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A Time-Scale for Evolution
Phylogenies with branch lengths proportional to time 
provide valuable information about evolutionary history.

1st edition of Darwin's On the Origin of Species at Grinnell College (Grinnell, Iowa USA)
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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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(figure adapted from Heath et al. 2014)

http://www.pnas.org/content/111/29/E2957.abstract
http://www.pnas.org/content/111/29/E2957.abstract
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The Global Molecular Clock

Assume that the rate of 
evolutionary change is 
constant over time 

(branch lengths equal 
percent sequence 
divergence)
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(based on slides by Jeff Thorne http://statgen.ncsu.edu/thorne/compmolevo.html)

http://statgen.ncsu.edu/thorne/compmolevo.html
http://statgen.ncsu.edu/thorne/compmolevo.html
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The Global Molecular Clock

We can date the tree if 
we know the rate of 
change is 1% 
divergence per 10 My

!
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(based on slides by Jeff Thorne http://statgen.ncsu.edu/thorne/compmolevo.html)
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The Global Molecular Clock

If we found a fossil of the 
MRCA of B and C, we 
can use it to calculate 
the rate of change & 
date the root of the tree

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

http://statgen.ncsu.edu/thorne/compmolevo.html
http://statgen.ncsu.edu/thorne/compmolevo.html
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Rejecting the Global Molecular Clock

Mutation rate 
Variation in 
• metabolic rate 
• generation time 
• DNA repair 

Rates of evolution vary across lineages and over time
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Fixation rate 
Variation in 
• strengths/targets of selection 
• population sizes
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Unconstrained Analysis

Sequence data provide 
information about branch 
lengths 

In units of the expected # 
of substitutions per site 

branch length = rate ✕ time 0.2 expected
substitutions/site
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Estimating Rate & Time

The sequence data 
provide information 
about branch length 

for any possible rate, 
there's a time that fits 
the branch length 
perfectly  0
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time = 0.8
rate = 0.625

branch length = 0.5

(figure based on Thorne & Kishino 2005)

https://link.springer.com/chapter/10.1007/0-387-27733-1_8
https://link.springer.com/chapter/10.1007/0-387-27733-1_8
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Tree-time priors for molecular phylogenies are only 
informative on a relative time scale

Estimating Rate & Time
Methods for dating species divergences estimate 
the substitution rate and time separately

(dos Reis et al. 2016)

https://www.nature.com/articles/nrg.2015.8
https://www.nature.com/articles/nrg.2015.8
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Bayesian Divergence Time Estimation

length = rate length = time

R = (r1, r2, r3, …, r2N−2)

A = (a1, a2, a3, …, aN−1)
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Bayesian Divergence Time Estimation

length = rate length = time

R = (r1, r2, r3, …, r2N−2)

A = (a1, a2, a3, …, aN−1)
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Bayesian Divergence Time Estimation

f(R, A, Ψ, θR, θA, θs ∣ D)

A

R Vector of rates on branches

Vector of internal node ages

Model Parameters

Character data

Tree topology

θR, θA, θs

D

Ψ

Posterior probability
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Bayesian Divergence Time Estimation
f(R, A, Ψ, θR, θA, θs ∣ D) =

f(D ∣ R, A, θs) f(R ∣ θR) f(A, Ψ ∣ θA) f(θs)
f(D)

A

R Vector of rates on branches

Vector of internal node ages

Model Parameters

Character data

Tree topology

θR, θA, θs

D

Ψ
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Modeling Rate Variation

• Global/strict 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) 

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

• Mixture models on branch rates (Heath, Holder, Huelsenbeck 2012) 
• Uncorrelated/independent rates models (Drummond et al. 2006; 

Rannala & Yang 2007; Lepage et al. 2007)

