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—— Abstract

Time-stamped historical observations are required for scaling phylogenetic estimates to absolute
time and, as a consequence, genomic data alone are not sufficient for dating the tree of life. The
fossil record is the primary source of dated evidence of lineages over time and several statist-
ical models for integrating paleontological and neontological data have been introduced. This
chapter provides an overview of how fossil data are recovered from the rock record. We then
describe two approaches to dating phylogenetic trees: (1) node dating where fossils are treated
as calibrations for speciation times in an extant phylogeny and (2) the fossilized birth-death
process as a mechanistic model that accounts for lineage diversification and fossil sampling. We
conclude by discussing promising extensions of diversification models that can account for the
structure of the fossil record and enable a more complete treatment of extinct and modern taxa
in macroevolutionary analyses.
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1 Introduction

Reconstructing the timescale of the tree of life is fundamental to understanding the pattern
and process of species diversification. Inferring the topology of evolutionary relationships
among species has been greatly facilitated by the advancements of the genomic era. These
innovations include the accumulation of vast quantities of genomic character data, the
development of high-dimensional statistical models of molecular evolution (Chapters 1.1
and 1.4 [Pupko and Mayrose 2020; Lartillot 2020a]), and increasingly robust computational
tools (e.g. Chapters 1.3 and 1.5 [Kozlov and Stamatakis 2020; Lartillot 2020b]). However,
estimating the timing of species divergences remains notoriously difficult, in part because
good estimates can usually only be obtained by considering multiple sources of information
simultaneously.
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This is because phylogenetic character data—for example from molecular sequences or
species morphology—can only tell us about the total amount of evolutionary change, or
distance, among lineages. Evolutionary distances are traced out at a certain rate over a
certain amount of time, and consequently information about the timing of species divergence
is inherently confounded with information about the rate of evolutionary change (Chapter
3.2 [Boussau and Scornavacca 2020]). For this reason, independent estimates of rates
and times cannot be obtained from phylogenetic character data alone. Thus, while the
increasing sizes of molecular datasets may provide precise distance estimates, other sources
of information about rates and times are ultimately required to improve the precision of
divergence time estimates (dos Reis and Yang, 2013).

The fossil record provides the richest source of information about the absolute timing of
lineage diversification in the tree of life. A fossil specimen is direct evidence for the existence
of an ancient lineage and allows us to observe its age and preserved characteristics. These
observations can then directly inform the phylogenetic placement of fossil specimens as well
as the timing of their divergence from related species. By combining paleontological (fossil)
and neontological (extant) data in a joint phylogenetic analysis, we can obtain independent
estimates of molecular evolutionary rates and divergence times.

In order to include timing information from the fossil record in a phylogenetic analysis
of molecular sequence data, a model is needed to describe the process of collecting and
observing fossil data through time (Section 2). This model can range in complexity from
a phenomenological description of the data (Section 3), to a richer mechanistic model of
species diversification and fossil recovery (Section 4). By integrating these models of fossil
occurrence time data with other types of data in a hierarchical Bayesian framework, the task
of statistically disentangling rate and time is greatly simplified (Section 5).

2 Formalizing our Knowledge of the Fossil Record

Our understanding of the history of life on Earth begins with the geology of Earth’s
crust. Organisms bury evidence of their existence in the soils and sediments of their local
environment, and over time these remains are compacted and preserved in rock layers.
Eventually, geological or meteorological activity can expose these rock layers at the surface,
where they can be observed and their ages determined, using radiometry or stratigraphic
methods. When a fossil is discovered, its age can often only be determined as falling
somewhere within the minimum and maximum extent of the rock layer containing it. If a
fossil species spans multiple layers, its stratigraphic age range is determined from the ages of
those layers. We will summarize the information contained in these fossil age observations
using the symbol F. Other observations not related to a fossil’s age can also offer a wealth
of phylogenetically informative characters, such as data from morphological and life history
traits, biogeography, or even ancient DNA sequences (which have been recovered from
specimens as old as 700,000 years; Orlando et al., 2013). These latter character observations
are collectively denoted by the symbol D, which may also include observations from extant
species.

