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Schedule available online
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https://phylogenetics-fau.netlify.app/schedule_part_2
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No lecture next week (06.05)
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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
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We use a Bayesian framework
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Bayesian divergence time estimation
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Understanding the tripartite approach to Bayesian divergence time estimation 
Warnock, Wright. (2020)



Bayesian divergence time estimation
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The fossilised birth-death process
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t = 0

Some lineages only sampled once

Some lineages go completely unsampled

Sampled ancestors



The complete tree
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t = 0time



The reconstructed tree
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time

t = 0



The fossilised birth-death (FBD) 
process allows us to calculate 
the probability of observing the 
reconstructed tree
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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. 2014. PNAS



Analysis of fully 
extinct clades
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Wright (2017) Scientific Reports



18Mulvey et al. 2025. PaleobioloDy



Fossils can be incorporated via taxonomy or character data (total-evidence)
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As such, our assessment of the success of CBPs in
capturing evolutionary processes and patterns should
be viewed as maximally optimistic and our results
should not be taken as evidence for or against the
capacity of these methods to capture real patterns. In
particular, because our trait data are simulated, none of
the analyses provide any information on real patterns in
these groups.

Conversion of Taxonomies and Cladograms into Phylogenies:
Tree Construction and Time-Scaling

All tree manipulation and analyses were performed in
the R software environment (3.0.2; R Core Team 2013).
Topologies derived from cladograms and taxonomies
were time-scaled in order to produce phylogenies
(method outlined below). References and details
for the source topologies are shown in online
Appendix 1. All data sets are at the generic level
except that for tetraodontiform fishes, where species-
level classifications and range data were available. When
selecting cladograms we used whichever tree topology
the original authors had applied for phylogenetic
comparative analyses (if included), or the topology
preferred by the original authors in the absence of
further analyses within the publication. This was
to ensure that our data set included topologies
that would be the most likely to be accepted for
use with PCMs incorporating paleontological data.
Our data set therefore included solutions arising
from Bayesian, maximum-likelihood and maximum
parsimony inference. The literature used to obtain
taxonomies only contained one classification scheme for
each clade, and this was converted in to a tree structure
as a series of nested polytomies corresponding to each
taxonomic rank (Fig. 1).

Taxonomies by nature contain many polytomies
when directly plotted as trees (e.g., if there are five
genera contained within one family, these genera would
be depicted as a single multichotomy, unless sub-
familial relationships had been proposed). These were
left as hard polytomies to represent the maximum
amount of resolution based on available information,
except where the PCM required a fully resolved
tree (mode of evolution). In preliminary analyses
(Supplementary Material: Results, available on Dryad),
executing simulations where (i) taxonomies were
randomly resolved before time-scaling or (ii) random
trees used for comparison were collapsed to have the
same number of internal nodes as the TBP did not
make a notable or systematic difference to the outcome.
This is consistent with previous work showing that the
inclusion of polytomies in a phylogeny for a PCM does
not bias the result and has a negligible effect on the rate
of type I error (Garland and Diaz-Uriarte 1999; Stone
2011). Housworth and Martins (2001) provide a method
by which error caused by uncertainty in relationships
within a polytomy can be incorporated into estimates of
error bounds for the test statistic in a PCM.
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FIGURE 1. Method for converting a taxonomic classification to a
cladogram that can then be time-scaled with fossil range data to make
a phylogeny. Taxa that are in the same group at a particular rank are
combined in a polytomy, starting at the genus level and moving toward
the root of the tree. a) The original classification as published. b) The
resulting cladogram after conversion, before time-scaling.

Cladograms of extinct taxa can be scaled according
to the first appearance date (FAD) of each taxon to
generate phylogenies with branch lengths representing
the amount of time since sister taxa diverged (Lloyd et al.
2012; Bapst 2013, 2014). The branch lengths are estimated
based on the FAD of each taxon in the fossil record,
and the assumption that the divergence between two
lineages must have occurred, at the latest, at the FAD of
the older taxon. Some analyses also require an estimate
of the last appearance date of a taxon (e.g., measuring the
phylogenetic clustering of extinction) to estimate a taxon
duration. First and last possible appearance dates for all
taxa derived principally from the Paleobiology Database
(PaleoBioDB; www.paleobiodb.org last accessed March
30, 2015). These data were modified where the taxon was
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Image source Soul & Friedman (2015)
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As such, our assessment of the success of CBPs in
capturing evolutionary processes and patterns should
be viewed as maximally optimistic and our results
should not be taken as evidence for or against the
capacity of these methods to capture real patterns. In
particular, because our trait data are simulated, none of
the analyses provide any information on real patterns in
these groups.

Conversion of Taxonomies and Cladograms into Phylogenies:
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All tree manipulation and analyses were performed in
the R software environment (3.0.2; R Core Team 2013).
Topologies derived from cladograms and taxonomies
were time-scaled in order to produce phylogenies
(method outlined below). References and details
for the source topologies are shown in online
Appendix 1. All data sets are at the generic level
except that for tetraodontiform fishes, where species-
level classifications and range data were available. When
selecting cladograms we used whichever tree topology
the original authors had applied for phylogenetic
comparative analyses (if included), or the topology
preferred by the original authors in the absence of
further analyses within the publication. This was
to ensure that our data set included topologies
that would be the most likely to be accepted for
use with PCMs incorporating paleontological data.
Our data set therefore included solutions arising
from Bayesian, maximum-likelihood and maximum
parsimony inference. The literature used to obtain
taxonomies only contained one classification scheme for
each clade, and this was converted in to a tree structure
as a series of nested polytomies corresponding to each
taxonomic rank (Fig. 1).