Models describing lineage-specific substitution rate variation:

https://www.sciencedirect.com/science/article/pii/0022519365900834
https://www.sciencedirect.com/science/article/pii/0047248489900754
https://pdf.sciencedirectassets.com/273025/1-s2.0-S0076687900X03795/1-s2.0-0076687990830369/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220224T172822Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY77F23KVY/20220224/us-east-1/s3/aws4_request&X-Amz-Signature=ecd122835245d72017f780711846a6597dd96e524754f6e84386f2fb580162e4&hash=c6921ca5269cd9794e4e79900a926937db8d060ce8968809315d15a9f8c88752&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0076687990830369&tid=spdf-10c0044d-4c87-44f1-9b6d-c1ea4e0a107f&sid=e143103f2ae67045af182103a8c398088253gxrqa&type=client&ua=4c035707525d0451535c53&rr=6e2a68f3797c8729
https://pdf.sciencedirectassets.com/273025/1-s2.0-S0076687900X03795/1-s2.0-0076687990830369/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220224T172822Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY77F23KVY/20220224/us-east-1/s3/aws4_request&X-Amz-Signature=ecd122835245d72017f780711846a6597dd96e524754f6e84386f2fb580162e4&hash=c6921ca5269cd9794e4e79900a926937db8d060ce8968809315d15a9f8c88752&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0076687990830369&tid=spdf-10c0044d-4c87-44f1-9b6d-c1ea4e0a107f&sid=e143103f2ae67045af182103a8c398088253gxrqa&type=client&ua=4c035707525d0451535c53&rr=6e2a68f3797c8729
https://pubmed.ncbi.nlm.nih.gov/10889221/
https://academic.oup.com/sysbio/article/52/5/705/1681995?login=true
https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-114
https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-114
https://academic.oup.com/genetics/article/154/4/1879/6048022?login=true
https://academic.oup.com/genetics/article/154/4/1879/6048022?login=true
https://pubmed.ncbi.nlm.nih.gov/9866200/
https://academic.oup.com/mbe/article/18/3/352/1073229?login=true
https://academic.oup.com/mbe/article/18/3/352/1073229?login=true
https://academic.oup.com/sysbio/article/51/5/689/1678438?login=true
https://academic.oup.com/mbe/article/24/12/2669/977266?login=true
https://academic.oup.com/mbe/article/29/3/939/1006418?login=true
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040088
https://pubmed.ncbi.nlm.nih.gov/17558967/
https://academic.oup.com/mbe/article/24/12/2669/977266?login=true
https://www.sciencedirect.com/science/article/pii/0022519365900834
https://www.sciencedirect.com/science/article/pii/0047248489900754
https://pdf.sciencedirectassets.com/273025/1-s2.0-S0076687900X03795/1-s2.0-0076687990830369/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220224T172822Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY77F23KVY/20220224/us-east-1/s3/aws4_request&X-Amz-Signature=ecd122835245d72017f780711846a6597dd96e524754f6e84386f2fb580162e4&hash=c6921ca5269cd9794e4e79900a926937db8d060ce8968809315d15a9f8c88752&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0076687990830369&tid=spdf-10c0044d-4c87-44f1-9b6d-c1ea4e0a107f&sid=e143103f2ae67045af182103a8c398088253gxrqa&type=client&ua=4c035707525d0451535c53&rr=6e2a68f3797c8729
https://pdf.sciencedirectassets.com/273025/1-s2.0-S0076687900X03795/1-s2.0-0076687990830369/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220224T172822Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY77F23KVY/20220224/us-east-1/s3/aws4_request&X-Amz-Signature=ecd122835245d72017f780711846a6597dd96e524754f6e84386f2fb580162e4&hash=c6921ca5269cd9794e4e79900a926937db8d060ce8968809315d15a9f8c88752&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0076687990830369&tid=spdf-10c0044d-4c87-44f1-9b6d-c1ea4e0a107f&sid=e143103f2ae67045af182103a8c398088253gxrqa&type=client&ua=4c035707525d0451535c53&rr=6e2a68f3797c8729
https://pubmed.ncbi.nlm.nih.gov/10889221/
https://academic.oup.com/sysbio/article/52/5/705/1681995?login=true
https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-114
https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-114
https://academic.oup.com/genetics/article/154/4/1879/6048022?login=true
https://academic.oup.com/genetics/article/154/4/1879/6048022?login=true
https://pubmed.ncbi.nlm.nih.gov/9866200/
https://academic.oup.com/mbe/article/18/3/352/1073229?login=true
https://academic.oup.com/mbe/article/18/3/352/1073229?login=true
https://academic.oup.com/sysbio/article/51/5/689/1678438?login=true
https://academic.oup.com/mbe/article/24/12/2669/977266?login=true
https://academic.oup.com/mbe/article/29/3/939/1006418?login=true
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040088
https://pubmed.ncbi.nlm.nih.gov/17558967/
https://academic.oup.com/mbe/article/24/12/2669/977266?login=true
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Global Molecular Clock

