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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) 5



Bayesian divergence time estimation
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Recap: Node dating

We can use a calibration density to
constrain internal node ages

Uniform (min, max)
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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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|ssues with node dating



1. Rate and time is non-identifiable
2. Calibrations are hard to define objectively

3. The “effective priors” do not match the user specified priors

4. We're potentially excluding a lot of information



The priors will always influence our results

Rate and time are not identifiable - not a conventional Bayesian problem

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

Prior Prior Likelihood

Slide adapted from Sebastian Duchene  1q



Minimum and maximum constraints

Hard minimum bounds are based on first

, appearances
[ T —
/\4 Soft maximum bounds are based on more
~ Normal (4,0 tenuous evidence — typically the 97.5%
Lognormal o) |[imit of the calibration density

)

Gamma (a, B)

\

The upper bounds often influence the

Exponential (A)

| , results
l
o o .
Speciation Oldest fossil M€
time sampling time

Adapted from Heath 2012. Sys Bio 11



Maximum constraints
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Parham et al. 20171. Sys Bio
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Min & max constraints
Example from insects *

Minimum (all nodes)
- 238.5 Ma

__ Mayetiola (hessian fly) + Triassic Gres-a-Voltzia Frm, France

. S + Earliest (non-controversial)
<4 evidence for all 4 lineages
: . Drosophila (fruit fly) Maximum (all nodes)
»+ 295.4 Ma
. ~ » Boskovice Furrow, Moravia,
| -~ Anopheles (mosquito) Czechia
» Huge diversity of insects
Lepidoptera+Trichoptera N\ described from here - no members
N Bombyx (silk moth) of even total group Diptera from

here or younger deposits

Warnock et al. 2011
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The user “specified priors” will not (always)
match the “effective priors” used during analysis

AN
N
f |

We can run our analysis “under the prior” (we ignore the sequence data)
to see how the software actually constructs the prior density
— accounts for the interaction between nodes

14



_ Mayetiola (hessian fly)

N Drosophila (fruit fly)

- Anopheles (mosquito)

~ Bombyx (silk moth)

Posteriors look suspiciously like
the effective priors....

--------- User specified prior
Effective prior
Posterior
S
=
S, =
S D)
€ +—
) Qv Q,
~ Vi Py
Q Q -
I} = X
S = 2
S =
= @
S an
S

Warnock et al. 2011
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4(%): Chelodina longicollis
Elseya latisternum

Podocnemis expansa

Pelusios williamsi

Pelomedusa subrufa

Chelus fimbriatus

Phrynops gibba

— Carettochelys insculpta

5

1£ Apalone ferox
Lissemys punctata

4@{ Chelonia mydas

Dermochelys coriacea

—— Chelydra serpentina

2
<19 —— Dermatemys mawii
9
{ Staurotypus triporcatus
Sternotherus odoratus

Platysternon megacephalum

Emys orbicularis

-

Trachemys scripta

Stigmochelys pardalis

Graptemys pseudogeographica
)

An example from turtles 4
Dashed lines = the specified priors

Grey shaded area = effective priors
for one calibration, analysed alone

Black shaded area = effective
priors for all calibrations together

Warnock et al. 2015. Proc B
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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

17



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

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

18



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.




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

22



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
" Nigrimonticola
100 H%e}oxyela |
61 grem—] Spathoxyela
I_57I— Mesoxyela mesozoica
62 Xyela
Grimmaratavites Macroxyela
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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 23


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

ty

uniform.log

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

24


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
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Some lineages only sampled once

2

2 2
)=

Sampled ancestors

Some lineages go completely unsampled
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|
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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)
31



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 Eras2
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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
-
B l o e |
. [ ]
(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

33


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-06

Graphical model representation of the FBDP

exponential

extlnctlon rate

exponential exponential

ossilization rate

sampling probability
\
to the phyloCTMCs

uniform
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Relationship to (some)
other birth-death
process models

These models are special
cases of the FBD process, with
fossil sampling (y) = zero.

We can alsousep att>0to
model serial sampling.

