Calibrations are imprecise

genéﬁc
divergence

Molecular evolution:

Morphological evolution: apomorphy

Fossil preservation:




Molecular dating: challenges

Calibrations are imprecise

Molecular evolution:

genéﬁc
divergence

~

J

Morphological evolution:

apomorphy

Fossil preservation:

earliest fossil
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Molecular dating: challenges

Calibrations are imprecise

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

31



Molecular dating: challenges

Summary

1. Rate and time are not fully identifiable
2. The substitution rate varies

3. Calibrations are imprecise

— we need a flexible statistical framework that deals well with uncertainty!

32



Bayesian divergence time estimation



Components used to infer trees

without considering time

0101... E
1101... *
0100... L

data tree substitution

sequences or bt0p0|r<]>S|Jy ang nodel
characters ranch lengtns




Bayesian tree inference

likelihood priors

posterior

P (5 %

P25 %) P(&
P (3’18%}::.:)

0100.

=1l

O101...
1101...
0100...

marginal probability




We use a Bayesian framework

ikelihood PHOTS

P( data | model ) P( model )

P( model | data ) =
P( data )

posterior marginal

probability of the
data



Bayesian divergence time estimation

The data

AND/OR

Ol0l... ATTG...
1101... T'T'GC...
0100... ATTC...

phy|ogene’rics sqmp|e

characters ages

Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. 2020. Elements of Paleontology 37


https://ecoevorxiv.org/4vazh/

Bayesian divergence time estimation

The data 3 model components
AND/OR i\
0101... ATTG... @ @ E._‘ .
1101... TTGC...
0100... ATTC... L —_ P
ohylogenetics  sample substitution  clock tfree and
characters ages model model tree model

Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. 2020. Elements of Paleontology 38


https://ecoevorxiv.org/4vazh/

substitution model clock model tree model

©

How likely are we to observe a change
between character states?e.g, A= T

59



substitution model clock model tree model

Vs D
)

How have rates of evolution varied (or not)
across the tree?

40



substitution model clock model tree model

©

How have species originated, gone extinct and
been sampled through time?

Note: the tree model is often referred to as the tree prior even though the fossil sampling times
are also data. See May & Rothfels 2023

41


https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syad010/7075727

Bayesian divergence time estimation
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Calculating the likelihood

Time (year) X Clock rate (subs/site/year) = Genetic distance (subs/site)
Prior Prior Likelihood
Based on the Once we have the rate

calibration times we we can transform

can estimate the rate | evolutionary rates in
over time genetic distance

Slide adapted from Sebastian Duchene 43



Node dating

We can use a calibration density to
constrain internal node ages

Uniform (min, max)

_
= ‘fl,‘f“ “\ 7P ,‘

- or aor o crPEaseemm———)—D aG» D - -‘hy;‘ny;w’gdv\ ‘;‘ ‘%‘Q;’VA"
B Y AR e

EE ey ad)

We typically use a birth-death
process model to describe the tree
Lognormal (u, o generating process

Gamma (q, B)

Normal (y, o)

)

\

Exponential (A)

® o .
Speciation Oldest fossil ~ UMe
time sampling time Adapted from Heath 2012. Sys Bio
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The clock model describes how
evolutionary rates vary (or not)
across the tree

clock model

45



The strict / constant molecular clock mode|

Assumptions

* The substitution rate is constant
over time

» All lineages share the same rate

branch length = substitution rate

ow I high
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Relaxed clock models

Assumptions

» Lineage-specific rates

» The rate assigned to each
branch is drawn from some
underlying distribution

branch length = substitution rate

ow I high

47



Graphical models: strict clock model

a) Constant node

exponential
b) Stochastic node

c) Deterministic node @ clock rate

O d) Clamped node

(observed)

BEORE

. e) Plate
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Graphical models: relaxed clock model

a) Constant node

b) Stochastic node exponential

exponential

2O U

kd
:
o

S
=z

c) Deterministic node

O d) Clamped node

(observed)

. e) Plate
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There are many different clock models

» Strict clock

» Uncorrelated or independent clock (= the favourite)
» Autocorrelated clock

* Local clocks

* Mixture models

The changing face of the molecular evolutionary clock. Ho. 2014
See also: Warnock, Wright. 2020. Elements of Paleontology 5o


https://www.cell.com/trends/ecology-evolution/abstract/S0169-5347(14)00155-4?_returnURL=https://linkinghub.elsevier.com/retrieve/pii/S0169534714001554?showall=true
https://ecoevorxiv.org/4vazh/

Times and rates are not fully identifiable!