Taxonomies by nature contain many polytomies
when directly plotted as trees (e.g., if there are five
genera contained within one family, these genera would
be depicted as a single multichotomy, unless sub-
familial relationships had been proposed). These were
left as hard polytomies to represent the maximum
amount of resolution based on available information,
except where the PCM required a fully resolved
tree (mode of evolution). In preliminary analyses
(Supplementary Material: Results, available on Dryad),
executing simulations where (i) taxonomies were
randomly resolved before time-scaling or (ii) random
trees used for comparison were collapsed to have the
same number of internal nodes as the TBP did not
make a notable or systematic difference to the outcome.
This is consistent with previous work showing that the
inclusion of polytomies in a phylogeny for a PCM does
not bias the result and has a negligible effect on the rate
of type I error (Garland and Diaz-Uriarte 1999; Stone
2011). Housworth and Martins (2001) provide a method
by which error caused by uncertainty in relationships
within a polytomy can be incorporated into estimates of
error bounds for the test statistic in a PCM.
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FIGURE 1. Method for converting a taxonomic classification to a
cladogram that can then be time-scaled with fossil range data to make
a phylogeny. Taxa that are in the same group at a particular rank are
combined in a polytomy, starting at the genus level and moving toward
the root of the tree. a) The original classification as published. b) The
resulting cladogram after conversion, before time-scaling.

Cladograms of extinct taxa can be scaled according
to the first appearance date (FAD) of each taxon to
generate phylogenies with branch lengths representing
the amount of time since sister taxa diverged (Lloyd et al.
2012; Bapst 2013, 2014). The branch lengths are estimated
based on the FAD of each taxon in the fossil record,
and the assumption that the divergence between two
lineages must have occurred, at the latest, at the FAD of
the older taxon. Some analyses also require an estimate
of the last appearance date of a taxon (e.g., measuring the
phylogenetic clustering of extinction) to estimate a taxon
duration. First and last possible appearance dates for all
taxa derived principally from the Paleobiology Database
(PaleoBioDB; www.paleobiodb.org last accessed March
30, 2015). These data were modified where the taxon was
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inclusion of polytomies in a phylogeny for a PCM does
not bias the result and has a negligible effect on the rate
of type I error (Garland and Diaz-Uriarte 1999; Stone
2011). Housworth and Martins (2001) provide a method
by which error caused by uncertainty in relationships
within a polytomy can be incorporated into estimates of
error bounds for the test statistic in a PCM.

Yo
lid

a
Ze

al
ed

a
Iso

ar
ca

So
le

m
ya

Ac
ha

ra
x

Ad
ul

om
ya

Bu
ch

io
la

Eo
pt

er
ia

Ne
ck

la
ni

a
Sl

av
a

Ca
rd

io
la

Eu
th

yd
es

m
a

Op
ist

ho
co

el
us

Subfamily
Family
Order
Subclass
Class

Yolida
Zealeda
Isoarca

Solemya
Acharax

Adulomya
Buchiola
Eopteria
Necklania
Slava
Cardiola
Euthydesma
Opisthocoelus

Praecardiinae

Cardiolinae

Praecardiidae

Solemyidae

           Isoarcidae

Nuculanidae

Praecardiacea

Solemyacea

Nuculanacea
Nuculoida

Solemyoida

Praecardioida

Palaeotaxodonta

Cryptodonta

Bivalvia
a)

b)

FIGURE 1. Method for converting a taxonomic classification to a
cladogram that can then be time-scaled with fossil range data to make
a phylogeny. Taxa that are in the same group at a particular rank are
combined in a polytomy, starting at the genus level and moving toward
the root of the tree. a) The original classification as published. b) The
resulting cladogram after conversion, before time-scaling.

Cladograms of extinct taxa can be scaled according
to the first appearance date (FAD) of each taxon to
generate phylogenies with branch lengths representing
the amount of time since sister taxa diverged (Lloyd et al.
2012; Bapst 2013, 2014). The branch lengths are estimated
based on the FAD of each taxon in the fossil record,
and the assumption that the divergence between two
lineages must have occurred, at the latest, at the FAD of
the older taxon. Some analyses also require an estimate
of the last appearance date of a taxon (e.g., measuring the
phylogenetic clustering of extinction) to estimate a taxon
duration. First and last possible appearance dates for all
taxa derived principally from the Paleobiology Database
(PaleoBioDB; www.paleobiodb.org last accessed March
30, 2015). These data were modified where the taxon was
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Our data set therefore included solutions arising
from Bayesian, maximum-likelihood and maximum
parsimony inference. The literature used to obtain
taxonomies only contained one classification scheme for
each clade, and this was converted in to a tree structure
as a series of nested polytomies corresponding to each
taxonomic rank (Fig. 1).

