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A Time-Scale for Evolution

- ¥,2, Phylogenies with branch
lengths proportional to time

porovide more Information
about evolutionary history
than unrooted trees with
branch lengths in units of
substitutions/site.
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(Mgure adapted from Heath et al. 2014)
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http://www.pnas.org/content/111/29/E2957.abstract

The Global Molecular Clock

Assume that the rate of
evolutionary change Is

constant over tme 10%

(lbranch lengths equal

percent sequence
divergence)

2026 Workshop on Molecular Evolution - Tracy Heath e

(lbased on slides by Jeff Thorne http.//statgen ncsu.edu/thorne/compmolevo html)



http://statgen.ncsu.edu/thorne/compmolevo.html

The Global Molecular Clock

We can date the tree If we 10%
KNnow the rate of change IS
1% divergence per 10 My

10%
200 My

10%

4OO My

2026 Workshop on Molecular Evolution — Tracy Heath a8 (based on slides by Jeff Thorne http./statgen.ncsuedu/thorne/compmolevohtml)



http://statgen.ncsu.edu/thorne/compmolevo.html

The Global Molecular Clock

T we found a fossil of the
MRCA of B and C, we can

use it to calculate the rate 10%
of change & date the root <*
of the tree / QOmO ,

40O My

2026 Workshop on Molecular Evolution — Tracy Heath a8 (based on slides by Jeff Thorne http./statgen.ncsuedu/thorne/compmolevohtml)
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Rejecting the Global Molecular Clock

Rates of evolution vary across lineages and over time

Mutation rate
e metabolic rate

* generation time
 DNA repair

10%

Fixation rate

* strengths/targes of
selection

* population size

2026 Workshop on Molecular Evolution - Tracy Heath e



Unconstrained Analysis

selTc el fTclE:Tl: BT T7c Bl B c crcrccr@-TRBT
TR BEE - BcclrrcclBlE:Bco Tl -l

C CCLCLC C
crccr@r Tl
ccec TRl

o EEE - |
O 00000

cccoclr @t
coco Tl T BT
chiBccocrrcc BB C cccccfr T
C corrrclB:Brcscroc cccoclr @
B:cHlfffcHB BT :cRccffccccclERHEE
cHlcREl::-RE:cHE:-H% cifcccc AR THT
C coommrclB:Brcscroc cccoclr @

i e
L B e I v TR e I v B o B s Y o (]
L B vy I wr I v B vy B v B v IR vy

[y vy ]
(] [ T v TR ot Y et Y o Y
i S
(] [y I vy ]

Sequence
Data

Sequence data provide

iINnformation about branch
lengths

INn units of the expected # of
substitutions per site

branch length = rate X time

Phylogenetic Relationships

0.2 expected
substitutions/site

2026 Workshop on Molecular Evolution - Tracy Heath e



Estimating Rate & Time

. branch length = 0.5
The sequence data provide

iINformation about branch
length

time = 0.8
rate = 0.625

Branch Rate

for any possible rate,
there's a time that fits the i
branch length perfectly

| | | |
0 1 2 3 4 5
Branch Time

2026 Workshop on Molecular Evolution — Tracy Heath a8 (figure based on Thorne & Kishino 2005)



https://link.springer.com/chapter/10.1007/0-387-27733-1_8

Estimating Rate & Time

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

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

6 —
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N
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[ | | | | 1 [ | | | | | [ 1 | | [ |
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time, t (Ma) Time, t (Ma) Time, t (Ma)

ITree-time priors for molecular phylogenies are only informative on a relative
time scale

2026 Workshop on Molecular Evolution — Tracy Heath a8 (figure from dos Reis et al. 2016)



https://www.nature.com/articles/nrg.2015.8

Bayes heorem
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Our Model Components
THE DATA

BiIGHECHG

THE MODELS

DNA SUBSTITUTION
PROCESS

MORPHOLOGICAL
CHARACTER CHANGE

- BRANCH-SPECIFIC
MORPHOLOEGY SUBSTITUTION
RATES MODEL

_ YXA)  DIVERSIFICATION &
i FOSSIL OCCURRENCES PI®)  SAMPLING PROCESS

~ TREE TOPOLOEGY &
BRANCH TIMES

2026 Workshop on Molecular Evolution — Tracy Heath a8 (For an overview, see: Mulvey et al. 2025)



https://www.cambridge.org/core/journals/paleobiology/article/from-fossils-to-phylogenies-exploring-the-integration-of-paleontological-data-into-bayesian-phylogenetic-inference/BF7DB160A01BDD5183252BFB89A9699F