The substitution rate is 
constant over time 

All lineages share the 
same rate

branch length = substitution rate
low high
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Global Molecular Clock

branch length = substitution rate
low high

c

�

clock rate

exponential rate

c ⇠ Exponential(�)

<latexit sha1_base64="tjgV/OtKM5CmJVOzUGiRFjN+RVs="></latexit><latexit sha1_base64="tjgV/OtKM5CmJVOzUGiRFjN+RVs="></latexit><latexit sha1_base64="tjgV/OtKM5CmJVOzUGiRFjN+RVs="></latexit>
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Global Molecular Clock

branch length = substitution rate
low high

c

clock rate

�

gamma scale

↵

gamma shape

c ⇠ Gamma(↵, �)

<latexit sha1_base64="khodLeVrOjiQ3tlhKrgFPehB1aM="></latexit><latexit sha1_base64="khodLeVrOjiQ3tlhKrgFPehB1aM="></latexit><latexit sha1_base64="khodLeVrOjiQ3tlhKrgFPehB1aM="></latexit>

Draw the graphical model!
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Relaxed-Clock Models

• Global/strict clock  
• Local clocks  
• Punctuated rate change model 
• Autocorrelated rates 
• Mixture models on branch rates  
• Uncorrelated/independent rates models

To accommodate variation in substitution rates 
'relaxed-clock' models estimate lineage-specific 
substitution rates
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Independent/Uncorrelated Rates

Lineage-specific rates 
are uncorrelated when 
the rate assigned to 
each branch is 
independently drawn 
from an underlying 
distribution

low high
branch length = substitution rate
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Independent/Uncorrelated Rates

low high
branch length = substitution rate

ri

�

i 2 N

branch rates

exponential rate

ri ⇠ Exponential(�)

<latexit sha1_base64="NYVYsj2RhvPXerw57vE6b6hv4aI="></latexit><latexit sha1_base64="NYVYsj2RhvPXerw57vE6b6hv4aI="></latexit><latexit sha1_base64="NYVYsj2RhvPXerw57vE6b6hv4aI="></latexit>
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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 low high

branch length = substitution rate
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Autocorrelated Rates

b

p c

<latexit sha1_base64="4dG9bnFU6NuZ4G2XMvHdQfeK59Y="></latexit><latexit sha1_base64="4dG9bnFU6NuZ4G2XMvHdQfeK59Y="></latexit><latexit sha1_base64="4dG9bnFU6NuZ4G2XMvHdQfeK59Y="></latexit>

p = parent node
c = child node
b = branch

<latexit sha1_base64="5u9oc6+omR0MEOHwcxNdpG36108="></latexit><latexit sha1_base64="5u9oc6+omR0MEOHwcxNdpG36108="></latexit><latexit sha1_base64="5u9oc6+omR0MEOHwcxNdpG36108="></latexit>

rc ⇠ Lognormal(µc,�c)

�c := ⌫tb

µc := ln(rp)�
�2
c

2

rb :=
rp + rc

2

⌫ = variance parameter
tb = time duration of branch

<latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit><latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit><latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit>

rc µc rb rp �c tb ⌫
<latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit><latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit><latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit>
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Autocorrelated Rates
rc ⇠ Lognormal(µc,�c)

�c := ⌫tb

µc := ln(rp)�
�2
c

2

rb :=
rp + rc

2

⌫ = variance parameter
tb = time duration of branch

<latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit><latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit><latexit sha1_base64="MS6k+gzo4Z0yToKb10mTcMI2mqQ="></latexit>

rc µc rb rp �c tb ⌫
<latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit><latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit><latexit sha1_base64="fal8nCyWckSJr/AdxBQm4U4zpsI="></latexit>