Time (year) X Clock rate (subs/site/year) = Genetic distance (subs/site)

Prior Prior Likelihood

Slide adapted from Sebastian Duchene N



The priors will always influence the results

a Prior f(t,r) b Likelihood L(D]t,r) c Posterior f(t,r|D)

6_ —

Rate, r (x 107 s/s/My)

0 | | | | | | | | | | | | | |
40 50 0 10 20 30 40 50 0 10 20 30 40 50

1 _ u _
| | |
10 20 30

Time, t (Ma) Time, t (Ma) Time, t (Ma)

dos Reis et al. 2015. Nature Reviews Genetics
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https://www.nature.com/articles/nrg.2015.8

Exercise


https://phylogenetics-fau.netlify.app/exercise-05

Next objectives
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- Total-evidence dating
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Bayesian divergence time estimation

Recap



We use a Bayesian framework

ikelihood PHOTS

P( data | model ) P( model )

P( model | data ) =
P( data )

posterior marginal

probability of the
data



Bayesian divergence time estimation

The data | 3 model components

and / or A
0101... ATTG... @ @ E._‘ .
1101... TTGC...
0100... ATTC... 0 { .

phylogenetics sample
characters ages

substitution clock tree and tree
model model model

Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. (2020) 57



probability of the
time tree

- (&%)




Recap: Node dating

We can use a calibration density to
constrain internal node ages

Uniform (min, max)

_
= ‘fl,‘f“ “\ 7P ,‘

- or aor o crPEaseemm———)—D aG» D - -‘hy;‘ny;w’gdv\ ‘;‘ ‘%‘Q;’VA"
B Y AR e

EE ey ad)

We typically use a birth-death
process model to describe the tree
Lognormal (u, o generating process

Gamma (q, B)

Normal (y, o)

)

\

Exponential (A)

® o .
Speciation Oldest fossil ~ UMe
" mmenae Adapted from Heath (2012). Sys Bio
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Node dating: potential issues

There are many!

A lot of information is excluded, since typically we assign one fossil
per calibration node

—‘_—‘ fossils used

for node
calibration
- — all others
sampled are not

fossils — directly

included in
the inference

60



Example: living penguins

eeeeee

Miocene

Nearest living
relative is the
group
containing
falcons -
separated by
~60 Ma



Example: living penguins

w

But penguins
" have a rich
fossil record!

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

Paleocene Eocene Oligocene Miocene Pli. |Ple.




Node dating: potential issues

The model doesn't describe the process that generated the fossil sampling
times, meaning the model is statistically incoherent

The calibration priors are difficult to specity objectively and can have a
massive impact on the divergence times. They can also interact with each
other and / or the birth-death process prior in unintuitive ways

Some references on issues with specified vs effective priors
Yang and Rannala. 2006. MBE

Heled and Drummond. 2012. Sys Bio

Warnock et al. 2012, 2075
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http://abacus.gene.ucl.ac.uk/ziheng/pdf/2006YangRannalaMBEv23p212.pdf
https://pubmed.ncbi.nlm.nih.gov/21856631/
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.1013
https://royalsocietypublishing.org/doi/10.1098/rspb.2014.1013