Posterior Probability
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https://www.cambridge.org/core/journals/paleobiology/article/from-fossils-to-phylogenies-exploring-the-integration-of-paleontological-data-into-bayesian-phylogenetic-inference/BF7DB160A01BDD5183252BFB89A9699F

Likelihoods
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MOLECULAR MORPHOLOEGY FOSSIL
DATA OCCURRENCES
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https://www.cambridge.org/core/journals/paleobiology/article/from-fossils-to-phylogenies-exploring-the-integration-of-paleontological-data-into-bayesian-phylogenetic-inference/BF7DB160A01BDD5183252BFB89A9699F
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(For an overview, see: Mulvey et al. 2025)
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Models
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Statistical Inference under Phylogenetic Models

Bayesian inference methods are useful for estimating phylogenetic parameters
and testing hypotheses

Posterior Probability

CTATCTA

We use Markov chain Monte Carlo (MCMC) and other
approaches to sample the joint posterior probabllity
density of the model parameters conditional on the data

2026 Workshop on Molecular Evolution - Tracy Heath e



Essential Priors for Estimating Divergence Times
(TQEE PRIOR 1

P(=|=) P(2) P(o) P(®) P(o)

Methods for dating species BRANCH-SPECIFIC

divergences estimate the SUBSTITUTION [ s
ANG RATES PRIOR (U

time separately

2026 Workshop on Molecular Evolution — Tracy Heath a8 (For an overview, see: Mulvey et al. 2025)



https://www.cambridge.org/core/journals/paleobiology/article/from-fossils-to-phylogenies-exploring-the-integration-of-paleontological-data-into-bayesian-phylogenetic-inference/BF7DB160A01BDD5183252BFB89A9699F

Modeling Branch Substitution Rates

Models describing lineage-specific substitution rate variation:

» Global/strict clock (Zuckerkandl & Pauling, 1962, 1965)

* | ocal 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)

e Autocorrelated rates (Ihorne, Kishino & Painter 1998; Kishino, Thorne & Bruno
2001; Thorne & Kishino 2002; Lepage et al. 2007)

e Time-dependent substitution rates (Membrebe et al. 2019)

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

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

2026 Workshop on Molecular Evolution - Tracy Heath e


https://www.sciencedirect.com/science/article/pii/0022519365900834
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Global Molecular Clock

The substitution rate Is
constant over time

All Ineages share the same
rate

2026 Workshop on Molecular Evolution - Tracy Heath e

branch length = substitution rate
low I igh



Global Molecular Clock

c ~ Exponential(d)

[

@ CLOCK RATE

l

2026 Workshop on Molecular Evolution - Tracy Heath e

branch length = substitution rate
low I igh



Global Molecular Clock

c ~ Gamma(a, f)

« [ ©

GAMMA GAMMA CLOCK
SHAPE

DRAW THE GRAPHICAL MODEL!
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branch length = substitution rate
low I igh



Modeling Rate Variation

1o accommodate variation in substitution rates 'relaxed-clock’
Models estimate lineage-specific substitution rates

* Global/strict clock

- Local molecular clocks
 Punctuated rate change

- Autocorrelated rates

- Time-dependent substitution rates
- Mixture models on branch rates

- Uncorrelated/independent rates

2026 Workshop on Molecular Evolution — Tracy Heath [



Independent/Uncorrelated Rates

| Ineage-specific rates are
uncorrelated when the rate
assigned to each branch is
INndependently drawn from an
underlying distribution

branch length = substitution rate
low I high

2026 Workshop on Molecular Evolution - Tracy Heath e



Independent/Uncorrelated Rates

r; ~ exponential(o)

EXPONENTIAL RATE

branch length = substitution rate
low I high

2026 Workshop on Molecular Evolution - Tracy Heath e



Autocorrelated Rates

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

The rate at a node IS drawn
from a distribution with a
mean equal to the parent
rate