As mentioned already, evolutionary rates and times are inherently confounded as evolution-
ary distances. Inferences about divergence times from character data D alone will therefore be
informed entirely by our a priori assumptions about the joint process of character evolution
and species diversification. To get independent estimates of time, we must summarize our
knowledge of the process of fossil preservation and collection generating not only the observed
character data D but also the age data F. Specifically, it will be convenient to formalize
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our assumptions using a probabilistic mathematical model. In Bayesian parlance, the model
is specified quantitatively as a joint prior distribution over the evolutionary parameters of

interest, summarizing our knowledge of the model parameters prior to any data collection.

Then, after collecting observations from the fossil record, we use Bayesian statistics to update
our knowledge by estimating the posterior distribution of the model parameters.

2.1 Prior distribution on divergence times

We begin by specifying a prior distribution over our model parameters. In the context of
divergence time estimation, our model can be thought of as broadly consisting of two sets
of parameters. One set, labeled 7, includes those related to the diversification and species
sampling process, such as the tree topology, divergence times, fossil sampling rates, etc. The
other set, which we’ll call 8, includes those related to the process of character evolution, such
as rates of morphological evolution, or molecular substitution rates. We specify our prior
distribution as the product of independent densities f(7) and f(), such that

F(T,0) = f(T) (). (1)

The density f(7) can be defined using a stochastic branching process like the Yule (Yule,
1924) or birth-death processes (Kendall, 1948). The density f(#) can be defined in various
ways (e.g. using a relaxed or other clock model, see Chapter 4.4 [Bromham 2020]) to describe
the processes generating observed characters.

2.2 Posterior distribution on divergence times

To construct the posterior distribution over 7 and 6, we collect observations in the form of
character data D and timing data from the fossil record F. Then, using Bayes’ theorem, the
posterior distribution is proportional to the product of the prior distribution over 7,6 and
the likelihood of D and F

KT 01D, F) o f(DT,0) f(F[T)F(T)f0), (2)

where the term f(D | T,0) is the likelihood of the observed character data and the term
f(F | T) is the likelihood of the observed fossil age data.

Importantly, we assume that the likelihood of the character data depends on 7 and 6,
while the likelihood of the fossil age data F depends only on 7. The development of methods
for calibrating trees to absolute time scales is primarily concerned with definitions of f(7)
and f(F | 7). In the following sections, we will discuss two main approaches for defining
these densities.

3 Node Calibration Densities

Historically, the most common statistical approach to inferring divergence times on a
phylogenetic tree has been through the use of node calibrations. In this approach, information
from the fossil record about the age of a particular clade is used to directly constrain the
age of a node in the tree (typically the most-recent-common ancestor of the clade) during a
phylogenetic analysis. This can be framed in a probabilistic approach by associating each
calibrated node age with a probability density function, or node calibration density. In
Bayesian inference, these densities are then used to compute the posterior distribution over
T, the tree topology and node ages. The way in which these node calibration densities are
specified and applied has been the subject of a wide array of empirical and methodological
studies (e.g., Ho and Phillips, 2009; Warnock et al., 2012).

5.1:3
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3.1 Conceptual formulation of node calibrations

Before exploring the ways in which node calibration densities can be applied in a phylogenetic
analysis, we must first ask: What, exactly, do node calibration densities represent? There is
considerable discussion of the representational and conceptual meaning of node calibration
densities, but there are essentially two basic interpretations.

One interpretation formulates node calibrations directly as prior densities on the node
ages (Yang and Rannala, 2005; Heled and Drummond, 2012). That is, the prior density
f(T) is constructed in such a way as to simultaneously account for uncertainty in the
ages of both calibrated and uncalibrated nodes. Methods using this interpretation derive a
conditional density on the uncalibrated node ages with fixed ages for the calibrated nodes,
and then define the marginal prior on the calibrated node ages using a calibration density.
It has been shown that for multiple node calibrations, this type of conditional prior leads
to counterintuitive topologically inconsistent realized priors (Rannala, 2016), and may be
computationally intractable (dos Reis, 2016).

