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Today

• Recap: total-evidence dating 

• Intro to phylodynamics and 
diversification rate estimation
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Recap: Bayesian phylogenetic dating
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We use a Bayesian framework
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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 (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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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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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
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Fossils can be incorporated via taxonomy or character data (total-evidence)

topological 

constraints



These models are special 
cases of the FBD process, with 
fossil sampling (ψ) = zero 

Relationship to (some) 
other birth-death 
process models

9

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).
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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)

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


Exercise
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- molecular sequences for living ferns 
- fossil ages 
- morphology for living and fossil species

https://taming-the-beast.org/tutorials/Total-Evidence-Tutorial/


Phylodynamics
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 Diversification rate estimation



Bayesian divergence time estimation
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Tree shape is informative about underlying dynamics
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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


Ants have very variable fossil sampling 
over time 

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

Estimating parameters in macroevolution

15Images adapted from April Wright 



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) 

Estimating parameters in macroevolution

16See also an example from dinos,  Allen et al. 2024



The multi-type birth-death process

17Images adapted from JBS



Extant species only

Parameters: 

λ — birth rate 

μ — death rate 

ρ — extant species sampling probability

Simple birth-death process

18

Simple birth-death process

0

Parameters:

λ — birth rate (= new 

lineage appearing)

μ — death rate (= lineage 

disappearing)

ρ — extant species 

sampling probability



Size discrepancies across clades are 
evidence of variations in evolutionary 
processes 

Many traits are proposed to drive 
variation: e.g., body size, mating 
systems, environment

Rate heterogeneity in evolution

19

Heterogeneity in evolu�on

• Size discrepancies are 
evidence of varia�ons in 
evolu�onary processes

• Many traits are proposed to 
drive varia�on: 

 body size, ma�ng system, 
environment, etc.

 host loca�on, pathogen 
strain, host behaviour, etc.

Bininda-Emonds et al. Nature 2007



2 types, type 1 & type 2 

λ1 & λ2 — birth rates 

μ1 & μ2 — death rates 

ρ — extant species sampling probability

Multi-type birth-death (MTBD) process

20

Mul�-type birth-death (MTBD) process

0

2 types, type 1 & type 2

λ1 & λ2 — birth rates

μ1 & μ2 — death rates

ρ — extant species

         sampling probability



In a character-dependent model:  

The number of types is known and the type at the tips is known

Character-dependent or independent?

21

Character-dependent or independent ?

Character-dependent Character-independent

In a character-dependent model :
● The number of types is known
● The type at the �ps is known

λ2

μ2

λ3

μ3

λ1

μ1

λ2

μ2

λ3

μ3

λ1

μ1

? ??

Type 1 Type 2 Type 3 Type 1 Type 2 Type 3



The BiSSE/MuSSE/BDMM model
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The BiSSE/MuSSE/BDMM model

0

λ2

μ2

λ1

μ1

q12

q21

Parameters of the model:

λi – birth rates

μi – death rates

qij – transi�on rates

ρ/p – sampling probability

Maddison et al. Sys. Bio. 2007 

Fitzjohn et al. Sys. Bio. 2009

Kühnert et al. MBE 2016



SSE/BDMM inference
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SSE/BDMM inference

Important assump�on: the evolu�onary processes in the 
complete phylogeny (including non-sampled parts) are 

iden�cal to the processes in the reconstructed phylogeny.

0

Species 1

Species 2

Species 3

Species 4

Species 5

Type 1

Type 1

Type 1

Type 2

Type 2

λ1 λ2 – birth rates

μ1μ2 – death rates

q12 q21 – transi�on rates



Integration with the skyline 
model: piecewise-constant 
rates per type 

More next week

BDMM extensions
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Time

λ1,1 μ1,1 ψ1,1
λ2,1 μ2,1 ψ2,1

λ1,2 μ1,2 ψ1,2
λ2,2 μ2,2 ψ2,2

λ1,3 μ1,3 ψ1,3
λ2,3 μ2,3 ψ2,3

t1 p1 s1 t2 p2 s2 t3 p3 s3



In a character-independent model:  

The number of types and the type at the tips is unknown

Character-dependent or independent?

25

Character-dependent or independent ?

Character-dependent Character-independent

In a character-dependent model :
● The number of types is known
● The type at the �ps is known

λ2

μ2

λ3

μ3

λ1

μ1

λ2

μ2

λ3

μ3

λ1

μ1

? ??