Total-evidence dating



Tip-dating or “total-evidence" dating

1010 - BTGG
pTGO
pTeC

1010

We have DNA for living
species. We have
morphology for living and
fossil species

Fossils can be positioned
on the basis of
morphology

— accounts for

uncertainty in fossil
placement

65



The uniform tree prior

o7 Orthoptera
Paraneoptera
| 100 Mecoptera
100 Lepidoptera
| 96 Coleoptera Adephaga
—__ ColeoPolyphaga
100 Raphidioptera
Neuroptera
s | | Abrotoxyela
Liadoxyela
Eoxyela .
84 Anagaridyela
remmm=|_1 Chaetoxyela
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100 H%e}oxyela |
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===| | Xyelula .
L] Sogutia
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100 s [ Ghiilarella
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71 B Praeoryssus Xiphydria
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-

Dated tree of Hymenoptera

The uniform tree prior
assumes all trees and
branch lengths are
equally likely within the
bounds of the fossil ages
+ a max upper bound

It does not explicitly

account for the fossil
sampling process

Ronquist et al. 2012 Sys Bio 66


https://academic.oup.com/sysbio/article/61/6/973/1665823

ty

A uniform tree prior implies
time till the next split is
independent of how many
lineages there are present

This is in contrast to birth-death
processes, where more
lineages mean a higher chance
of observing a split in one of
these lineages

Uniform tree priors - why not use them??
Remco Bouckaert

67/


https://www.beast2.org/2021/05/31/uniform-tree-prior.html

What does a generating prior for the
fossil record look like?



The fossilised birth-death process






species origination @

2 2
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fossil
sampling events
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Some lineages only sampled once

2

2 2
)=

Sampled ancestors

Some lineages go completely unsampled

—+
|
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tree
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The fossilised birth-death (FBD)
process allows us to calculate
the probability of observing the
reconstructed tree

2 S
)=

B
m Sampling-through-time in birth-death trees. Stadler. (2010)

First implemented: Heath et al. (2014) and Gavryushkina et al. (2014)
75



Sampled ancestors

The proportion increases with higher turnover (birth - death) or higher sampling

turnover = 0.1 turnover = 0.3

I
0.01

T T 1T 1T 1T T T
0.05 0.09 0.13 0.17 0.21

fossil sampling rate

I
0.01

Walker, Heath. 2020. Phylogenetics in the Genomic Eraze
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https://hal.archives-ouvertes.fr/hal-02536361/

Sampled ancestors

Ilgnoring sampled ancestors can lead to inaccurate parameter estimates

Estimated median and 95% HPD interval

o
hnad

True value

o
hnd

.
- LY
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B l o e |
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(1P . 1 ..o . \:
. . ®e ..

B o a 2o %L el Sa% e
?o Qz (b ___._; g.-o’—.——“i"‘""._—"
| | | | | |
1.0 1.2 1.4 1.6 1.8 2.0
True value

Gavryushkina et al. 2014 PLoS Comp Bio
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https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003919

Time calibrated tree of living and fossil bears

0 fossilUrsus|
(2]
Paleocene Eocen Oligocene Miocene g
I I [ | I [ |
I | | |
60 40 20 0
Time (My)

Gray wolf h

Spotted seal -
il pinnipeds

Giant panda B
inae

Spectacled bear ”

Sloth bear .

A

Brown bear

Polar bear ,

Sun bear n
Am. black bear ﬂ

SepIsin

First application of the
FBD model.

Fossils are incorporated
via constraints, not
character data. Their
precise placement can
not be inferred, but this
uncertainty will be
reflected in the posterior

Heath et al. 2074. PNAS
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Exercise


https://phylogenetics-fau.netlify.app/exercise-07a

Fossils can be incorporated via taxonomy or character data (total-evidence)

Bivalvia
Palaeotaxodonta R
Nuculoida S’D >
Nucul\llanaclzea,d > D P - O
uculanidae Q IO ST WO
Yolida » ST &S 3
ottt SESCIETET SH
soarcidae OAY S S
l<0arca VONOLGITQITLU<HUWO
Cryptodonta
Solemyoida ,
Sélemyacea. ... Subfamily
Solemyidae _
Solemya ... FaMily
o Acharax
Praecardioida ....Order
Praecardiacea, pr—s—
Praecardiidae f
Praecardiinae
Buchiola
Adulomya
Eopteria
Necklania
Cardiohi
ardiolinae
Cardiola ‘\ca\
Euthydesma o\og