For this reason, it is perhaps conceptually simpler to take the second point of view, which
interprets node calibrations instead as representing the likelihood of the fossil data f(F | T).
In this interpretation, the fossil likelihood is typically formulated as a product of marginal
densities for each node in the tree for which there is relevant fossil data. In other words, for
each calibrated node ¢ with divergence time ¢;, it is assumed that the likelihood of the fossil
observations for that node is proportional to some density g;. The full fossil likelihood is
then a product of these node densities

F(FIT) x Hgi(ti | @),

where the parameterization a and functional form of the density g; is specified by the
researcher. In this approach, the prior density on the node ages f(7) can then be specified
simply using a familiar uncalibrated tree-generating process, such as the Yule or birth-death
process.

Despite the relatively straightforward distinction between the two approaches, there is still
considerable misunderstanding surrounding the interpretation of node calibration densities,
and the two are commonly confused. In particular, a common misconception arises when the
fossil data likelihood for a particular node is interpreted as a prior density on the age of that
node. This interpretation as a prior is sometimes described as “incoherent” because it leads
to the specification of two independent prior densities on the node ages, one from the node
calibration g;, and one from the tree prior f(7) (Heled and Drummond, 2012; Heath et al.,
2014).

Fortunately, the consequences of this misinterpretation are purely conceptual and should
not have any quantitative impact on the resulting inferences. As an example, consider the
distribution on the waiting time until recovery of the first fossil sample after the divergence
of a clade. Assuming the waiting time is exponentially distributed, the density is the same
whether we define the distribution with respect to the clade divergence time or the fossil
age (Figure 1). Thus, whether we think of the density as likelihood or prior, both will lead
to identical posterior distributions. Nevertheless, it is useful to follow the more principled
likelihood interpretation as this will lead to more coherent and consistent application of node
calibration methods generally.
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Figure 1 Alternative interpretations of a node calibration density as an (A) incoherent prior or a
(B) likelihood. Given the age F' of the first fossil specimen recovered after cladogenesis at time ¢,
the waiting time ¢t — F' is assumed to be exponentially distributed with rate A. Both densities yield
the same posterior distribution. A) The density is interpreted as a prior on the divergence time t.
This results in the incoherent specification of two independent prior densities on ¢, coming from
the node calibration as well as the tree prior. B) The density is interpreted as the likelihood fossil
recovery age F.

3.2 Node calibrations with qualitative fossil data

In the simplest case, the form (e.g., log-normal, exponential) and parameterization (e.g.,
the mean, variance, and upper or lower bounds) of a node calibration density is chosen to
qualitatively reflect the researcher’s belief about the age of a clade based on their interpretation
of the fossil data (Yang and Yoder, 2003; Yang and Rannala, 2005). In other words, the
process of fossil preservation and observation is treated qualitatively, whereby the researcher’s
interpretation of these phenomena is implicit in the shape of f(F | T).

A variety of mathematical distributions have been proposed to represent these subjective
calibrations with implicit fossil data, including normal, lognormal, exponential and uniform
distributions (see Hedges and Kumar, 2004; Drummond et al., 2006; Donoghue and Benton,
2007; Ho, 2007; Ho and Phillips, 2009). These can be chosen such that the upper and/or lower
bounds of the calibration density are “hard” or “soft” indicating whether there is assumed
to be a non-zero probability of a fossil occurring outside the calibration bounds (Yang and
Rannala, 2005; Sanders and Lee, 2007; Inoue et al., 2009). Soft bounds can be implemented
for example by assuming the variance of the calibration density is such that 5% of the density
falls beyond the maximum age constraint. While soft minimum bounds typically represent
uncertainty in the age of the youngest calibration fossil (Benton and Donoghue, 2007), soft
maximum bounds are typically justified either on the basis of models of diversification and
preservation probability below the oldest known fossil in a clade (Foote et al., 1999; Tavaré
et al., 2002), or using phylogenetic bracketing (Reisz and Miller, 2004; Miller and Reisz,
2005). Divergence time estimates can be extremely sensitive to the parameterization of the
calibration density, but the impact on divergence time estimates of different prior densities is
minimized when both minimum and maximum constraints are used (Warnock et al., 2012).

