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Objectives
Lecture 
• Brief introduction to the BEAST2 pipeline 

Tutorial 
• Divergence dating under the fossilised birth-death process 
• Choose your own adventure
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Intro to BEAST2

3



Also designed with extendability and 
flexibility in mind 

Also developed and supported by a 
large international team of developers 

Has a suite of apps that can used to 
generate input files and analysis the 
output

BEAST2
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www.beast2.org
Scots poem - also the BEAST2 logo!

http://2196F3
http://www.beast2.org/
https://blogs.baruch.cuny.edu/poemofthemonth/2011/11/17/to-a-mouse/
https://www.beast2.org


BEAST2 toolkit 
and work flow
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Step 1. generate the 
xml file in BEAUti

Step 2. run your 
analysis in BEAST

Step 3a. Examine 
you log files using 
Tracer

Step 3b. Generate a 
summary tree using 
TreeAnnotator 

Step 4. Examine your 
summary tree in FigTree

Step… any other 
downstream analysis
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BEAST2 input: the XML file
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Caveat: if you want to use 
an option not available in 
BEAUti you have to learn 
how to edit the XML



Note all tree models in 
BEAST2 incorporate a 
temporal component

A wide range of 
models and tree 
structures
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• population and transmission trees: branches represent not one lineage, but entire popula-
tions (or species) [7, 11], and branching events represent population splits (or speciation or
transmission events) [12] (Fig 1b),

• sampled ancestors: fossils may be direct ancestors of other fossils or extant species [13]
(Fig 1d),

• structured populations: branches are painted according to which population the individual
belongs to [5] (Fig 1c),

• clonal frame ancestral recombination graph: some gene regions have alternative parent
edges added to a “clonal frame” phylogeny, resulting in a tree-based network [14] (Fig 1e),

• species networks: hybridization or admixture after isolation events are included in the spe-
cies history (so that the species history is a directed network) but gene histories (genealogies)
are still represented by binary trees [15] (Fig 1f),

• polytomies: one individual gives rise to many lineages at the same time.

Fig 1. Phylogenetic structures available in BEAST 2. (a) A tip-dated time tree, with leaf times as boundary conditions but not data
(generally a coalescent prior is applied in this setting). (b) A species tree with one or more embedded gene trees (c) A multi-type time
tree has measured types at the leaves and the type changes that paint the ancestral lineages in the tree are sampled as latent variables
by MCMC. (d) A sampled ancestor tree, with two types of sampling events: extinct species (red) and extant species (blue). Extinct
species can be leaves or, if they are the direct ancestor of another sample, degree-2 sampled ancestor nodes. (e) An ancestral gene
conversion graph is composed of a clonal frame (solid time tree) and an extra edge and gene boundaries for each gene conversion
event. (f) A species network with one or more embedded gene trees.

https://doi.org/10.1371/journal.pcbi.1006650.g001

BEAST 2.5 for Bayesian evolutionary analysis

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006650 April 8, 2019 4 / 28

Bouckaert et al. (2019) PLOS Comp Bio

https://journals.plos.org/ploscompbiol/article/file?id=10.1371/journal.pcbi.1006650&type=printable
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https://taming-the-beast.org/

https://taming-the-beast.org/


Exercise
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https://taming-the-beast.org/tutorials/FBD-tutorial/
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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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Fossils can be incorporated via taxonomy or character data (total-evidence)

topological 
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Image source Soul & Friedman (2015)

https://academic.oup.com/sysbio/article/64/4/608/1649236
http://www.apple.com/uk
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2 genes (irbp, cytb) for 8 extant species 

Occurrence times of 14 fossil species 

Taxonomic constraints 

Note: this analysis includes includes no character data for our fossils 

More about models of morphological evolution / TE dating on Thu / Fri

Data
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Make sure you have the latest version 
of ORC package installed (v 1.2.1)
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λ μ
ψ
ρ

The data Tripartite model components

0

1

Substitution
model

Clock
model

Tree and tree
model

Phylogenetic
characters

Fossil
ages

0101...
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ATTG...
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ATTC...