Taxonomies by nature contain many polytomies
when directly plotted as trees (e.g., if there are five
genera contained within one family, these genera would
be depicted as a single multichotomy, unless sub-
familial relationships had been proposed). These were
left as hard polytomies to represent the maximum
amount of resolution based on available information,
except where the PCM required a fully resolved
tree (mode of evolution). In preliminary analyses
(Supplementary Material: Results, available on Dryad),
executing simulations where (i) taxonomies were
randomly resolved before time-scaling or (ii) random
trees used for comparison were collapsed to have the
same number of internal nodes as the TBP did not
make a notable or systematic difference to the outcome.
This is consistent with previous work showing that the
inclusion of polytomies in a phylogeny for a PCM does
not bias the result and has a negligible effect on the rate
of type I error (Garland and Diaz-Uriarte 1999; Stone
2011). Housworth and Martins (2001) provide a method
by which error caused by uncertainty in relationships
within a polytomy can be incorporated into estimates of
error bounds for the test statistic in a PCM.
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FIGURE 1. Method for converting a taxonomic classification to a
cladogram that can then be time-scaled with fossil range data to make
a phylogeny. Taxa that are in the same group at a particular rank are
combined in a polytomy, starting at the genus level and moving toward
the root of the tree. a) The original classification as published. b) The
resulting cladogram after conversion, before time-scaling.

Cladograms of extinct taxa can be scaled according
to the first appearance date (FAD) of each taxon to
generate phylogenies with branch lengths representing
the amount of time since sister taxa diverged (Lloyd et al.
2012; Bapst 2013, 2014). The branch lengths are estimated
based on the FAD of each taxon in the fossil record,
and the assumption that the divergence between two
lineages must have occurred, at the latest, at the FAD of
the older taxon. Some analyses also require an estimate
of the last appearance date of a taxon (e.g., measuring the
phylogenetic clustering of extinction) to estimate a taxon
duration. First and last possible appearance dates for all
taxa derived principally from the Paleobiology Database
(PaleoBioDB; www.paleobiodb.org last accessed March
30, 2015). These data were modified where the taxon was
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Time calibrated tree of living and fossil penguins
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Sample age uncertainty
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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
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The fossilised birth-death model for the analysis of stratigraphic range data under different speciation modes. Stadler et al. (2018)



Joint phylogenetic estimation of 
geographic movements and biome shifts

24

Landis et al. (2023) Systematic Biology

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


Study background
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Data

163 extant species (127 with DNA) 

5 fossils (with taxonomic 
constraints) 

6 ZeoZraphic areas 

4 biomes 

Global diversity of Viburnum

26

Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[17:25 30/11/2020 Sysbio-OP-SYSB200027.tex] Page: 69 67–85

2021 LANDIS ET AL. — JOINT ESTIMATION OF PHYLOGENY, BIOGEOGRAPHY, AND BIOMES IN VIBURNUM 69

FIGURE 1. Global diversity of Viburnum across six areas and four biomes. Areas are marked with colored polygons for Southeast Asia
(magenta), East Asia (red), Europe (green), North America (yellow), Central America and Mexico (cyan), and South America (blue). Counts of
local species with biome affinities are reported for each area with pie charts, with the area of each chart the corresponding to the total number
of local species. Biomes are colored as tropical (red), warm temperate/lucidophyllous (green), cloud forest (sky blue), and cold temperate forest
(dark blue). The locations and biomes for the five fossil pollen specimens are represented with smaller markers with black borders.

species. Raw RAD-seq data have been submitted to NCBI
SRA under project number PRJNA605569. Supplement
2 (available on Dryad) details how the raw RAD-seq
data were generated and how they were assembled with
ipyrad v.0.7.13 (Eaton 2014).

The RAD-seq topology for the 127 Viburnum and
outgroup species was inferred under a concatenated
GTR+Gamma model using RAxML (Stamatakis 2014).
Outgroup species were then pruned from the estimated
tree to yield the topology for 118 of ∼163 (72%) Viburnum
species. Nodes with equivocal bootstrap support (P<
0.99) were collapsed into polytomies, resulting in the
RAD-seq backbone topology used in Stage 2.

Stage 2: Joint Bayesian Macroevolutionary Inference
We constructed a phylogenetic model to jointly estim-

ate species relationships, divergence times, fossil ages,
biogeographical histories, and biome shifts. Below, we
first describe the data used for Stage 2, and then the
components of the macroevolutionary model.

Molecular sequences for 153 of ∼163 (94%) extant spe-
cies were used to estimate species relationships among
35 lineages that were not topologically constrained and
to estimate all phylogenetic divergence times under a
relaxed clock model. For this, we assembled previously
published sequences for 138 extant viburnums for nine

chloroplast genes (matK, ndhF, petBD, psbA, rbcL, rpl32,
trnC, trnK, and trnSG) and one nuclear ribosomal marker
(ITS). We then replaced 34 of those sequences that ori-
ginated from herbarium or botanical garden specimens
with new sequences extracted from field specimens that
we collected. In addition, we sequenced 15 previously
unsequenced species for this study, bringing the total
number of species for these data to 153. The final matrix
contained 22.6% missing cells. All taxa in the Stage 1
RAD-seq data set were also represented in this Stage
2 cpDNA data set. Sequences were aligned in Muscle
then manually adjusted in AliView as needed. Sequence
accession numbers are given in Supplement 3 (available
on Dryad).

Geographical regions and biome affinities were scored
for all 163 extant species and for the 5 fossil specimens.
All species ranges were coded into one or more of six
discrete areas: Southeast Asia, Eastern Asia, Europe,
North America, Central America, and South America.
These areas are meant to reflect the major centers of
endemism for plant clades distributed around the North-
ern Hemisphere (Laurasian distributions); however, we
omitted Western North America as only one species of
Viburnum (V. ellipticum) is endemic to that region. We
subdivided Asia into Eastern and Southeastern regions
to reflect patterns of endemism in Viburnum, especially
the distribution of a number of lineages in Southeast Asia
(Vietnam, Malaysia, Indonesia, and the Philippines).
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• Can we inteZrate AeoAraphic ranAe and biome data into 
analysis usinZ the FBD model? 