5.1:5
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3.3 Node calibrations with quantitative fossil data

Other node calibration methods have been developed to make the representation of fossil
data more quantitative and reproducible. For example, drawing on paleontological methods
for estimating the stratigraphic ranges of fossil species (Strauss and Sadler, 1989), some node
calibration methods make the explicit assumption that fossil recovery for a particular clade
follows a constant-rate Poisson process through time, which implies that the ages of fossil
specimens will be uniformly distributed over the clade’s lifespan (Marshall, 2008; Dornburg
et al., 2011; Wilkinson et al., 2011; Claramunt and Cracraft, 2015). Then, from the order
statistics of a uniform distribution, it can be shown that the likelihood for the age of the
oldest fossil F' in a clade is equal to f(F | t,n) = fnF"~! (Strauss and Sadler, 1989), where
t is the age of the clade and n is the number of fossil specimens. The calibration density
g(t | F,n) is proportional to the likelihood, and thus depends only on the number of fossil
specimens

1
g(t|F,n)o<f(F\t,n)o<tTL, t>F.

For example, Claramunt and Cracraft (2015) used this approach to calibrate the origin of
modern birds.

Other methods construct node calibrations by modeling the process of fossil preservation
as an exponential waiting time between clade divergence and fossil deposition (Wilkinson
et al., 2011; Heath, 2012). Together, these methods take a step toward better formalizing the
process of fossil data collection and interpretation, which ultimately makes their conclusions
more testable and extensible.

Despite efforts to formalize the interpretation and characterization of node calibration
densities, this approach to dating phylogenies still suffers from some limitations. Most
notably, because calibration densities are only informed by the oldest node descended from a
given calibrated node, these methods ignore much of the information present in the fossil
record. Furthermore, fossil sampling times are observations of the underlying diversification
process that gave rise to the phylogeny uniting the fossils and their extant relatives. In a
statistical inference framework, these data can inform the parameters of the diversification
model (7.e., speciation and extinction), leading to more accurate and precise estimates.

3.4 Secondary calibrations

The posterior distribution summarizes our knowledge of the model parameters after taking
some observations into account. If subsequent observations are made, the posterior can
continue to be updated by considering it as a prior in relation to new data. This behavior can
be leveraged to use posterior divergence time estimates from past studies as node calibrations
in new analyses.

Specifically, consider the marginal posterior distribution f(7 | F) obtained from a study
using fossil data F. This posterior is proportional to the fossil likelihood for F and the prior
over T

HTIF) o< f(FIT)T). 3)

Now imagine that new fossil observations F’ are collected. We compute the joint posterior
conditioned on both F and F’ as

FTIFF) o< f(FF I THT),
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where f(F,F’ | T) is the joint likelihood of both sets of observations. If we assume that F
and F' are sampled independently of each other, we may factor the likelihood such that

FTVFF) o f(F I THF I THT)
< f(F | T | F),

where we have made use of Equation 3 to substitute the likelihood and prior terms involving
F for the previously obtained marginal posterior f(7 | F). The updated posterior can be
estimated in a straightforward manner using MCMC and a previously obtained sample from
f(T | F). In other words, we simply use the previously obtained posterior distribution as
our new prior distribution on 7.

Importantly, in this approach we must consider the secondary node calibrations as part of
the prior distribution over 7, and not as a fossil data likelihood. If we treated it as a likelihood
and reweighed it according to an unconditioned prior, this would lead to the incoherent
specification of two prior distribution terms for 7: one through the secondary calibration
and one through our own specification of the prior. In order to avoid such incoherence in the
prior, we must therefore either (1) specify the prior distribution as consisting entirely of the
previously obtained sample, or (2) use an approach like those described at the beginning of
Section 3.1 to condition the prior on the previous estimate (Yang and Rannala, 2005; Heled
and Drummond, 2012). Despite this conceptual limitation of secondary calibrations, they
are almost exclusively misapplied as fossil data likelihood terms, resulting in overly precise
divergence time estimates (for review, see Schenk, 2016).

4  The Fossilized Birth-Death Process

As a result of the limitations of node calibration densities, it may be more satisfying to take
an explicit, mechanistic approach by specifying a joint process f(F,7T) that simultaneously
describes the generation of both the tree and the fossil data. Such an approach allows us to
assume that fossil specimens are observations of lineages generated by the same diversification
process that gave rise to the sampled living taxa. This allows for the inference of biologically
meaningful parameters governing the diversification of both extant and extinct taxa—such
as rates of speciation, extinction, and sampling—and leads to a more precise, quantitative
representation of the process by which fossil specimens are sampled along lineages. Such a
model was first described by Stadler (2010), who extended the birth-death process (Kendall,
1948; Nee et al., 1994; Gernhard, 2008; Stadler, 2009; Thompson, 1975) to account for lineages
sampled back in time (see also Didier et al., 2012). By integrating fossil occurrence times
into the branching model, this serially sampled birth-death process allows for estimation of
macroevolutionary parameters under complex, mechanistic models of lineage diversification
and fossil sampling.