Opisthocoslus (\\O

...Subclass
...Class

Image source Soul & Friedman (2015)



Fossils can be incorporated via taxonomy or character data (total-evidence)

Bivalvia
Palaeotaxodonta R
Nuculoida INE
Nucul\llanaclzea,d o x @é?m L B O
uculanidae v PP ST WU
Yolida eSCEESE TR S
., Zealeda N R N SRS S Y g oy
soarcidae ONGEITSITEIFTS @ S
soarca
Cryptodonta
Solemyoida cubfamil
Solemyacea. ... SUDTAMIly
Solemyidae ,
Solemya ... FaMily
o Acharax
Praecardioida ....Order

Praecardiacea, pr—s—
Praecardiidae f
Praecardiinae
Buchiola
Adulomya
Eopteria
Necklania
Cardiohi
ardiolinae
Cardiola ‘\ca\
Euthydesma o\og

Opisthocoslus (\\O

...Subclass
...Class

Image source Soul & Friedman (2015)
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Time calibrated tree of living and fossil penguins

Waimanu manneringi

0.33 Delphinornis wimani o .
® Delphinornis arctowskii

0.49 0.39 Waimanu tuatahi

Frequency
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D
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———e—— Mesetaornis polaris
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0.15 —10.15

0.26 Platydyptes marplesi
® 0.71

—O—I_ Duntroonornis parvus
0.14
0. Paraptenodytes antarcticus

Archaeospheniscus lopdelli 0.08 Palaeospheniscus patagonicus
7 ——— i

. Palaeeudyptes antarcticls  «--=-=-=====sesememrerm e

Eretiscus tonnii

®  KAiTUKU WAILAKI <=« -vvmemmeeeemecee e eece e eeee e e eeee e mameaaaen

—— Marplesornis novaezealandiae

Pygoscelis adeliae

Eudyptes schlegeli -------------=zzneeeeeeee-

0.26 Platydyptes npvaezealandjae 1 Pygoscelis papua
Palaeogpheniscus biloculata _|: p lis antarcti
0.05 0.82 ygoscelis antarctica
0.13 0.8 Pygoscelis grandis
- - - Palaepsphenisdus bergi 0.31 )
MRCA Age Estimates by Previous Studies m Aptenodytes patagonicus
Baker et al. (2006) Subramanian et al. (2013) —— Aptenodytes forsteri
—_— | . Eudvotula mi
udyptula minor----
1600 - - 0.77 0.16 Spheniscus urbinai P [
el FBD Model: Posterior Density of MRCA Age 0.5 Spheniscus megaramphus _
1200 Gavryushkina et al. (2016) Spheniscus mendiculus
I | 1 ) .
1000 | .Spheniscus muizoni |-1E SphenlSCUS humboldti
800 | ___10.28 0.39 I'O_ Spheniscus magellanicus
=== Crown+Stem Fossils . .
600 | | e Only Grown Fossils —— Spheniscus demersus
400 + Megadyptes antipodes
200 | ° 0.95 Eudyptes sclateri
05 yr 20 35 30 25 20 15 0 0.15 Madrynornis mirapdus |1 r1
MRCA Age of Extant Penguins (Ma) L Eudyptes chrysolophus
0.46 Eudyptes robustus -----
1
Eudyptes pachyrhynchus
0.32 A Eudyptes moseleyi -------=----
Eudyptes filholi
1
Eudyptes chrysocome
Paleocene Eocene Oligocene Miocene Plio. |Plei.
Neogene Qu.
60 50 40 30 20 10 0

Age (Ma)

First application of total
evidence dating using
the FBD model

Fossils are incorporated
using character data

Gavryushkina et al. (2016)

82



1.0 -

quartets

accuracy precision
MP BI clock MP BI clock
“L 1°O- Il T
o | )/r}
il ./ / 0.9 -
7 ﬂ
0.8 - | I
0 10 25 50100 O 10 25 50 100 O 10 25 50 100 0 10 25 50100 O 10 25 50 100 O 10 25 50 100
proportion of fossil terminals proportion of fossil terminals
level of missing data nonc @ low @ high

