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No lecture next week (06.05)

But we can meet after the hypothesis testing presentations 09.05 to discuss projects



Objectives

 Recap: tripartite framework and the
FBD process

* Diversification rate estimation and
phylodynamics
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The big recap:
Bayesian divergence time estimation



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
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Understanding the tripartite approach to Bayesian divergence time estimation
Warnock, Wright. (2020) 7



Bayesian divergence time estimation
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The fossilised birth-death process
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Some lineages only sampled once
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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)
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Graphical model representation of the FBDP
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Time calibrated tree of living and fossil bears
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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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Analysis of fully
extinct clades

Wright (2017) Scientific Reports
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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 18



Fossils can be incorporated via taxonomy or character data (total-evidence)
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Fossils can be incorporated via taxonomy or character data (total-evidence)
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Time calibrated tree of living and fossil penguins
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First application of total
evidence dating using
the FBD model

Fossils are incorporated
using character data

Gavryushkina et al. (2016)
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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 22
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The fossilised birth-death model for the analysis of stratigraphic range data under different speciation modes. Stadler et al. (2018)
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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

26



» 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?

27



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

28
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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
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Phylodynamics

Diversification rate estimation



Bayesian divergence time estimation
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Tree shape is informative about underlying dynamics

!

Time

—|_ E DENV-1
; DENV-3

DENV-2

This paper coined the term phylodynamics

Grenfell et al. 2004. Science



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 35


https://www.pnas.org/doi/10.1073/pnas.1207965110
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Estimating parameters in macroevolution

Ants have very variable fossil sampling
over time

count

—We can take this into account using
the FBD skyline model

Age In Millions of Years

Images adapted from April Wright 37



Estimating parameters in macroevolution

count

» ©

Age In Millions of Years

The oldest fossils are around 100 Ma

Different assumptions about the fossil
sampling process produce different results

Skyline models recover an older age
estimate for the origin of ants (= 140 Ma)

38



Case study: |
y: were dinosaurs in decline pre-KP
-KPg?
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Dinosaurs in decline tens of millions of years before

their final extinction

Manabu Sakamoto“, Michael J. genton®, and Chris yenditti®’

agchool of Biological Sciences, University of Reading, Reading RG6 6BX, United Kingdom; and bgchool of Earth Sciences: University of Bristol, Bristol BS8 1RJ,

United Kingdom

Edited by Zhonghe Zhou, Chinese Academy of Sciences, Beijing, China, and approved March 1, 2016 (received for review October 30, 2015)

Whether dinosaurs were in a long-term decline of whether they
were reigning strong right up to their final disappearance at the
Cretaceous—Paieogene (K-Pg) mass extinction event 66 Mya has
been debated for decades with no clear resolution. The dispute
has continued unresolved because of alack of statistical rigor and

model the evolutionary dynamics of speciation and extinction
through time in MesozoiC dinosaurs: properiy taking account O
previousiy ignored statistical violations- Wwe find overwheiming
support for a long-term decline across all dinosaurs and within
all three dinosaurian subclades (Ornithischia, Sauropodomorpha,
and Theropoda), where speciation rate slowed down through time
and was ultimately exceeded by extinction rate tens of millions of
years pefore the K-Pg poundary- The only exceptions to this gen-
eral pattern are the morphoiogicaliy specialized herbivores: the
Hadrosauriformes and Ceratopsidae: which show rapid species
proiiferations throughout the Late Cretaceous instead. Our results
highlight that, despite some heterogeneity in speciation dynamics
dinosaurs showed 2 marked reduction in their ability to replace
extinct species with new ones: making them yulnerable o extinc
tion and unable o respond quickly to and recover from the final
catastrophic event.

dinosaurs | evolution | speciation | phylogeny | Bayesian methods

onavian dinosaurs met their demise suddenly, coincident
with the Chicxulub impact in Mexico around 66 My&; how-
ever, whether there was any long-term trend toward declining
diversity leading to the Cretaceous—Paieogene (K-Pg) pboundary
has been controversial and debated for decades (1-14). This long-
standing dispute has been proionged partly because of differ-
ences in fossil datasets from different parts of the world and
difficulties in rock dating but most importantly, methodological
weaknesses——pre\llous attempts have been nonphyiogenetic, an
analyses Were conducted on simple time-binned tabulated data,
resulting 0 2 lack of qtatistical 11got (phyiogenetic and temporal
non'mdependence have not been const ered), and did not truly
investigate evolutionary dynamics, such as speciation and €x-
tinction rates- In fact, patterns of speciation and extinction in
dinosaurs have gone largely unstudied (8)- Here, We study spe-
ciation dynamics (reiationship between speciation and extinction
rates) using an exclusively phyiogenetic approach in a Bayesian
framework.