4.1 Models for serially sampled data

Stadler (2010) introduced a serially sampled birth-death process that is well-suited to applic-
ations in macroevolution and in the study of infectious diseases (see Chapter 5.3 [Zhukova
et al. 2020). When applied to macroevolutionary analyses of species-level data, this process
requires samples from the fossil record and was thus coined the fossilized birth-death process
(FBD) in Heath et al. (2014). Cladogenesis under a birth-death model begins with a single
lineage that starts at time ¢, this is the origin time of the process. Over the course of
diversification, lineages speciate at rate A and go extinct at rate . In the present (i.e., t = 0),

5.1:7
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every living lineage has a probability p of being sampled. In the absence of sampled fossils,
all birth-death processes are governed by parameters A, u, and p. The FBD model includes
a parameter for the rate of fossil recovery, denoted 1, to account for observations from the
fossil record. This parameter acts as a Poisson rate of sampling lineages over time.

A) B) —l E
o—r.
B— =
Le
150 100 50 o 150 100 50 0
Time Time

Figure 2 The fossilized birth-death process generates a (A) complete tree and a (B) sampled
tree. (Figure modified from Figure 1 of Stadler, 2010)

The FBD model generates a complete tree and set of fossils Figure 2A. The sampled
tree (also called the reconstructed tree) is the phylogeny after sampling, with all unobserved
lineages pruned away Figure 2B. The probability density defined in Stadler (2010) allows us
to compute the probability of any sampled tree while accounting for unobserved lineages
in the complete tree. Figure 3 depicts the FBD process using a graphical model (for more
on probabilistic graphical models for phylogenetics, see Hohna et al., 2014). This figure
illustrates that the probability density of the sampled tree 7—which includes the tree
topology, divergence times, and observed fossil occurrences F—is dependent on the origin
time 1), speciation rate A, extinction rate u, fossilization rate v, and the extant species

sampling probability p.

Figure 3 A graphical model depicting the structure of the fossilized birth-death process. The
probability of the tree topology and divergence times 7 depend on the parameters of the FBD
process: the time of origin ¢, speciation rate A, extinction rate p, the rate of fossil recovery ¥, and
the probability of sampling p. The observed fossil occurrences F are, in turn, dependent on 7 and
the upstream parameters.

T'
Y
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4.2 Sampled ancestors and the taxonomic assignment of fossil
specimens

Under the FBD process, each fossil specimen is assumed to represent an independent sample
from a continuously evolving lineage. Thus, there is a non-zero probability of obtaining a
fossil sample that also has sampled descendant lineages Figure 2B. Indeed, Foote (1996)
estimated that the probability of sampled ancestor-descendant pairs in the fossil record is
non-negligible under a variety of cladogenetic models. Thus, it is important for diversification
models to correctly account for sampled ancestors in order to accurately estimate speciation
and extinction rates.

Under the FBD model, the proportion of fossil samples that also have sampled descendants
is correlated with the probability of sampling extant lineages (p), the fossil sampling rate
(¥), and turnover (r = §). We demonstrate this using simulations under the FBD model in
Figure 4 for four different values of turnover and two different values of p, all over a range of
values for . There is a clear interplay between the parameters of the FBD model, which
interact to yield different samples. Notably, even when extinction is relatively high (r = 0.9),
extant sampling is low (p = 0.1), and the fossil recovery rate is low (¢ = 0.01), there is still
a substantial proportion of fossils that also have sampled descendants (which may be fossil
or extant samples), as seen in Figure 4.

