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Another quick recap



I Bayesian phylogenetic dating
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I Recap: Bayesian phylogenetic dating requires three
model components

* The substitution model «+ describes how sites evolve
over time.

* The clock model + describes how evolutionary rates vary
across the tree.

* The tree model < describes how trees grow over time.
Temporal evidence is included here.
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Substitution Clock Tree and tree
model model model
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I Recap: Node dating
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Image adapted from Heath (

* We used a birth-death
model to describe the tree
generating process, given
we only observe extant
species.

* Then we separately apply a
calibration density to
constrain internal node
ages.

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

Challenges with node dating



I Taxonomic uncertainty

Early crown vs. stem group taxa can be hard to distinguish.
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https://ecoevorxiv.org/mr93f/

I Taxonomic uncertainty

Early crown vs. stem group taxa can be hard to distinguish.
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https://ecoevorxiv.org/mr93f/

I Stratigraphic age uncertainty

1. Oldest certain fossilin lineage 2. Lithostratigraphy of formation
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https://epdf.pub/the-timetree-of-life.html

I Cal|brat|on pmors have alarge impact

+ Small differences in the
prior parameters can have a
huge impact.

We also need (loose)
maximum constraints on
divergence times.

........

minima and maxima
BEAST s=0.5

i
1
|

400 300 00

s of years before present (M:

il
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https://royalsocietypublishing.org/doi/full/10.1098/rsbl.2011.0710

I Specifying calibration distributions

« It potentially excludes a lot
of information, since
; : typically we only assign one
l‘—] unform min,ma  TOSSIl per calibration node.
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' ognormal (u, 0)

: the fossil sampling times,

),/\ Gamma @B leading to statistically
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https://academic.oup.com/sysbio/article/61/5/793/1735537

I Statistical inconsistency
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https://royalsocietypublishing.org/doi/pdf/10.1098/rspb.2014.1013

I Challenges associated with node dating: summary

It requires assuming the phylogenetic position of fossils is
known without error.

Specifying calibration densities is tricky.

It potentially excludes a lot of information, since typically
we only assign one fossil per calibration node.

The model doesn’t describe the process that generated the
fossil sampling times, leading to statistically
incoherency.

See Warnock et al. ( ) for more on this topic.
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https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.1013

I How do we include more information from the fossil
record?
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FIGURE 1. Ninety-five percent confidence intervals on
the bases of hypothetical stratigraphic ranges. The num- . .
ber of fossiliferous horizons (H) is indicated above the Marshall ( ) American Naturalist
i i ic column. The inter-

vals were calculated using Eq. (1).

a=(1-C)uen—1, )

Marshall ( ) Paleobiology
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https://www.jstor.org/stable/2400927
https://www.journals.uchicago.edu/doi/abs/10.1086/587523

I |s there another way?
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Stratigraphic tests of cladistic hypotheses
Wagner. 1995. Paleobiology
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The fossilised birth-death

process



I Speciation and extinction

New lineages arise with speciation rate A and lineages
terminate with extinction rate p.

wﬂﬁ

Different combinations of A and u produce different tree
shapes.

171734



I Extinct and extant (living) species sampling

Fossils are sampled along lineages with fossil recovery rate
¥ and extant (living) species are sampled at the present
(t = 0) with probability p.

*

mﬂﬁ

Different combinations of A, x and ¢ produce different
distributions of fossil sampling times.
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I The fossilised birth-death process

For statistically coherent phylogenetic inference we need
an expression for the probability of observing the sampled
tree given the speciation, extinction, living species and
fossil sampling processes.

E RN

Previously we've talked about tree models that don’t
incorporate extinct species sampling.

* Pure birth P(T|)\)

 Birth death P(T |\, 1)

* Birth death sampling P(T |\, i, p)
Calibration information is combined with these models in
a way that doesn't capture the fossil sampling process.
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I The fossilised birth-death process

Complete tree Reconstructed tree
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Note that some samples fall along internal branches of the
sampled tree. These are known as sampled ancestors.

Expression first derived Stadler ( )JTB
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https://www.sciencedirect.com/science/article/pii/S0022519310004765

I The fossilised birth-death process

Complete tree Reconstructed tree
—{ X0 =lor

— 1= lrca

— X

—N

N N

The FBD process describes the probability of observing the
sampled tree, i.e. P(T |\, p, p, ).

We can use this model as a prior on the tree topology and
divergence times.