• What can we learn about the diversification history of the 
Viburnum?

27



Analysis

1. Estimate the extant topoloZy usinZ maximum likelihood 

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

3. Ancestral state reconstruction  

4. + various sensitivity analyses

28
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FIGURE 3. Viburnum ancestral ranges estimated from the Complete data set. Node colors correspond to range states (legend). Only the three
most probable range states are reported for each node, while all less probable states are grouped together under the “...” label and colored gray.
A) Range probabilities for the ancestral range and the daughter ranges at each internal node with pie charts. Taxon labels for unsequenced extant
taxa are colored gray. B) A subsample of stochastic mappings for the same six posterior samples as shown in Figure 4.
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FIGURE 4. Viburnum ancestral biomes estimated from the Complete data set. Node colors correspond to forest biome affinity states (legend). A)
Probabilities are given by pie charts at nodes. Taxon labels for unsequenced extant taxa are colored gray. B) A subsample of stochastic mappings
for the same six posterior samples as shown in Figure 3.
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Results summary

• Joint inference usinZ the FBD and 
bioZeoZraphic models allows us to 
estimate a rich diversification history 

• Major lineaZes of Viburnum likely 
oriZinated in warm / temperate 
reZions and later adapted to the cold 

• Fossils can chanZe the results
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FIGURE 5. Viburnum biome and biogeography state frequencies through time taxa as estimated from the Complete data set. Subplots in the left
column report the frequency of lineages across biome states given for all lineages with sampled descendants found within a particular region.
Subplots in the right column are similar, except they report regional frequencies across lineages given a particular biome state. Time bins with
too few posterior samples to guarantee accurate frequency estimates were marked as empty (see main text).

probable than any nonfreezing biome (pp < 0.50) until
the degree to which missing data favors freezing forests
is high (Pr(Xroot =Cold)=0.82). Only when we assume
that any missing data are extremely biased toward a
freezing origin for Viburnum (Pr(Xroot =Cold)=0.99) do
we confidently estimate such a cold origin (pp > 0.95).

Biome and Biogeography State Frequencies
Reconstructed Viburnum lineages resided in different

biomes depending on their ages and on the regions that
they occupied, all of which varied over time (Fig. 5).
Lineages that are 50 Ma or older generally inhabited
warm temperate forests, particularly throughout the
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“It is, it must be admitted, a humblin( task to infer ancient events, and the 
results in many cases are tenuous at best. Given the obvious limitations of 
workin= with extant species and few, if any, fossils, it is necessary to inte(rate 
all of the available sources of evidence if we hope to produce assurin= 
answers.”
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Landis et al. (2023) Systematic Biology
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Phylodynamics
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 Diversification rate estimation



Bayesian divergence time estimation
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Tree shape is informative about underlying dynamics

34

the supply of susceptibles. This feedback,
along with the effect of pathogen epidemic
dynamics on genetics in other systems, is
illustrated schematically in fig. S1A.

Partial immunity to influenza A virus
also generates strong fitness differences
among strains, leading to rapid strain turn-
over. Such continual immune selection de-
termines the shape of phylogenies of the
HA (Fig. 1E) and NA genes; these are
strongly temporal in structure with high
rates of lineage extinction, so that genetic
diversity at any time is limited. The central

trunk depicts the ancestry of the successful
lineages and has the highest rate of amino
acid replacement at key antigenic sites (9),
suggesting that immunological distance
from previous strains determines viral fit-
ness. Although substantial progress has
recently been made in integrating the
individual- and population-level dynamics of
influenza (5), the role of within-host dynam-
ics remains to be added to the picture. Influ-
enza B, and influenza A in other mammals,
generally shows more complex patterns of
antigenic drift (fig. S1B). In addition to anti-

genic drift, influenza pandemics can be
caused by novel HA and NA combinations
(antigenic shift). Aquatic birds are the natural
reservoirs of influenza A viruses and harbor a
variety of antigenic types, thereby providing
an environment in which new recombinant
subtypes can arise and transmit to mammals.

This phylodynamic category also includes
foot and mouth disease virus (FMDV), which
causes a highly infectious acute epidemic
disease of livestock. Primary infection or
vaccination gives imperfect protection
against other variants of the virus, and there is

Fig. 1. (A) Prevaccination measles dynamics: weekly case
reports for Leeds, UK (7). (B) Weekly reports of influenza-
like illness for France (44). (C) Annual diagnosed cases of
HIV in the United Kingdom (45). (D) Measles phylogeny: the
measles virus nucleocapsid gene [63 sequences, 1575 base
pairs (bp)]. (E) Influenza phylogeny: the human influenza A
virus (subtype H3N2) hemagglutinin (HA1) gene longitudi-
nally sampled over a period of 32 years (50 sequences, 1080
bp). (F) Dengue phylogeny: the dengue virus envelope gene
from all four serotypes (DENV-1 to DENV-4, 120 sequences,
1485 bp). (G) HIV-1 population phylogeny: the subtype B
envelope (E) gene sampled from different patients (39
sequences, 2979 bp). (H) HCV population phylogeny: the
virus genotype 1b E1E2 gene sampled from different pa-
tients (65 sequences, 1677 bp). (I) HIV-1 within-host phy-
logeny: the partial envelope (E) gene longitudinally sampled
from a single patient over 5.8 years [58 sequences, 627 bp;
patient 6 from (26)]. All sequences were collected from GenBank and trees were constructed with maximum likelihood in PAUP* (46 ). Horizontal
branch lengths are proportional to substitutions per site. Further details are available from the authors on request.