AND/OR

Bayesian divergence time estimation

17

3 model components

substitution 
model

clock 
model

tree and tree 
model

The data

sample 
ages

phylogenetics 
characters

and / or

Understanding the tripartite approach to Bayesian divergence time estimation 
Warnock and Wright (2020)

https://ecoevorxiv.org/repository/view/4372/#!
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Key model parameters

• birth (speciation) rate — λ 

• death (speciation) rate — μ 

• fossil sampling rate — ψ 

• extant sampling probability — ρ

21

extant species sampling is 
often fixed because this is the 
parameter we have the most 
information about

birth, death and sampling are 
instantaneous rates and 
typically estimated during 
inference

λ

Pr
 d

en
si

ty



We can put priors on different combinations of parameters
Parameterisation of the process

22

Parameter Transformation

Net diversification d = λ − μ

Turnover v = μ/λ

Sampling proportion s = ψ/(μ + ψ)

Speciation λ = d/(1 − v)

Extinction μ = (vd)(1 − v)

Sampling ψ = (s/(1 − s))((vd)/(1 − v))



Take care when interpreting PP for 
trees with SAs

23



More options available via the pdf! 
e.g., alternative parameterisations, fully extinct clades
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Extra slides
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Including samples with no character data improves inference
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Dimension 1

Dimension 2

Dimension 3

Dimension 4

Dimension 5

Dimension 6

Nikolic et al.. in review.
M

IG
 

SC
I

G
ER

A B C

Resolved Semi-resolved

Trees occupy different regions of tree space

And show worse / better correspondence 
with the fossil record
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Scenario Software

Node dating with large datasets MCMCTree

If want (or have to) fix the tree topology MCMCTree

If fossil sampling is sparse or complex MCMCTree

If you have abundant fossil data, or are interested in the 
topological position of fossils BEAST2, RevBayes

If you’re interested in the phylodynamic parameters BEAST2, RevBayes

If you want to use a specific model BEAST2, RevBayes, 
MCMCTree



We can use a calibration density to 
constrain internal node ages 

We typically use a birth-death 
process model to describe the tree 
generating process 

Recap: Node dating

28

Oldest fossil
sampling time

Speciation 
time

Uniform (min, max)

Exponential (λ)

Gamma (α, β)

Lognormal (μ, σ)

Normal (μ, σ)

time

Adapted from Heath (2012). Sys Bio

https://academic.oup.com/sysbio/article/61/5/793/1735537


We can also use ρ at t > 0 to 
model serial sampling

Relationship to (some) 
other birth-death 
process models

29

Elements of Paleontology 19

Figure 5 The complete versus reconstructed trees under birth-death process
models. The assumptions of four different models are captured in each row. The
first column shows an example outcome of the joint diversification and sampling
processes (i.e., the complete tree), where diamonds represent extant or fossil sam-
ples. The second column shows the tree that contains sampled lineages only (i.e.,
the reconstructed tree). The third column shows the parameters and the name com-
monly applied to the model used to described the probability of observing the
reconstructed tree shown in column 2, given we assume the generating processes
shown in column 1. In all cases we assume constant speciation, extinction and
fossil recovery, and uniform extant species sampling. Trees and fossils were sim-
ulated and plotted using the R packages h`22aBK (Stadler, 2011) and 6QbbBHaBK
(Barido-Sottani et al., 2019). Code to reproduce this figure is available online (DOI:
10.5281/zenodo.4035016).

.$C8�E8C"D�$9�FD8��4*4�!45!8�4E��EE%D-��+++�64"5C�7:8�$C:�6$C8�E8C"D���EE%D-��7$��$C:�������
�,
�����,�
	��
/$+#!$4787�9C$"��EE%D-��+++�64"5C�7:8�$C:�6$C8��3#�*8CD�E48E�0C!4#:8# 2F8C#58C:��$#����185������4E���-�,-		��DF5 86E�E$�E�8�.4"5C�7:8

complete vs. reconstructed trees

λ = 0.1 
μ = 0.05 

ρ = 0.6 

ψ = 0.05

λ = 0.1 
μ = 0.05 

ρ = 0.6

λ = 0.1 
μ = 0.05 

λ = 0.1 

Stadler 
(2010)

Yang and 
Rannala 
(1997) 
Stadler 
(2009)

For epidemiology: Stadler et al. (2012) 
See also: Stadler and Yang (2013) 
Review: MacPherson et al. (2022) 
Image: Warnock and Wright (2020)