Fossils improve phylogenetic analyses of morphological characters
Koch, Garwood, Parry. 2020. Proc B
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Some notes

* The topology of extant taxa is largely unaffected by how fossils
are incorporated

* Fossils and age information help inform topology

* Divergence times are much more sensitive to errors in fossil
placement and model misspecification

* Total-evidence dating is more robust to model misspecification

Barido-Sottani et al. (2023) Putting the F in FBD analyses: tree constraints or morphological data? Palaeontology
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Graphical model representation of the FBDP

exponential

extlnctlon rate

exponential exponential

ossilization rate

sampling probability
\
to the phyloCTMCs

uniform
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Bringing everything together

Substitution Model

Site Rate Model Molecular Data Morphological Data
Branch Rate Model
Fossil Occurrence Time Data

/

Substitution Model

Site Rate Model

Branch Rate Model

i
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comp\efe vs. reconstructed trees

Relationship to (some) other birth-degth procegg:models

* A
These models are special cases of the FBD process, with fossil sampling (p) = zero. ‘I-_Q‘ ‘l__lg‘
B B
* *
— —o
_rE s A=0l
—3 ¢ p =005
— ma— —
o
— o
T —
—— * \ O Yang and
—r s — 0.0S Rannala
— - = 1997
o . ~ 06 Stadler
I ©PEEY 9009
_ — _
_r p—
Stadler et al. 2012 —$ :: p =005 Stadler
See also: Stadler and Yang 2013 — —LI__‘ —m T‘ 0=06 2010
== ‘ e =005
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Sample age uncertainty

age uncertainty

4
y’
2 //

Ignoring Fossil Age Uncertainty Leads to Inaccurate Topology in Time Calibrated Tree Inference
Barido-Sottani et al. 2018 2020
Putting the F in FBD analyses: tree constraints or morphological data? Barido-Sottani et al. 2023



Stratigraphic ranges

W

The inseparability of sampling and time and its influence on attempts to unify the molecular & fossil records
Hopkins et al. 2018. Paleobiology



The fossilised birth-death range process

S

S
S

S

Q=

The fossilised birth-death model for the analysis of stratigraphic range data under different speciation modes
Stadler et al. 2018. JTB
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S

FBD process for analysis of
specimen level data

P (| @)

S

The FBD range process for analysis of
stratigraphic ranges

Pr(£:|©%)




Number of extant taxa

Number of Studies

When can you use the FBD process?

300 500

0 100

O 20 40 60 80 100

0

Pla

I
50 100 150 200 250 300

nts

Number of extinct taxa

Invertebrates

Vertebrates

Number of Samples

Number of Studies

0O 200 400 600 800

O 10 20 30 40 50 60 70

b.

o

0O 100 200 300 400 500 600

Number of Morphological Charactres

Total Evidence

Fully extant

Fully extinct

Used >170 times to data (mainly in
macroevolution)

Can be applied to a wide range of
scenarios

Upper limit is about 500 samples/tips
Not practical with large alignments

Computational cost comes from
sampling tree space

Mulvey et al. in review



Exercise


https://phylogenetics-fau.netlify.app/exercise-07b

Phylodynamics

Diversification rate estimation



Bayesian divergence time estimation

P (&
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time tree
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Tree shape is informative about underlying dynamics

=
DENV-1

| EE DENV-3
+
‘E DENV-2 "l_
L.
’_é DENV-4
L3 -

Time

T'his paper coined the term phylodynamics
Grenfell et al. 2004. Science
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The skyline birth-death process