R E V I E W

16 JANUARY 2004 VOL 303 SCIENCE www.sciencemag.org328

This paper coined the term phylodynamics 
Grenfell et al. 2004. Science



First used for tracking the spread of infectious diseases
The skyline birth-death process
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Stadler et al. 2012. PNAS 
Gavryushkina et al. 2014. PLoS Comp Bio

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


Models that include 
migration

36

Epidemiological parameters. Several epidemiologically relevant pa-
rameters were coinferred along with the transmission tree. First,
we report on the reproductive number in the different regions,
which varied from 1.2 to 1.9 in Hubei to 2.5 to 3.5 in France (SI
Appendix, Fig. S2A). Second, we report on the prevalence of no-
longer infectious cases in each region as of the collection date of
the last analyzed sequence. This quantity can be back-calculated
from the inferred sampling proportion (prevalence = no. se-
quences analyzed/sampling proportion). We note that both the
sampling proportion and prevalence estimates have large credi-
ble intervals (SI Appendix, Fig. S2 B and C). Of the European
regions analyzed, the outbreak in Germany was estimated to be
smaller in early March (150 to 485 cumulative cases) than the
outbreaks in France (709 to 2,185 cases) and other European
countries (719 to 1,782 cases), while the outbreak in Italy was the
largest (2,600 to 4,923 cases).

Comparing Rates of Migration and within-Region Transmission. Fig. 2
compares the rate at which we estimate new cases to arise in
each region from migration versus from within-region transmis-
sion. The estimated rates of new cases from migration and
within-region transmission are represented here as point esti-
mates 5 d before the date of case confirmation, which assumes a
5-d delay between infection and onward transmission or migra-
tion [the choice of 5 d is motivated by serial interval estimates for
SARS-CoV-2 (18)]. We emphasize that we do not consider any
non-European regions beyond Hubei; therefore, transmission
from Hubei to a not-included location and then to Europe is
considered to be migration directly from Hubei to Europe under
our model.
Beginning with the first day on which we have case data from

Hubei, we estimate a substantial risk of infected individuals
migrating from Hubei into European regions. Throughout late
January to mid-February 2020, cases were sporadically detected
in each European region, each of which is associated with a risk
of subsequent within-region transmission. Sustained within-
region transmission is first evident in Italy in mid-February.
Shortly thereafter, sustained within-region transmission occurred
in other European countries, in France and in Germany. By 8
March 2020, the estimated rate of occurrence of new cases from
within-region transmission is within or exceeds the estimated

bounds on the rate of new cases from migration for each region
considered (SI Appendix, Fig. S7A). We obtain the same quali-
tative result in our sensitivity analysis using a very different prior
on the migration rate (SI Appendix, Fig. S7B). We note that the
rates in Fig. 2 are underestimates of the rates of new cases arising
due to migration or transmission due to the underreporting in
the confirmed case data. However, assuming that the amount of
underreporting is comparable across regions, we can indeed
compare the rates.
Finally, we report support for a decrease in migration rates

from Hubei into European regions at the date of the lockdown of
Wuhan (SI Appendix, Fig. S1). We infer that migration decreased
by 40% (95% highest posterior density interval 0–87%). Again,
we note that the migration rate out of Hubei is not necessarily
specific to Hubei, since we do not consider possible migration
paths through other non-European locations.

Discussion
We inferred the early spread of the SARS-CoV-2 virus into and
across Europe as well as the geographic origin of the predomi-
nant A2a lineage spreading in Europe. To do this, we applied a
previously published phylodynamic model to analyze publicly
available viral genome sequences from the epidemic origin in
Hubei, China and from the earliest detected and largest Euro-
pean outbreaks before 8 March 2020. After performing Bayesian
inference, we: 1) Report on inferred patterns of SARS-CoV-2
spread into and across Europe, 2) compare posterior probabili-
ties for several hypotheses on the origin of the A2a lineage, 3)
report on epidemiological parameters, and 4) compare the
timeline of new cases resulting from migration versus within-
region transmission in Europe before borders were closed.
Genome sequence data indicates that prior to 8 March 2020,

SARS-CoV-2 was introduced from Hubei province into France,
Germany, Italy, and other European countries at least two to
four times each (Table 1). These estimates, which are based on
genome sequence data and thus do not rely on having line list
data for individual migration cases, provide a complementary
account of introduction events compared to line list data (19)
and phylogenetic inferences combining genome sequence and
line list data (20–25). The introduction events we report here are
inferred to have occurred along the transmission tree specific to
the analyzed sequence set and are not attributable to individual

Fig. 2. Estimated rate of new cases arising from migration compared with the estimated rate of new cases arising from within-region transmission. For each
day, we multiplied the (smoothed) number of newly confirmed cases in each source region by the posterior sample of migration rates from source to sink. The
median of these rates is shown in the “Migration” row. We also multiplied the (smoothed) number of newly confirmed cases in each sink region by the
posterior sample of transmission rates for the region. The median of these rates is shown in the “Within-region transmission” row. Gray shaded regions
indicate dates on which new cases were reported in each region. Dates are lagged 5 d to account for a 5-d delay between infection and migration or onward
transmission and daily case counts were smoothed by taking a rolling 7-d average. Case data comes from the Johns Hopkins Center for Systems Science and
Engineering (https://github.com/CSSEGISandData/COVID-19).