Stadler et al. 2012
See also: Stadler and Yang 2013

complete vs. reconstructed trees

|[sT1IA

iy

|

Iﬁﬂlﬂu% ‘ﬁ‘ Dl

<
E

.Illull i

A= 0]
u = 005

A= 0]
1= 005

0 =06

A= 0]
u = 005

0 =06
b = 005

Yang and
Rannala

1997/

Stadler

2009

Stadler

2010
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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
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0.14
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Archaeospheniscus lopdelli 0.08 Palaeospheniscus patagonicus
7 ——— i
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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 ) .
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800 | ___10.28 0.39 I'O_ Spheniscus magellanicus
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600 | | e Only Grown Fossils —— Spheniscus demersus
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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)
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Literature survey: FBD use to date

* 176 studies, with 208 empirical analyses, applying the FBD process (since
February 2024)

Used across a huge range of time intervals, data sets (mean extant samples
=74, mean extinct samples = 60)

» 109 studies used BEAST?2, 93 used MrBayes, 10 used RevBayes

Mulvey et al. 2025. Paleobiology 41



Empirical studies

150

100

50

- Plants
Invertebrates
— \/ertebrates

Temporal range per study

Mulvey et al. 2025. Paleobiology
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Number of extant sampels
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Mulvey et al. 2025. Paleobiology
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Phylogenetic data

Analysis type Molecular  Morphology = Morphology’ allj:l.ycs)is
Total evidence v v v 53
Extant only v 78
Morphology v v 26
Extinct only v 35
No phylogenetic 16

data

Mulvey et al. 2025. Paleobiology 44



Including samples with no character data improves inference

Dimension 1

Dimension 2

: A B (o]
700 1.0 1.0
Dimension 3
600 09
0.8
0] —_ o
E 500 8 ° (Lg 0.8

Dimension 4

0.6

400 0.7

Dimension 5

Resolved Semi-resolved

And show worse / better correspondence
with the fossil record

Dimension 6

Trees occupy different regions of tree space
Nikolic et al..in prep. 45



Some lessons learned from simulations

* 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

lgnoring stratigraphic age uncertainty leads to erroneous estimates of species divergence times and topology
Barido-Sottani et al. (2019, 2020). Proc Royal Soc B; Frontiers in Ecology and Evolution.
Barido-Sottani et al. (2023) Putting the F in FBD analyses: tree constraints or morphological data? Palaeontology



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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40

30

The average matrix
for Palaeozoic

(541 — 252 Ma)
invertebrates has

35 characters! o 2 4 & 8 100 120 140

No. of characters

Frequency
20

10

Barido-Sottani et al. (2020). Frontiers in Ecology & Evolution
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Dibrachicystis purujoensis

Cambrian stalked echinoderms show
unexpected plasticity of arm construction
Zamora & Smith. (2012)



Sample age uncertainty

age uncertainty

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



FBD analyses
need taxonomists!

/
END - . -l
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Invertebrates are 97% of animal diversity!

Brought to you by Oregon Institute of Marine Biology, University of Oregon
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A

Occurrence Data

Fossils from 2
species making
up 5 discrete

I%b4

@&

occurrences with

age uncertainty

[ &

Abs Age

Relative Age

FBD specimen model

Stratigraphic Range Data

_:[ % LAD

Incorporates
fossil occurrence
information

/

&

Fossils from 2
species making
up 2 stratigraphic
ranges

I% FAD

Abs Age

FBD range model

®

Incorporates

stratigraphic %
range

information

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


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

Phylodynamics

Diversification rate estimation



Bayesian divergence time estimation
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Tree shape is informative about underlying dynamics
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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 57


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

Macroevolutionary case study

Phylogenies have been
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Bayesian divergence time estimation

The data | 3 model components
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Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. (2020) 60



Using PCMSs for dating
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Image source Adams & Collyer (2019)
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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

Collective burials

Individual graves

1750
cal. BC

Bronze A2

1950

Bronze A1
Stage 1

Type 25
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Continuation

After Nicolas (2017)

«—Typo-Chronology of
Palaeolithic stone tools

Outline based NJ tree —
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Matzig et al. 2021.
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Rate of evolution (median)

The tree topology
of stone tools

exhibits a lot of

uncertainty
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) m & & decodinggenomes.org @

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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