https://www.sciencedirect.com/science/article/pii/S0022519310004765
https://watermark.silverchair.com/4yang.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA4IwggN-BgkqhkiG9w0BBwagggNvMIIDawIBADCCA2QGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMCcX5sX0nJMvpw7sHAgEQgIIDNVaLDkcBgOVExXQ7pRmFBa7I902-k1GBxDs4fKmhyT1keSFTHKN_UauK9vduZBDGQdVwHWFZ3GHU49VWYSgPkr7NVxtmZ4G4kJeP0LLdrSJFcbWchxuZRwvOwlSSudSyQBx4QRh7QS0n124uol6a_kPd4HQ3dY53ZMYi1CdpN8OI4diP73s8mwfcPW7BLRgNYVOWkyXysBd2THqoDCbbCxi6x6r4kFV-jtARVC-eUUIPKBBVxqsu7X6uOBnjxg2H3UBjIhpa_x30hOPwFppfxkXdyRMXKC46v8VaN3g7sS1qxKspGdvNpYK9WEFkXgPqJLXED12c2Sw9fk49gJb2upnj0NeNpBBOS_bL-JuOtpjEOE4rojy6tbil0_oXkK-6izWqYXxGesz3Lb9oTcuhSsVsDceu0SOQFzsAfy2suLaGAkOcZ0QlClSu3G1dwKzae9IFzDQ1PxL0VZnpY8fuizgO4EbbK9XTciI4TaNjvEQqVvZfn22JFo8-BuVv-Lx6YpzR5TUjj1gWWal3Bn9hcbKDDt9VjNSJP3ZkgdHOfkOhleE3WfODVflFJFMCsZlUzkdW91pCtP8lfUlKQhdOTf7iBY90AbicZHMLKVBqtOGw-mhq-28YvdyeXGKAMk2QJJWYGnfsjPFTrW2kgR2pigRu3nj1NHFWIr9b4RJ7qbnQ0XH-hQicLL-2nQNdcLKfTCiMaFFw9TnIdQAzBdpfIUG1YJmeUaKEu2YBC20ebzt0KralTwNAtdZkt9BoZDBfX3nRsBbFYd4mQPr4me33hrn363K15D18authF4OMSGdvnv_pDR2sjFdZg65n3irjsnQ1w_jFpxDhu7xLtU7T87iYhpw9auABxgtykEJynouDp64KW3pdsIjZMfW-tneADyd_mNCY9RkbVG81L7IK6MXJi93ZAhpdkREcyat1h3pxGzm4ZuqUcANFiqgk4AkyzFk-NOkRbg7AK3JEog6VdZh4P4Q5ipY6KD1EOdoVGvv6RGZ2_T3cN6izT6TvjdfEW-NCKXir1VuMfHrRNqJNfu2rCDJjrurqGh1-838LN4U1647yyCNXKLGUqXwzp0nUhFotuolz
https://www.sciencedirect.com/science/article/pii/S0022519309003300
https://academic.oup.com/mbe/article/29/1/347/1750040
https://academic.oup.com/sysbio/article/62/5/674/1684217
https://academic.oup.com/sysbio/article/71/1/172/6308956
https://ecoevorxiv.org/repository/view/4372/#!
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Not only can a phylogenetic framework guide taxonomic classifica-
tion, but it can also be used to estimate divergence times (Wolfe et al.
2023); rates of diversification (Herrera 2017; Tougard 2017); and
various other evolutionary dynamics, such as biogeographic patterns
(Tavares et al. 2018; Landis et al. 2021; de Faria Santos et al. 2022;
Coiro et al. 2023) or trait evolution (Slater et al. 2017; Sterli et al. 2018;
Farina et al. 2023). Despite their ubiquity, phylogenetic analyses can
be conceptually challenging and difficult to apply in practice. This
comes down to properties inherent in both the data and themethods
themselves. The typical data used in a phylogenetic analysis are a
combination of molecular and/or morphological characters,

taxonomic identity, and fossil age information (see Table 1). These
data are labor-intensive to collect and curate, non-uniformly incom-
plete, and associated with complex uncertainties. Integrating these
different data types into a single analysis is not straightforward and
requires a statistically advanced approach, often applied within a
Bayesian framework.

A major breakthrough in our ability to integrate these data
sources came with the introduction of the fossilized birth–death
(FBD) family of models, which allow for the joint estimation of a
phylogeny and divergence times using extinct and extant taxa
(Stadler 2010; Didier et al. 2012; Gavryushkina et al. 2014, 2017;
Heath et al. 2014; Zhang et al. 2016; Stadler et al. 2018). FBDmodels
offer a number of advantages over other approaches. They are
typically implemented in a Bayesian framework, which provides a
robust approach to incorporating uncertainty in our data and
estimates. The most important property of these models is that
they explicitly account for both fossil and extant sampling proba-
bilities. In this way, it is possible to model both extinct and extant
observations under the same generating process (Stadler 2010).
There have been a number of extensions to the original model,
and we note that we consider any model that includes the fossil
sampling process explicitly (i.e., has a parameter for the rate of fossil
sampling) to be a member of the FBD model family (see Table 2).
Phylogenetic analysis using FBD models offers great potential for
furthering our understanding of evolution in deep time. However,
as these methods become more complex, it can be challenging to
apply them to empirical data in practice.