4 of 8 | PNAS Nadeau et al.
https://doi.org/10.1073/pnas.2012008118 The origin and early spread of SARS-CoV-2 in Europe
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Ants have very variable fossil samplinZ 
over time 

→We can take this into account usinZ 
the FBD skyline model 

Estimating parameters in macroevolution

37Images adapted from April Wright 



The oldest fossils are around 100 Ma 

Different assumptions about the fossil 
samplinZ process produce different results 

Skyline models recover an older aZe 
estimate for the oriZin of ants (= 140 Ma) 

Estimating parameters in macroevolution

38



Case study: were dinosaurs in decline pre-KPg?

39

Dinosaurs in decline tens of millions of years before

their final exti
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Whether dinosaurs were in a long-term decline or whether they

were reigning strong right up to their final di
sappearance

at the

Cretaceous–P
aleogene (K-Pg) mass extinction event 66 Mya has

been debated for decades with no clear resolution. T
he dispute

has continue
d unresolved because of a lack of statistical

rigor and

appropriate
evolutionary

framework. Here, fo
r the first time to

our knowledge, we apply a Bayesian phylogenetic
approach to

model the evolutionary
dynamics of speciation and extinction

through time in Mesozoic dinosaurs, p
roperly taking account of

previously ignored statistical violations. We find overwhelming

support for a long-term decline across all dinosaurs
and within

all three dinosaurian
subclades (Ornithischia, S

auropodomorpha,

and Theropoda),
where speciation rate slowed down through time

and was ultimately exceeded by extinction rate tens of millions of

years before the K-Pg boundary. Th
e only exceptions to

this gen-

eral pattern
are the morphological

ly specialized herbivores, t
he

Hadrosaurifo
rmes and Ceratopsidae

, which show rapid species

proliferation
s throughout

the Late Cretaceous in
stead. Our results

highlight tha
t, despite some heterogeneit

y in speciation dynamics,

dinosaurs showed a marked reduction in their ability to replace

extinct speci
es with new ones, making them vulnerable to extinc-

tion and unable to respond quickly to and recover from
the final

catastrophic
event.

dinosaurs | evolution | s
peciation | phylogeny |

Bayesian methods

Nonavian dinosaurs met their demise suddenly, coin
cident

with the Chicxulub impact in Mexico around 66 Mya; how-

ever, whether
there was any long-term trend toward declining

diversity leading to the Cretaceous–Pa
leogene (K-Pg) bounda

ry

has been controversial an
d debated for decades (1–

14). This long-

standing dispute has been prolonged partly because of differ-

ences in fossil datasets
from different parts of the world and

difficulties in rock dating but most importantly, methodological

weaknesses—previous attem
pts have been nonphylogenet

ic, and

analyses were
conducted on simple time-binned tabulated data,

resulting in a lack of statistical rig
or (phylogenet

ic and temporal

nonindependen
ce have not been considered), an

d did not truly

investigate evolutionary dynamics, such as speciation and ex-

tinction rates. In fact, patterns
of speciation and extinction in

dinosaurs have
gone largely unstudied (8). Here, we study spe-

ciation dynamics (relationshi
p between speciation and extinction

rates) using an exclusively phylogenetic approach in a Bayesian

framework.
If speciation and extinction rate were constant (but s

peciation

was higher), we would expect to see a linear increase through

time in the logarithm of the number of speciati
on events along

each path of a phylogenetic tr
ee (linear) (Materials and Methods

and Fig. 1, model A). If speciation
rate decreased through time

but remained above extinction rate, then we would expect a

curvilinear relationship (Fig. 1, models B and C). Such a re-

lationship would reach an asymptote (speciation equals extinc-

tion) (Fig. 1, m
odel B) and eventually, tur

n down as extinction

rate surpasses spec
iation during the evolutionary history of the

clade (Fig. 1, model C). The latter would correspond to a long-

term pre–K-Pg demise in the case of dinosaurs. T
he distinction

between such evolutionary dynamics can only be made using

phylogenies wi
th taxa sampled through time.

Results and Discussion

Using a phylogenetic ge
neralized linear mixed model (GLMM) in

a Bayesian framework (15) and three recent large comprehensive

dinosaur phylo
genies comprising 420 (8) and 614 taxa [two trees

(16)], respectiv
ely, we found that the data are significantly better

explained by a model, in which extinction rate exceeds speciat
ion

rate from ∼24 My before the K-Pg boundary, than
the simpler

alternative model [difference in deviance information criterion

(ΔDIC) between linear and quadratic models >11] (Fig
. 2A and

Table S1). Our findings are
qualitatively id

entical across a
ll three

trees, and we report on results from one of the 614-
taxon trees (16).

Because nonhomogeneity in evolutionary rates is widespread

and common in nature (17–19) and dinosaurs are diverse—from

the bipedal, carnivorous theropods to the quadrupedal, mega-

herbivorous sauropods—we might expect to
find different spe-

ciation dynamics in the different dinos
aurian subclades. When

model parameters were estim
ated separately for e

ach of the three

main subclades (Ornithischia, Sau
ropodomorpha, and Theropoda),

the same general pattern
as in the total Dinosauria model was

recovered but with extinction rates exceeding speciation rates

earlier at 48–53
My before the K-Pg boundary

(ΔDIC > 12) (Fig.