Type 1 Type 2 Type 3 Type 1 Type 2 Type 3



Character-independent version of SSE 

New estimated parameters: 

    N total number of types 

    Types of edges and tips

BAMM/MSBD model

26

BAMM/MSBD model

• Character-independent version of SSE

• New es�mated parameters:
 N total number of types
 Types of edges and �ps

• SimpliLed transi�on process:
 Each transi�on is a new type (BAMM)
 Constant transi�on rate ɣ (MSBD)

• Assumes that all types appear in the 
sampled tree – no unseen types

Rabosky et al. Nat. Comm. 2013

Barido-SoOani et al. Sys. Bio. 2020

0

λ1 μ1

λ2 μ2

λ3 μ3

BAMM/MSBD model

• Character-independent version of SSE

• New es�mated parameters:
 N total number of types
 Types of edges and �ps

• SimpliLed transi�on process:
 Each transi�on is a new type (BAMM)
 Constant transi�on rate ɣ (MSBD)

• Assumes that all types appear in the 
sampled tree – no unseen types

Rabosky et al. Nat. Comm. 2013

Barido-SoOani et al. Sys. Bio. 2020

0
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λ2 μ2

λ3 μ3



Exercise
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- input: time-calibrated phylogeny of 284     
  species of hummingbirds 
- no phylogenetic character data 
- the tree is fixed in this analysis

region of interest (see [11]). In one analysis we plotted the
accumulation of lineages in South America, North America,
and theCaribbean (Figure 2A), and in another the accumulation
of lineages within and external to the Andes (Figure 2B). These
analyses differ fromstandard lineage-through-time (LTT) plots,
which show the accumulation of lineages within a particular
clade (e.g., Figure S4). A key difference of the regional lineage
accumulation plots is that they may include taxa representing
several distinct clades because they not only capture diversity
originating via in situ diversification, but also reflect diversity
arising from independent immigration events. Lineages began
to accumulate in South America about 22 million years ago
(Figure 2A), at first slowly, followed by rapid cladogenesis, as
is expected under an exponential process. TheNorth American
assemblage began with a single invasion from South America
by the common ancestor of the Bee andMountain Gem clades
w12 million years ago. After this invasion, species accumula-
tion in North America proceeded slowly at first, following a
similar initial trajectory as for South America, with a rapid in-
crease during the past 5 Ma. The timing of this increase, which
corresponds closely with Panamanian uplift, reflects not only
in situ diversification of Mountain Gems and Bees, but also
multiple independent invasions of North America by Emeralds,
Coquettes, Mangoes, and Hermits and single invasions by
Brilliants and Topazes, presumably all of which occurred over-
land via the Panamanian land bridge. This interpretation con-
trasts with that of a recent study of Amazilia hummingbirds
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Figure 1. Time-Calibrated Phylogenetic Tree
with Ancestral State Reconstructions of Primary
Bioregions Inhabited by Hummingbirds

Color-coded bars at the tips of the tree indicate
the contemporary distribution of the correspond-
ing species. Color-coded pie diagrams at each
node indicate the proportion of the maximum
likelihood supporting alternative reconstructed
character states. ‘‘Andean clade’’ is the informal
name applied to the monophyletic assemblage
composed of Coquettes and Brilliants. Bayesian
posterior support values are presented in Fig-
ure S1. An LTT plot for the 22.4 Ma history of
hummingbirds is presented in the upper left,
exhibiting a pattern of constant lineage accumu-
lation through time. Hummingbird illustrations by
Hilary Burn, Jan Wilczur, Richard Allen, Norman
Arlott, and H. Douglas Pratt were obtained with
permission from the Handbook of Birds of the
World. See also Figures S1–S3.

[12] that recovered much older diver-
gence dates and consequently pro-
posed many independent overwater
colonizations of North America prior to
Panamanian uplift. Finally, the Carib-
bean was invaded by hummingbirds
more recently (w5 million years ago),
and this assemblage has not experi-
enced an increase similar to the South
American and North American commu-
nities, despite the Caribbean fauna
being composedof at least five indepen-
dent origins (see Figure 1). However, the
tempo of Caribbean lineage accumula-
tion is similar to those of South and
North America at comparable ages,

and so the Caribbean community may simply be too young
to have experienced an increased accumulation rate.
The Andes Mountains are an epicenter of Neotropical

species richness [13, 14] and are home to at least 140 species
of hummingbirds [15]. This encompassesw40%of contempo-
rary hummingbird diversity despite the fact that the Andes
represent only w7% of the total land area of North and South
America. Despite their physical magnitude, the Andes have
only recently attained their extreme elevational relief, with
summits above 6,000 m and a vast Central Andean Plateau
averaging w3,700 m elevation between the western and
eastern cordilleras. Recent evidence suggests that the central
Andean massif grew by 1.5–2.5 km during a period of excep-
tionally rapid uplift between w10 and w6 million years ago
[16, 17], followed by another period of accelerated uplift in
the northern Andes between w5 and w2 million years ago
[18]. If Andean uplift has played a dominant role in the diversi-
fication of the South American biota, then much of this
diversity must be quite young (i.e., originating during the
past w10 Ma).
Among hummingbirds, the Coquettes and Brilliants are

sister clades that are almost entirely Andean and together
contain w30% of extant trochilid diversity (Figure S3); hence,
we refer to them jointly as the Andean clade. Our time tree
indicates that both the Coquettes and Brilliants had already
initiated diversification before the first pulse of high Andean
uplift occurred (w10 million years ago) but that the great

Rapid Diversification of Hummingbirds
911

https://taming-the-beast.org/tutorials/MSBD-tutorial/