1Iif speciation and extinction rate were constant (but speciation
was higher), W€ would expect 1© see a linear increase through

time in the logarithm of the number of speciation events along

, model A). I speciation rate decreased through time
but rema'med above extinction rate, then W€ would expect @
curvilinear relationship (Fig- 1, models B and C). Such a 1€~
Jationship would reach an asymptote (speciation equals extinc-
tion) (Fig: 1, model B) and eventually, turn down as extinction
rate surpasses gpeciation during the evolutionary history of the
clade (Fig. 1, model C). The latter would correspond to @ long-
term pre~K—Pg demise in the case of dinosaurs: The distinction

5036-5040 | PNAS | May 3,2016 | vol.113 | no. 18

petween such evolutionary dynamics ¢an only be made using
phyiogenies with taxa sampled through time.

Results and Discussion

Using 2 phyiogenetic generaiized linear mixed model (GLMM) in
a Bayesian frameworkK (15) and three recent large comprehensive
dinosaur phyiogenies comprising 420 (8) and 614 taxa [two trees
(16)); respectively, we found that the data are Significantly better
expiained by a model, in which extinction rate exceeds speciation
rate from 4 My before the K-Pg boundary, than the simpler
alternative model [difference in deviance information criterion
(ADIC) between linear and quadratic models >11] (Fig. 24 and
Table S1)- Our findings at® qualitativeiy identical across all three
trees, and we report on results from one © {he 614-taxon trees (16)-

Because nonhomogeneity in evolutionary rates 18 widesprea

and common in nature (17-19) and dinosaurs ar¢ diverse—irom

herbivorous sauropods—We might expect t0 find different SPe
ciation dynamics in the different dinosaurian subclades. When
model parameters were estimated separateiy for each of the three
main subclades (Omithischia, Sauropodomorpha, and Theropoda),
the same generai pattern as in the total Dinosauria model was

recovered but with extinction rates exceeding speciation rates
carlier at 48-53 My before the K-Pg boundary (ADIC > 12) (Fig.

(SI Text) and Cerat0p51dae] In line with this finding, these tWO
subclades show no signs of speciation slowdowns OF downturns

| significance

| Whether dinosaurs were in decline pefore their final extinction

| 66 Mya has been debated for decades with no clear resolution.
This dispute has not been resolved pecause of inappropriate
data and methods. Here: for the first time to our knowledge:
we apply 2 statistical approach that models changes in speci-
ation and extinction through time: We find overwheiming
support for a long-term decline across all dinosaurs and within
all three major dinosaur groups- Our results highlight that di-
nosaurs showed a marked reduction in their ability 10 replace
extinct species with new ones, making them yulnerable to
extinction and unable to respond quickly to and recover from
the final catastrophic event 66 Mya-
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Case study: were dinosaurs in decline pre-KPg?
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We we reanalysed the data
using the FBD process
(and other models)

Our analyses show results
are sensitive to the
sampling model and
suggest that we can not
currently answer this
question using available
phylogenies
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Phylodynamic analysis of paleolithic
stone tools

Matzig et al. 2024. Royal Society Open Science
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Dibrachicystis purujoensis

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



Continuous trait measurement data
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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
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» Can we infer a topology of stone tools using the FBD process?

» Can we estimate phylodynamic parameters?

45



Data and context
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Geomorphic morphometrics
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Analysis
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Sensitivit
analyses

Birth, death, and
sampling rates
are impacted by
trait and taxon
sampling
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Results summary

* The FBD process combined with PCMs offers a promising
framework for studying cultural evolution

* However, the results are sensitive to sampling and the use of
continuous traits models for inference requires more scrutiny
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