2B and Table S1). Ornithischia here
refers to nonhadrosaurif

orm,

nonceratopsid
ornithischians,

because the two Cretaceous sub-

clades, Hadrosauriformes and Ceratopsidae,
show speciation

patterns distinct from other ornithischians;
Lloyd et al. (8) also

identified significant diversification
shifts at the base of

comparable clades [i.e., Eu
hadrosauria (here Hadrosauriformes)

(SI Text) and Ceratopsidae].
In line with this finding, th

ese two

subclades show
no signs of specia

tion slowdowns or
downturns

Significance

Whether dinos
aurs were in decline before their final ex

tinction

66 Mya has been debated for decades w
ith no clear resoluti

on.

This dispute has not been resolved because of inappropriat
e

data and methods. Here
, for the first time to our knowledge,

we apply a statistical ap
proach that models changes in speci-

ation and extinction through time. We find overwhelming

support for a
long-term decline across all din

osaurs and within

all three major dinosau
r groups. Our results highlight tha

t di-

nosaurs showed a marked reduction in their ability
to replace

extinct species with new ones, making them vulnerable to

extinction and unable to respond quickly to and recover from

the final catastro
phic event 66 Mya.
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(ΔDIC between linear and quadratic models >5 in favor of the linear
model) (Figs. 2B, Inset and 3 and Table S1). Thus, the difference in
the timing of the switch from slowdown to downturn in the Dino-
sauria model and for the three major clades is caused by the non-
homogeneity in speciation processes across dinosaurian groups.
However, these two subclades combined only represent 14% of di-
nosaur species; over time, dinosaurs overwhelmingly experienced a
reduction in their capacity to replace extinct species with new ones—
net speciation per 1 My at the time that dinosaurs went extinct
(66 Mya) was significantly below zero (speciation rate is less than

extinction rate) (Fig. 3B) in the three major clades (Table S12)—and
Hadrosauriformes and Ceratopsidae are the exceptions.
The most prominent downturn is seen in the sauropodomorphs,

where speciation increases rapidly through the Triassic and Early
Jurassic (an average of 0.137 speciation events for every 1 My)
until ∼195 Mya; then, speciation rate starts to slow down, and
extinction rate surpasses speciation rate at ∼114 Mya (Figs. 2B
and 3). Early sauropodomorph lineages are numerous but not
long-lasting, and taxa that originated earlier in geological time
are successively replaced by younger ones. The near extinction of
the diplodocoids at the end of the Jurassic 145 Mya did not affect
high speciation rates (Fig. 3), and sauropodomorphs only began
their decline ∼30 My into the Early Cretaceous (Fig. 3). The
subsequent originations of titanosaurian taxa were not nearly
enough to compensate for the continuous loss of sauropods
throughout the remainder of the Cretaceous.
Speciation in theropods follows a slower increase (∼0.07

speciation events for every 1 My) with an early onset of specia-
tion slowdown from the Late Triassic ∼215 Mya to the Early
Cretaceous ∼120 Mya, when extinction rate exceeds speciation
rate (Figs. 2B and 3). Although Theropoda contains one of the
most morphologically diverse dinosaurian clades, the coelur-
osaurs, which include the giant carnivorous tyrannosaurs, parrot-
like oviraptorosaurs, large pot-bellied therizinosaurs, ostrich-like
ornithomimosaurs, small sickle-clawed dromaeosaurs, and birds
(most of which are Cretaceous in age), they originated in the
Early to Middle Jurassic (Fig. 3), much earlier than expected
from apparent fossil occurrences (8). Clades appearing even
earlier (e.g., ceratosaurs, megalosauroids, and allosauroids) also
persist into the Late Cretaceous, all of which might suggest that
the theropod speciation pattern would be a classic “early burst”
or adaptive radiation-type speciation (20) with long protracted
branches (8), corresponding to a speciation slowdown model.
Although our results do show an initial burst of speciation events
and a gradual and prolonged slowdown, consistent with an early
burst model, the fact that extinction rate surpasses speciation

A

B

C

Fig. 1. Theoretical models of speciation through time. If speciation and
extinction rate were constant through time (but speciation was higher) in
dinosaurian history, we would expect to see a linear increase through time
in the logarithm of the number of speciation events along each path of a
phylogenetic tree (model A). If speciation rate decreased through time but
remained above extinction rate, then we would expect a curvilinear re-
lationship (models B and C). Such a relationship would reach an asymptote
(speciation equals extinction; model B) and eventually, turn down as ex-
tinction rate surpassed speciation during the evolutionary history of the
clade (model C). The latter would correspond to a long-term pre–K-Pg de-
mise in the case of dinosaurs.
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Lloyd2). For the ornithischians, the two Benson and larger Lloyd
trees all indicate a latest Cretaceous decline (94.5% of posterior
negative for Benson1, 94.6% for Benson2, 97.3% for Lloyd2),
whereas the smaller Lloyd tree suggests no substantial change in
diversity during this interval (49.2% of posterior negative).

The results of the birth-death analyses are summarised in
Figures 2 and 3, which show the piecewise-constant estimates of
diversification and sampling rates, respectively, from each of the
phylogenies, and Supplementary Tables, which provide the esti-
mated parameter values. There is less variation in the BDSKY
results between the different subclades, and based on the different
tree topologies, than in the coalescent results.