2026 Workshop on Molecular Evolution - Tracy Heath e

branch length = substitution rate
low I Nigh



Autocorrelated Rates

|

r. ~ Lognormal( ., o
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Autocorrelated Rates

|

r. ~ Lognormal( i, o
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Modeling Rate Variation

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

- Global/strict clock
- Local molecular clocks

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

- Autocorrelated rates time analysis
- Time-dependent substitution rates

- Mixture models on branch rates

- Uncorrelated/independent rates

2026 Workshop on Molecular Evolution — Tracy Heath [

- Punctuated rate change




Essential Priors for Estimating Divergence Times
(TQEE PRIOR 1

P(=|=) P(2) P(o) P(®) P(o)

Methods for dating species BRANCH-SPECIFIC

divergences estimate the SUBSTITUTION [ s
ANG RATES PRIOR (U

time separately
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https://www.cambridge.org/core/journals/paleobiology/article/from-fossils-to-phylogenies-exploring-the-integration-of-paleontological-data-into-bayesian-phylogenetic-inference/BF7DB160A01BDD5183252BFB89A9699F

Priors on the Tree & Times

Relaxed clock Bayesian analyses require a prior
distribution on time trees

Different tree priors make different assumptions about the timing
of divergence events and shape of the tree topology

2026 Workshop on Molecular Evolution — Tracy Heath [



(A,
The Birth-Death Process et

A stochastic branching process where new lineages arise at rate
A = births and go extinct at rate p = deaths (Kendall 1948)

I

A = speciation =
L |
M = extinction

Most commonly used tree
oriors are pased on the
pirth-death process ' —

|
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https://projecteuclid.org/journals/annals-of-mathematical-statistics/volume-19/issue-1/On-the-Generalized-Birth-and-Death-Process/10.1214/aoms/1177730285.full

(A,
The Yule Process et

A stochastic branching process where new lineages arise at rate
A = births and go extinct at rate p = deaths (Kendall 1948)

[

A = speciation

K = extinction m

Most commonly used tree _
oriors are based on the | r
pirth-death process
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https://projecteuclid.org/journals/annals-of-mathematical-statistics/volume-19/issue-1/On-the-Generalized-Birth-and-Death-Process/10.1214/aoms/1177730285.full

(A,
The Birth-Death Process et

A stochastic branching process where new lineages arise at rate
A = births and go extinct at rate p = deaths (Kendall 1948)

A = speciation
m = extinction

Most commonly used tree
oriors are based on the
pirth-death process
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https://projecteuclid.org/journals/annals-of-mathematical-statistics/volume-19/issue-1/On-the-Generalized-Birth-and-Death-Process/10.1214/aoms/1177730285.full

The Birth-Death Process

Tree priors based on stochastic — _Z
models of lineage diversification —= | =
Birth-death-sampling

process:

at any point in time a lineage can  SFE¢!ATON BTE

speciate at rate A or go extinct 0

with a rate of m

Conditions on a probabillity of @ @

sampling a tip p, and the origin ORIGIN TIME
time of the process ¢
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Priors on the Tree & Times

Sequence data are only informative on relative rates & times

Most tree priors cannot give precise estimates of absolute node ages

We need additional data (like fossils) to provide an absolute time
scale
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Dating Nodes

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

There Is no information in
the sequence data for
apbsolute time

10%
10%

20%
Ihe placements and ages

of fossil taxa are always 0%
uncertain

40O My
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(A,
Dating Nodes et

Bayesian inference Is well suited to accommodating uncertainty
N the age of the calibration node

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

DENSITY

AGE
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Dating Nodes with Fossils

Age estimates from fossils can provide
Mminimum time constraints for internal
nodes

Rellable maximum bounds are typically
unavailable

2026 Workshop on Molecular Evolution - Tracy Heath e

}
:
3
%
|
)
E
E

E

T
t

E MINIMUM

AGE

TIME



Node Calibrations

Common practice in Bayesian
divergence-time estimation

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

These calibration densities do not
(necessarily) require specification of
maximum bounds
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Node Calibrations

Estimates of absolute node ages are
driven primarily by the calibration density

. ]

UNIFORM(MIN, MAX)

““l]‘mu\“ L~

Specifying appropriate densities is a
challenge for most molecular biologists __/\JE o NoEA o

INnterpreting the specitication and iImpact
of calibration densities Is Not —A M

St rai g hth rwa rd -/E EXPONENTIAL(A)

T
t

E . TIME
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Node Calibrations as Priors

f node ages are considered priors, then
one must condition the uncalibrated
nodes on the ages of the calibrated nodes

The tree probabillity is constructed to
simultaneously account for uncertainty in
the ages of both calibrated and
uncalibrated nodes

f(o) = fleee—|®, 4,1, p)f(e 6.)