First used for tracking the spread of infectious diseases

Time In past

Stadler et al. 2012. PNAS
Gavryushkina et al. 2014. PLoS Comp Bio 97


https://www.pnas.org/doi/10.1073/pnas.1207965110

Macroevolutionary case study

Phylogenies have been

- 5 _—
T_ _—— °
e “yie— used to argue dinosaurs
*_ 2 -
!’ ° ° °
2 7 o
@ &
c c
o o
© ©
o S JlExewx E==ITIITTTTIIII-.- NS I B
£ @
g .g g
& :[ A
-1
0 - e = = IIII —_— YT L
B e e B = S g i I
-2
-1 - d = -
Ll Ll Ll LI Ll Ll Ll Ll _3 - Ll Ll Ll LI Ll Ll Ll Ll Phylogeny
Early-Mid Late Early Middle Late Berriasian—- Aptian— Coniacian- Early-Mid Late Early Middle Late Berriasian— Aptian— Coniacian— - Lloyd1
Triassic ~ Triassic ~ Jurassic  Jurassic  Jurassic Barremian Turonian Maastrichtian Triassic ~ Triassic ~ Jurassic  Jurassic  Jurassic Barremian Turonian Maastrichtian . Benson1

-~ Benson?2
31 - Lloyd2

| ~— Ml | ~— that we can not
currently answer that

guestion using

| - phylogenies

s
I
-
|_.._|

O-LLI_I;:_II,_: S e o o Mt o i e e olxz=x Tz 11X +

Diversification rate
Diversification rate

Early—Mid Late Early Middle Late  Berriasian— Aptian— Coniacian- Early—Mid Late Early Middle Late  Berriasian— Aptian- Coniacian-
Triassic Triassic  Jurassic  Jurassic Jurassic Barremian Turonian Maastrichtian Triassic Triassic Jurassic  Jurassic  Jurassic Barremian Turonian Maastrichtian

Allen et al. 2024. Extinction
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Bayesian divergence time estimation

The data | 3 model components

and / or A
0101... ATTG... @ @ E._‘ .
1101... TTGC...
0100... ATTC... 0 { .

phylogenetics sample
characters ages

substitution clock tree and tree
model model model

Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. (2020) 100



Using PCMSs for dating

t’ 25

Size (mm)
> S
I T

—
o
I

v
I

9]

15 25 35
Time (days)

Image source Adams & Collyer (2019)

A) Morphological data (R =R, ¢ = 1)
— Povacocunss hormapnontss 1 ™ m,

| Nandinia binotats
\ T Ursus amencanus ‘”
: Hesperocyon sp. 1
Paraenhydrocyon josephi 1
! Enhydrocyon pahinsintewakpa 1 “

—4

l . Aeluwrodon ferox 1
F f_ﬁ Tomarctus hippophaga 1

|
|
|
|
|
|
|
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'
B) EMorpholog'jcal data (R = R* ¢ = 1) + Molecular data
| '. e e (D

|
|

' H

| E venaticus
: : L. uipes vuipes

|

[

[

Alvarez-Carretero et al. (2019) Bayesian Estimation of Species Divergence
Times Using Correlated Quantitative Characters
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https://www.annualreviews.org/doi/pdf/10.1146/annurev-ecolsys-110218-024555
https://academic.oup.com/sysbio/article/68/6/967/5366706

ultural evolution

50 Collective burials Individual graves

cal. BC

[ o e - «Typo-Chronology of

' 3 Palaeolithic stone tools .

g U Bell Beaker

& Bronze A1 1
I Bronze A2 2

: .~ Bronze A2 3

Bronze A1
Stage 1

Type 25
Subtype Kerguévarec

Type 25
Subtype Cazin

Outline based NJ tree —

Continuation

=FR 005

Matzig et al. 2021.

After Nicolas (2017)
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3.6212E-4

Rate of evolution (median)

The tree topology
of stone tools

exhibits a lot of

uncertainty

v- - Jagerhaushdohle Schicht 13 (BeurA)
BS

- - Altwasser (REpigrav)

0. Wl»  Le Closeau 14 (LAzZil)

Matzig et al. (in review) A macroevolutionary
analysis of European Late Upper Palaeolithic
stone tool shape using a Bayesian phylodynamic
framework (preprint available)
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Sensitivit
analyses

Birth, death, and
sampling rates
are impacted by
trait and taxon
sampling
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Joint phylogenetic estimation of
geographic movements and biome shifts

Landis et al. (2023) Systematic Biology


https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12679




Global diversity of Viburnum

Data

Areas

SE Asia
E Asia
Europe

163 extant species (127 with DNA)

C America
S America

5 fossils (with taxonomic
constraints)

6 geographic areas

4 biomes

Biomes

Tropical
Warm Temperate
Cloud

Cold Temperate
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» Can we integrate geographic range and biome data into
analysis using the FBD model?