Draw the graphical model!
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Relaxed-Clock Models

• Global/strict clock  
• Local clocks  
• Punctuated rate change model 
• Autocorrelated rates 
• Mixture models on branch rates  
• Uncorrelated/independent rates models

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

Considering model selection, 
uncertainty, & plausibility is very 
important  for Bayesian divergence 
time analysis
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Priors on the Tree & Node Ages
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
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The Birth-Death Process
A stochastic branching process where new lineages arise at 
rate 𝛌 = births and go extinct at rate 𝛍 = deaths (Kendall 1948)

𝛌 = speciation 
𝛍 = extinction

Most commonly used tree priors are based on the birth-
death process

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


Macroevolution (BIOL 465X & EEOB 565X) Spring 2022 – Iowa State University

The Birth-Death Process

Birth-death-sampling 
process: at any point in 
time a lineage can 
speciate at rate 𝛌 or go 
extinct with a rate of 𝛍 

Conditions on a 
probability of sampling a 
tip 𝝆, and the origin time 
of the process 𝜙

Tree priors based on stochastic models of lineage 
diversification

T

λ µδλ δµ

speciation rate extinction rate

exponential exponential

ρ

sampling probability

φ

uniforma

b
origin time

to the phyloCTMCs
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Different values of 𝛌 and 𝛍 lead to 
different trees 

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

Using hyperpriors on 𝛌 and 𝛍 
accounts for uncertainty in these 
hyperparameters

The Birth-Death Process
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Priors on the Tree & Node Ages
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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Modeling the Tree & Occurrence Times
Stadler (2010) introduced  a generating model 
for a serially sampled time tree – this is the 
fossilized birth-death process

(figure from Stadler 2010)

Complete Tree Sampled Tree

https://www.sciencedirect.com/science/article/pii/S0022519310004765
https://www.sciencedirect.com/science/article/pii/S0022519310004765
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The Fossilized Birth-Death Process (FBD)

Recovered fossil 
specimens provide 
historical observations of 
the diversification 
process that generated 
the tree of extant species
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The Fossilized Birth-Death Process (FBD)

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

𝛌 = speciation 
𝛍 = extinction 
𝛙 = fossilization/recovery
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The Fossilized Birth-Death Process (FBD)

The tree topology, 
divergence times, and 
fossil occurrences are 
conditioned on  
• the origin time 
• speciation rate 
• extinction rate 
• fossil recovery rate 
• probability of sampling 

an extant species
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Combining Fossil & Extant Data

DNA Data

Substitution Model

Site Rate Model

Branch Rate Model

Morphological Data

Substitution Model

Site Rate Model

Branch Rate Model

Time Tree Model

Fossil Occurrence Time Data

0001010111001

0101111110114

0011100110005

1??010000????

???110211????

CATTATTCGCATTA

CATCATTCGAATCA

AATTATCCGAGTAA

??????????????

??????????????

Geological Time

(turtle tree image by M. Landis)
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Modeling Morphological Character Change

0001010111001

0101111110114

0011100110005

1??010000????

???110211????

CATTATTCGCATTA

CATCATTCGAATCA

AATTATCCGAGTAA

??????????????

??????????????

Geological Time

(turtle tree image by M. Landis)
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Modeling Morphological Character Change

Q = α

1 − k 1 … 1
⋮ 1 − k … 1
⋮ ⋮ ⋱ ⋮
1 1 … 1 − k

0
0
1
2
2
1
1

2
2
2
2
2
2
2

1
1
1
1
1
1
1

T1
T2
T3
T4
T5
T6
T7

0
0
0
0
0
0
0

The Lewis Mk model

Assumes a character can take k states 

Transition rates between states are 
equal (symmetric)

(Lewis 2001)

https://academic.oup.com/sysbio/article/50/6/913/1628902
https://academic.oup.com/sysbio/article/50/6/913/1628902
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Combined-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

DNA Data

Substitution Model

Site Rate Model

Branch Rate Model

Morphological Data

Substitution Model

Site Rate Model

Branch Rate Model

Time Tree Model

Fossil Occurrence Time Data
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Penguin Diversity in Deep Time
Does our understanding of penguin evolution improve 
when we consider both extant and fossil taxa?
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Ksepka & Clarke. Bull. AMNH, 337(1):1-77. 2010.