2026 Workshop on Molecular Evolution — Tracy Heath a8 (Rannala & Yang 2005, Heled & Drummon d 2012)



https://academic.oup.com/mbe/article/23/1/212/1193630
https://academic.oup.com/sysbio/article/61/1/138/1677857

Qo
Node Calibrations as Priors L&

For multiple calibrations:

Rannala (2016) showed that the
conditional prior leads to counterintuitive
topologically inconsistent realized priors

dos Rels (2016) demonstrated that this
orior 1Is computationally intractable

f5) =fee—|@ @, u,p)fie| 0.)(e]| 0.,
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https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0134
https://dx.doi.org/10.1098/rstb.2015.0128

Node Calibrations as Likelihoods

't Is conceptually simpler to interpret the
node calibrations as the likelihood of the
fossll data

This works easily for multiple calibrations

JCE A, p, 1) < fOT] 2, 0] A, 1, p)

2026 Workshop on Molecular Evolution — Tracy Heath a8 (Rannala 2016: Pett & Heath 2020)



https://academic.oup.com/mbe/article/23/1/212/1193630
https://hal.inria.fr/PGE/hal-02536361

Node Calibrations as Likelihoods

't Is conceptually simpler to interpret
the node calibrations as the likelihood
of the fossil data

\ This works easily for multiple

calibrations

JO= | Lo, )

, i
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https://hal.inria.fr/PGE/hal-02536361

Node Calibrations as Likelihoods

calibrations as likelihoods, but this IS
typically misinterpreted as a prior

{ 't Is common practice to treat node
v

2026 Workshop on Molecular Evolution — Tracy Heath a8 (Pett & Heath 2020)



https://hal.inria.fr/PGE/hal-02536361

Misinterpretation of Node Calibrations

Y Y
) f_% ) f
t F t F
THE MATH STILL WORKS
fit| F,A) = de *=H) AF | t,A) = de =0

2026 Workshop on Molecular Evolution - Tracy Heath e



Node Calibrations as "Priors"

Despite this being a conceptual
ISsue, It leads to misinterpreting
the marginal posterior as an
‘effective” or "Implicit" prior

2026 Workshop on Molecular Evolution — Tracy Heath
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https://academic.oup.com/sysbio/article/61/1/138/1677857

Improving Fossil Calibration

@ EXTANT TAXON
€ FOSSIL SPECIMEN

= EXTANT LINEAGE
- FOSSIL LINEAGE

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

Calibration densities do not
account for diversification of
fosslls
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Improving Fossil Calibration

@ EXTANT TAXON
€ FOSSIL SPECIMEN

= EXTANT LINEAGE
- FOSSIL LINEAGE

Example:

8 dated fossils ranging from
60 Million years to 19 Million
years

Only 4 nodes can be
constrained using calibration
densities
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Improving Fossil Calibration

@ EXTANT TAXON

€ FOS5SIL SPECIMEN
= EXTANT LINEAGE
= EOSSIL LINEAGE
B CALIBRATED NODE

Example:
8 dated fossils ranging from
00 to 19 Million years

Only 4 nodes can be
constrained using calibration
densities
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Improving Fossil Calibration

We want to use all of the
avallable fossils

Because fossils are part of
the same diversification
process that gave rise to
extant taxa, we can include
them In the birth-death
Modael

2026 Workshop on Molecular Evolution - Tracy Heath e
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Modeling the Tree & Occurrence Times

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

COMPLETE TREE o SAMPLED TREE

| a B | | | i B | |

200 150 100 50 0] 200 150 100 50 0
TIME (MILLIONS OF YEARS) TIME (MILLIONS OF YEARS)

2026 Workshop on Molecular Evolution — Tracy Heath a8 (figure based on Stadler 2010)



https://www.sciencedirect.com/science/article/pii/S0022519310004765

(PIA

The Fossilized Birth-Death Process (FBD) et

Recovered fossil specimens o

orovide historical observations b

of the diversification process —

that generated the tree of s A

extant species '