The most apparent pattern is that all of the models have much
greater uncertainty on diversification rates in the final time bin, the
Coniacian–Maastrichtian (Figure 2). This is coupled with an
increase in the inferred sampling rates during this interval
(Figure 3). In the full phylogenies and all three subclades, the scale
of this effect decreases with increasing phylogeny size.

Despite this, in the BDSKY analyses, all four phylogenies place
most posterior probability on a positive diversification rate for
dinosaurs in the latest Cretaceous (90.0% of posterior positive for
Lloyd1, 98.0% for Benson1, 98.1% for Benson2, 99.9% for Lloyd2).
In all three subclades, it is more unclear as to whether

diversification was positive or negative, or simply constant, prior
to the K-Pg boundary. All of the models appear to favour positive
diversification in the Late Jurassic (99.9% of posterior positive for
Lloyd1, 100.0% for Benson1, 100.0% for Benson2, 100.0% for
Lloyd2), and also in the Aptian–Turonian (98.4% of posterior
positive for Lloyd1, 98.4% for Benson1, 97.4% for Benson2,
99.2% for Lloyd2).

Discussion

In this study, we characterise dinosaur diversification using two
different phylodynamic models: the birth-death-sampling
(BDSKY) and coalescent skyline models. The coalescent model
recovered a downturn in diversity during the latest Cretaceous with
a posterior probability of 97% using the Benson phylogenies, and a
posterior probability of 94% using the larger Lloyd phylogeny
(Figure 1). The BDSKY model instead inferred an increase in
dinosaur diversity in the latest Cretaceous with a posterior prob-
ability of more than 98% based on these three largest phylogenies
(Figure 2). Our results therefore span the range of diversification
estimates obtained using other methods in previous literature. The
difference in results we obtained using the two phylodynamic
models can be linked directly to the different assumptions they
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Figure 2. Diversification rates estimated using the piecewise-constant fossilised birth-death skyline model. Time moves forwards from left to right along the x-axis, with the K-Pg
boundary at the end of the Coniacian–Maastrichtian bin. Estimates are shown for each of four phylogenies, ordered from smallest to largest. Points show the median values, and
error bars indicate 95% highest posterior density. Dinosaur silhouettes for Ornithischia (top right), Sauropodomorpha (bottom left) and Theropoda (bottom right) are from
Phylopic.
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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

Allen et al. 2024. Extinction
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Cambrian stalked echinoderms show  
unexpected plasticity of arm construction  

Zamora & Smith. (2012)

Two of the best-preserved specimens of D. purujoensis

were studied using the Metris X-Tek HMX ST computed

tomography (CT) system at the Natural History Museum,

London. High-resolution slices were obtained and a three-

dimensional model of its anatomy built using the software

SPIERS [17]. The better of these was used to build a three-

dimensional model based on 1862 digital slices that were

treated independently. Isolated plate boundaries were

impossible to differentiate internally owing to the absence

of infilling sediment, impeding a full reconstruction of

these elements. Plating and stereom details are better

observed from latex casts. The most important contri-

bution from the CT scan was accurate reconstruction

of the arm structure, a key character in the discussion

(see above).

A cladistic analysis was carried out using the software

PAUP* [18] to establish this new taxon’s phylogenetic position.

We included all nine Cambrian stalked echinoderms whose

morphologies are well known (electronic supplementary

material, table 1), as well as two representative Early Ordovician

crinoids (Aethocrinus and Titanocrinus) and an Ordovician glyp-

tocystitid and pleurocystitid. As root, we used the Lower

Cambrian Kinzercystis, which is generally considered basal to

all stalked echinoderms [19–21]. Twenty-eight skeletal charac-

ters were identified as phylogenetically informative and scored.

Character descriptions and the resultant data matrix are

provided as the electronic supplementary material. A branch-

and-bound search was carried out with all characters equally

weighted and unordered. Bootstrap values are based on 1000

random addition replicates.
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Figure 1. Dibrachicystis purujoensis gen. et sp. nov. (a) MPZ2011/2, natural mould of complete individual. (b) MPZ2009/
1236, theca, arms and proximal part of stem. (c) MPZ2011/3, theca and basal part of arms. (d) MPZ2011/4, tripartite
stem. (e–g,j,k) CT model reconstruction of stem based on MPZ2009/1236. (h) MPZ0001, proximal part of stem and
cone-shaped plate. (i) MPZ2011/5, single ossicle of proximal stem and reconstruction. Abbreviations: af, articulation
flange; cp, conical plate; ds, distal stem; fa1, fa2, feeding appendages (arm); pe, periproct opening; ps, proximal stem;
t, theca. (b–d,h,i) Latex casts.

294 S. Zamora & A. B. Smith Arms in Cambrian echinoderms

Proc. R. Soc. B (2012)
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Continuous trait measurement data
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←Typo-Chronology of 
Palaeolithic stone tools

After Nicolas (2017)

Outline based NJ tree →

Matzig et al. 2021. 



• Can we infer a topoloZy of stone tools usinZ the FBD process? 

• Can we estimate phylodynamic parameters?
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Data and context
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Geomorphic morphometrics
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Tree inference 
 
FBD skyline model 
(SA package) 

Brownian motion of 
trait evolution 
(contraband package)

Analysis

48



49

The tree topology 
of stone tools 
exhibits a lot of 
uncertainty



Sensitivity 
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 promisinZ 
framework for studyinZ cultural evolution 

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