Expression first derived Stadler ( )JTB
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https://www.sciencedirect.com/science/article/pii/S0022519310004765

I Complete versus reconstructed tree

The complete outcome of
the diversification and The reconstructed tree
sampling processes

L] e

Model parameters

speciation (A\) = 0.1
extinction (p) = 0.05

speciation (\) = 0.1
extinction (p) = 0.05
extant sampling (p) = 0.6

speciation (\) = 0.1
extinction (p) = 0.05
extant sampling (p) = 0.6
fossil recovery () = 0.05
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I The fossilised birth-death process
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fossil occurrences

Image adapted from Walker, Heath ( ) Phylogenetics in the Genomic Era.
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https://hal.archives-ouvertes.fr/hal-02536361/

I The fossilised birth-death process: advantages

The model gives rise to statistically coherent priors, i.e. the
model describes the underlying data generating
processes.

Fossils are directly considered as part of the tree — we can
include much more information, not only first appearances
but all available fossils, including stem fossils.

We can include fossils with and without character data +
account for phylogenetic uncertainty.

We can account for sampled ancestors.

The model provides the basis for a very flexible framework
(e.g. we can relax the assumption of constant sampling).
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I Phylogenetic dating under the fossilised birth-death
process
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https://www.pnas.org/content/111/29/E2957
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003919

I "Total" evidence dating under the fossilised
birth-death process
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Gavryushkina et al. ( ) Sys Bio, see also Zhang et al. ( ) Sys Bio 5534


https://academic.oup.com/sysbio/article/66/1/57/2670056
https://academic.oup.com/sysbio/article/65/2/228/2427164

I What about sampled ancestors?

Depending on A, x and 1, the probability of a sample
having a sampled ancestor can be quite high.

1.0
A Clade old enough that founding B Direct ancestor of founding C Direct ancestor of founding
species almost certainly extinct species included species excluded
p = 0.35,9g = 0.25 p =0.35 g = 0.25
=q=026 i =0.25
p = 0.25,q = 0.35 p = 0.25,q = 0.35

Probability that direct ancestor of
extant species is also extant [P(AE)]
P
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o
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p/q Time since clade origin (m.y.) Time since clade origin (m.y.)

Foote Paleobiology.
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https://www.jstor.org/stable/2401114

I What about sampled ancestors?

Depending on A, x and ¢, the probability of a sample
having a sampled ancestor can be quite high.

turnover = 0.1 turnover = 0.3
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https://hal.archives-ouvertes.fr/hal-02536361/

I lgnoring sampled ancestors can produce inaccurate
parameter estimates

Estimated median and 95% HPD interval
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https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003919

I Analysis of fully extinct clades under the FBD
process
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Example using crinoids Wright ( ) Sci Reports 28734


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5653864/

I Estimating parameters in macroevolution

Ants have very variable fossil
sampling over time.

count

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

Age In Millions of Years

Images borrowed from
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http://www.southeastern.edu/acad_research/depts/biol/faculty/directory/wright.html

I Estimating parameters in macroevolution

@ The oldest fossils are around
100 Ma.

Different assumptions about
the fossil sampling process
produce different results.

count

Skyline models recover an
older age estimate for the
origin of ants (= 140 Ma).
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Images borrowed from
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http://www.southeastern.edu/acad_research/depts/biol/faculty/directory/wright.html

I Estimating fossil ages under the FBD process
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Example using canids in Drummond, Stadler (
estimation of fossil ages.

) Phil Trans — Bayesian
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https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0129

I lgnoring stratigraphic age uncertainty leads to the
wrong results

(b) o Neoceti
© Mysticeti
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Figure 4. MCC trees inferred for the Cetacea dataset using the FBD process with fossil ages fixed to (a) median ages, (b) random ages or (c) sampled within the
known interval of uncertainty. The major clades and the dade shown in figure 5 are highlighted.

Example using cetaceans in Barido-Sottani et al. ( ) Proc B
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https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0129

I Take homes

The fossilised birth-death process provides a mechanistic
framework for phylogenetic dating that has several
advantages compared to traditional node dating
approaches.

One of the main advantages is that we can incorporate a
lot more fossil evidence directly during inference.

We need to carefully consider the underlying assumptions
and what we consider data.

33/34



I Suggested reading

Integrating fossil observations into phylogenetics using the
fossilized birth-death model — Wright et al. ( ) — this
review provides an overview of the FBD process (use cases
and challenges) plus some broader scientific context.
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https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-102220-030855

Exercise