. -

TIME (MILLIONS OF YEARS)
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Qo
The Fossilized Birth-Death Process (FBD) et

The probabillity of the tree e
topology, divergence times, and RECOVERY RATE

fossIl occurrences IS SPECIATION RATE @ EXTINCTION RATE

conditioned on 0 @

e the origin time

* speciation rate @ @ @

e extinction rate ORIGIN TIME SAMPLING
. PROBABILITY
e fOsslIl recovery rate
e probabllity of sampling an e
extant species FOSSIL OCCURRENCE DATA
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Sampled Ancestors
Sampled lineages with sampled decedents

Paleobiology, 22(2), 1996, pp. 141-151

On the probability of ancestors in the fossil record

Mike Foote

-
llllllllllll

lllllllllllllll

by
lllllll
lllllllllllllllll

There Is a non-zero probabillity of
sampling ancestor-defendant -
relationships from the fossil recorad —————

200 150 100 50 0
TIME (MILLIONS OF YEARS)
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Sampled Ancestors

Because fossil & living taxa are
assumed to come from a
single diversification process,
there Is a non-zero probability
of sampled ancestors

2026 Workshop on Molecular Evolution — Tracy Heath a8 (Pett & Heath 2020)



https://hal.inria.fr/PGE/hal-02536361

Fossils as "Tips”

f all fossils, Including sampled
ancestors, are forced to be on
separate lineages, this
iInduces additional speciation
events and will, In turn,

INnfluence rate & node-age
estimates

2026 Workshop on Molecular Evolution - Tracy Heath e

(Pett & Heath 2020)
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Combining Fossil & Extant Data

Statistical methods provide a way to integrate paleontological
and neontological data

Syst. Biol. 50(6):913-925, 2001

A Likelihood Approach to Estimating Phylogeny from Discrete
Morphological Character Data

PAUL O. LEWIS

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

T — I ========m=mwmn=mm—_—™;_;;,>—

Syst. Biol. 61(6):973-999, 2012
© The Author(s) 2012. Published by Oxford University Press
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
DOI:10.1093/sysbio/sys058
Advance Access publication on June 20, 2012

oo o A Total-Evidence Approach to Dating with Fossils, Applied to the
= Early Radiation of the Hymenoptera

FREDRIK RONQUISTL*, SERAINA KLOPFSTEINl, LARS VILHELMSENZ, SUSANNE SCHULMEISTER3, DEBRA L. MURRAY4, AND

ALEXANDR P. RASNITSYN®
T — o
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Paleontology & 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, M.L. & Colwell, R.: in E.C. Dudley (ed.), The Unity of Evolutionary Biology: Proceedings of the Fourth International Congress
of Systematic & Evolutionary Biology, Discorides Press, Portland, OR, p. 16.
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Combining Fossil & Extant Data
Combine models for seqguence evolution, morphological change, &
fossil recovery 1o jointly estimate the tree topology, divergence times,
& lineage diversification rates

TIME TREE MODEL

SUBSTITUTION MODEL

MORPHOLOGICAL DATA SITE RATE MODEL

BRANCH RATE MODEL

SUBSTITUTION MODEL

SITE RATE MODEL DNA DATA

BRANCH RATE MODEL

FOSSIL OCCURRENCE TIME DATA
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Combining Fossil & Extant Data
Combine models for seqguence evolution, morphological change, &
fossil recovery 1o jointly estimate the tree topology, divergence times,
& lineage diversification rates

FOSSIL
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Penguin Diversity in Deep Time

Does our understanding of penguin
evolution iImprove when we consider bot
extant and fossil taxa”?

Ao

’; 4 _—-
"Penguin Party” by Kate Dzikiewicz
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New penguin fossils shed light on the evolution
of smaller body size iIn modern penguins

Penguin Evolution
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Statistical Inference under Phylogenetic Models

Bayesian inference methods are useful for estimating phylogenetic parameters
and testing hypotheses

Posterior Probability

We use Markov chain Monte Carlo (MCMC) and other
approaches to sample the joint posterior probabllity
density of the model parameters conditional on the data
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https://revbayes.qgithub.io/tutorials/fbd simple
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