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

"Penguin Party" by Kate Dzikiewicz
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Penguin Diversity

Miocene Pli. Ple.

(By Peppermint Narwhal Creative, http://www.peppermintnarwhal.com)
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Penguin Diversity

Late Cretaceous Paleocene Eocene Oligocene Miocene Pli.Ple.
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Fossil Penguin Diversity

Miocene Pli. Ple.

(S. urbinai holotype fossil, 5-7 MYA, image by Martin Chávez)
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Penguins in the Oligocene

Kairuku
• ~1.5 m tall 
• slender, with narrow bill 
• scapula and pygostyle 

(tail bones) are more 
similar to non-penguin 
birds 

• ~27 Mya

© Geology Museum of Otago (Chris Gaskin)

Image courtesy of Daniel Ksepka

(Ksepka et al. 2012)

https://www.jstor.org/stable/41515052?seq=1#metadata_info_tab_contents
https://www.jstor.org/stable/41515052?seq=1#metadata_info_tab_contents
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Penguins in the Paleocene

Waimanu
• oldest known penguin 

species 
• intermediate wing 

morphology 
• ~60 Mya

(figure from Slack et al. 2006)

https://academic.oup.com/mbe/article/23/6/1144/1055321
https://academic.oup.com/mbe/article/23/6/1144/1055321
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Penguin Diversity in Deep Time

Paleocene Eocene Oligocene Miocene Pli. Ple.

Artistic reconstructions by: Stephanie Abramowicz for Scientific American
Fordyce, R.E. and D.T. Ksepka. The Strangest Bird Scientific American 307, 56 – 61 (2012)
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Penguin Diversity in Deep Time
Penguin images used with
permission from the artists 
(for Gavryushkina et al. 2017):
Stephanie Abramowicz and 
Barbara Harmon

Paleocene Eocene

102030405060 0

Oligocene Miocene Plio. Plei.

Paleogene Neogene Qu.

Age (Ma)

19 extant species
36 fossil species

202 morphological characters
8,145 DNA sites

(Gavryushkina et al. 2017)

https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
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Penguin Diversity in Deep Time
Penguin images used with
permission from the artists 
(for Gavryushkina et al. 2017):
Stephanie Abramowicz and 
Barbara Harmon

Megadyptes

Aptenodytes

Paleocene Eocene

102030405060 0

Oligocene Miocene Plio. Plei.

Paleogene Neogene Qu.

Age (Ma)

Spheniscus

Eudyptes

Pygoscelis

Eudyptula

Icadyptes salasi

Kairuku waitaki

Paraptenodytes antarcticus

Perudyptes devriesi

19 extant species
36 fossil species

202 morphological characters
8,145 DNA sites

> 0.75 posterior probability

Waimanu manneringi

(Gavryushkina et al. 2017)

https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
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Penguin Diversity in Deep Time
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MRCA of extant
penguins

(Gavryushkina et al. 2017)

https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
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Penguin Diversity in Deep Time
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MRCA Age Estimates by Previous Studies
Subramanian et al. (2013)Baker et al. (2006)

101520253035404550
MRCA Age of Extant Penguins (Ma)

MRCA of extant
penguins

(Gavryushkina et al. 2017)

https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
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Penguin Diversity in Deep Time
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MRCA Age Estimates by Previous Studies
Subramanian et al. (2013)Baker et al. (2006)

FBD Model: Posterior Density of MRCA Age
Gavryushkina et al. (2016)
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(Gavryushkina et al. 2017)

https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
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https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8
https://www.google.com/search?client=safari&rls=en&q=Gavryushkina+et+al.+2017&ie=UTF-8&oe=UTF-8