* What can we learn about the diversification history of the
Viburnum?
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Analysis

1. Estimate the extant topology using maximum likelihood

2. Joint inference divergence times, biogeographic and biome history
(normally we first infer a dated tree, and then separately infer
biogeographic history)

3. Ancestral state reconstruction

4. + various sensitivity analyses
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“It is, it must be admitted, a humbling task to infer ancient events, and the
results in many cases are tenuous at best. Given the obvious limitations of
working with extant species and few, if any, fossils, it is necessary to integrate
all of the available sources of evidence if we hope to produce assuring
answers.”

Landis et al. (2023) Systematic Biology

Joint phylogenetic estimation of geographic movements and biome shifts
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https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12679
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Decoding Genomes:
From Sequences to
Phylodynamics

DECODING GENOMES

From Sequences to Phylodynamics

Tanja Stadler - Carsten Magnus - Timothy Vaughan
Joélle Barido-Sottani - Veronika Boskova - Jana S. Huisman - Jalija PeCerska

lllustrated by Cecilia Valenzuela Agii - Edited by Jilija Peerska

Tanja Stadler, Carsten Magnus,

Timothy Vaughan, Joélle Barido-Sottani,
Veronika Boskova, Jana S. Huisman,
Jalija Pecerska

lllustrated by Cecilia Valenzuela Agli
Edited by Jilija Pecerska

Obtaining the book

You will shortly be able to purchase a hard copy
from Amazon. (Quality testing currently in
progress.)

Alternatively, you can Download the complete PDF of the book free of charge. (See below for
license information.)

About the book

Decoding Genomes demonstrates how to uncover information about past evolutionary and
population dynamic processes based on genomic samples. The last decades have seen
considerable theoretical and methodological advances in this area. These enable the assessment
of critical scientific questions such as the impact of environmental changes on biodiversity and the
evolution of pathogens during recent epidemics. The book gives the reader a detailed
understanding of the whole process: from genome sampling to obtaining biological insights by
applying sophisticated statistical and computational analyses. In particular, sequencing of genomic
samples, the alignment of sequences, molecular evolution models, phylogenetics, and
phylodynamics are core topics. Statistical and computational approaches discussed include
dynamic programming, maximum likelihood, Bayesian statistics, and model selection, to name a

few. The concepts introduced and applied throughout the book enable readers to answer

+
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A few notes on software B

for Bayesian time tree estimation. All open source.

 MCMCTree — BDSS process, continuous trait models. Best option for large
sequence alignments and trees. Requires a fixed tree. Language: C

* PhyloBayes — for extant time tree inference. Good for amino acid data. C++
» MrBayes — FBD model, some unique clock models. Easy to use. C++

For increased modularity & flexibility:

« BEASTZ2 — FBD model, lots of flexible tree and character evolution models. More
widely used in epidemiology. Java. (Sister software BEAST 1.8)

» RevBayes — FBD model, lots of flexible tree and character evolution models. C++.
Uses graphical models. Developed by folk closer to macroevolution
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http://beast2.org/
https://beast.community/index.html
http://revbayes.github.io/

When do use different software?

Scenario Software
Large datasets of extant taxa and node calibrations MCMCTree
If want (or have to) fix the tree topology MCMCTree
If fossil sampling is sparse or complex MCMCTree

If you have abundant fossil data, or are interested in the

. . . BEAST?2Z, RevBayes
topological position of fossils y

If you're interested in the phylodynamic parameters BEAST2, RevBayes

BEAST2, RevBayes,

If you want to use a specific model MCMCTree
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