In this review, we aim to provide a guide on how FBD models
work, what they assume, and how all of this fits with the nature of
empirical data from the fossil record. To this end, we first quantified
the use of the FBD model to date through a literature survey. This
allowed us to understand the types of questions asked by (paleo)
biologists using the models, as well as determine areas of confusion
regarding the application of the models. Next, we provide an
introduction to Bayesian inference, along with some relevant ter-
minology and concepts. We then discuss aspects of paleontological
data that allow for their inclusion in analyses using FBD models,

Table 1. Application of fossilized birth–death (FBD) models to different types
of phylogenetic character data. To date, studies have included molecular data
for extant samples or morphological data for extant and extinct (†) samples.
(Molecular data could theoretically also be included for extinct samples, if
ancient DNA is available.) In “total-evidence” analyses, character data are
included for both extant (molecular and morphology) and extinct (morphology
only) samples. “Extant only” refers to analyses in which molecular data are
included for extant samples only and fossils are placed using constraints.
“Morphology” refers to analyses in which morphology is included for both
extant and extinct samples. “Extinct only” refers to analyses of fully extinct
trees in which morphological data are available for extinct samples. “No
phylogenetic data” refers to analyses in which no phylogenetic character data
are included (see Boxes 2 and 5). All analyses using the FBD model must also
include temporal data. See Section The Data for more information

Phylogenetic data

Analysis type Molecular Morphology Morphology†
No. of

analyses

Total evidence ✓ ✓ ✓ 53

Extant only ✓ 78

Morphology ✓ ✓ 26

Extinct only ✓ 35

No phylogenetic
data

16

Table 2. Available fossilized birth–death (FBD) models and extensions

Model name Description Reference

FBD specimen
process

Model assumes constant rates of diversification (λ, μ) and sampling through time (ψ) and
assumes uniform sampling of extant taxa.

Stadler (2010); Heath et al. (2014)

FBD skyline Model allows for diversification (λt, μt) and sampling rates (ψt) to vary through time across
discrete intervals (i.e., in a piecewise-constant fashion).

Stadler et al (2012); Gavryushkina et al.
(2014)

Diversified
sampling

Model accounts for a non-uniform sampling strategy that aims to maximize the phylogenetic
diversity represented in the extant tree. This is achieved by introducing the parameter xcut,
which represents the youngest node age, after which we have no more sampled nodes.

Höhna et al. (2011); Zhang et al. (2016)

Multi-type birth–
death process

Model allows for variation in diversification and fossil sampling rates across different parts of the
tree associated with different “types”. Types may correspond to any trait that effects
differences in rates. Lineages can switch between types with rate m.

Kühnert et al. (2016); Barido-Sottani et
al. (2020c)

Occurrence birth–
death process

Model allows for the incorporation of data from fossil observations outside the tree, i.e., those
for which we have no taxonomic information or morphological data, such as trace fossils.
These observations are modeled using a separate sampling process, with rate parameter ω.

Manceau et al. (2021); Gupta et al.
(2020); Andréoletti et al. (2022)

Episodic FBD
process

Model allows for instantaneous speciation, extinction, or sampling events to affect the entire
tree, corresponding to events such as mass extinctions or species radiations.

Magee and Höhna (2021)

FBD multispecies
coalescent

Model allows separate genes to evolve independently under a coalescent model. Ogilvie et al. (2022)

FBD range process Model provides the framework to explicitly take stratigraphic range data into account, thereby
associating multiple occurrences within a range of the same taxon.

Stadler et al. (2018)
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Mulvey et al. (2025) Paleobiology

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


“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.”
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Landis et al. (2023) Systematic Biology 
Joint phylogenetic estimation of geographic movements and biome shifts

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


Further reading
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From fossils to phylogenies: exploring the integration of paleontological data into 
Bayesian phylogenetic inference. Mulvey et al. (2025) 

Integrating fossil observations into phylogenetics using the fossilized birth-death 
model. Wright et al. (2022) 

Phylogenetic insights into diversification. Morlon et al. (2024) 

Unifying birth-death models in epidemiology and macroevolution. MacPherson et al. 
(2022) 

decodinggenomes.org (free pdf available) Stadler et al. (2024) Chap 9, Phylodynamics

More on FBD models and phylodynamics
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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
https://www.annualreviews.org/content/journals/10.1146/annurev-ecolsys-102220-030855
https://www.annualreviews.org/content/journals/10.1146/annurev-ecolsys-102722-020508
https://academic.oup.com/sysbio/article/71/1/172/6308956
http://www.decodinggenomes.org


A systematist’s guide to estimating Bayesian phylogenies from morphological 
data. Wright (2019) 

Assessing the adequacy of morphological models using posterior predictive 
simulations. Mulvey et al. (2024)

Models of morphological evolution

34

https://academic.oup.com/isd/article/3/3/2/5519658
https://pubmed.ncbi.nlm.nih.gov/39374100/