Sampled ancestors present a curious taxonomic challenge. In the most straightforward
formulation, no assumptions are made regarding the taxonomic assignment of sampled
specimens, so all speciation events are assumed to correspond with branching events, and the
speciation rate is therefore equal to the rate of cladogenesis. However, if two fossil samples
are taken along a single evolving lineage, but are then assigned to different taxonomic
species, then this implies an intervening anagenetic speciation event. Real speciation rates
are therefore larger than the rate of cladogenesis, since some taxonomic species arise through
anagenesis. In addition, the fossil record contains far more specimens than described taxa,
and so many fossils are identified as belonging to the same taxonomic species. Consequently,
in order to apply the FBD model to real fossil data, some assumptions must be made about
the process of assigning fossil specimens to taxonomic species. Stadler et al. (2018) described
a model for assigning fossil specimens to the same taxonomic species stratigraphic range.

4.3 Fossil placement under the fossilized birth-death process

Much like with node calibration approaches, divergence time estimates under the FBD may
be sensitive to the phylogenetic placement of fossils. Unlike node calibrations, however, under
the FBD model, all of the fossils—mot just the oldest—that can be assigned to a node are
valid observations. Nevertheless, it is important to consider the best practices outlined by
Parham et al. (2012) when choosing fossils and justifying their placement in the phylogeny.

In many cases, quantitative character data have not been coded or are otherwise not
available for a particular fossil taxon. In these instances, qualitative information about the
topological placement of a fossil may be derived from its observed occurrence time and/or
the taxonomic literature (Heath et al., 2014). For many fossils, it may be ambiguous whether
the fossil lineage falls on the stem lineage or within the crown of an extant clade (Benton and
Donoghue, 2007). In many cases, it is only possible to define the fossil and its relatives as a
monophyletic “total group”, within which there are many possible placements of the fossil as
a crown or stem fossil. Bayesian inference methods using the FBD process can account for
this uncertainty by integrating over the different possible fossil placements using Markov
chain Monte Carlo (MCMC).

5.1:9
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Figure 4 The proportion of sampled ancestors simulated under different FBD parameters. Here,
turnover (r) is defined as r = &, where A and u denote speciation and extinction, respectively. For
each of the four values for turnover, we show the proportion of sampled ancestors for 100 simulated
replicates as we varied the fossil sampling rate (1) and for two different values of the probability of
sampling extant taxa (p).

When character data are available for fossil taxa, an integrative modeling approach
is needed to combine observations from both extant and extinct species. The model and
methods described in Stadler (2010), Ronquist et al. (2012), Zhang et al. (2016), and others
provide a framework for using the FBD model in more fully integrative Bayesian analysis of
fossil and extant samples (see section 5).

4.3.1 Empirical studies applying the fossilized birth-death model

Analysis under the FBD process enables researchers to use more of the data from the
fossil record, which, in turn, can lead to more robust estimates and a more comprehensive
understanding of lineage diversification. Using simulated trees and data, Heath et al. (2014)
demonstrated that when using fossil occurrences to date extant phylogenies under the FBD
model, node age estimates are more accurate than conventional calibration density approaches.
Importantly, this study also showed that the precision of FBD node age estimates increases
as the number of fossil occurrences increases, providing a better representation of statistical
uncertainty in these parameters. Didier et al. (2017) also developed a maximum likelihood
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approach to estimate parameters of the diversification model when fossil occurrences are
observed. Their analyses of simulated datasets demonstrate that estimates of speciation and
extinction rates are more accurate when fossil ages are included compared to estimates based
on trees of extant taxa with the node ages fixed to their true values.

The FBD model has gained traction in both neontological and paleontological studies
because its assumptions are more justifiable than node-calibration density approaches (as
described in Section 3). As a result, empirical studies are emerging that provide new insights
into the macroevolution of numerous clades in the tree of life. For example, the FBD process
has been used for the calibration of extant phylogenies of royal ferns (Grimm et al., 2014),
tetraodontiform fishes (Arcila et al., 2015), and pines (Saladin et al., 2017); in combined
evidence analyses of hymenopterans (Zhang et al., 2016), lemurs (Herrera and Déavalos, 2016),
myriapods (Ferndndez et al., 2016), sloths (Slater et al., 2016), penguins (Gavryushkina
et al., 2017), baleen whales (Slater et al., 2017), and sponges (Schuster et al., 2018); or
to study extinct clades using morphological characters and occurrence times of theropods
(Bapst et al., 2016), and crinoids (Wright et al., 2017).

5 Integrative Hierarchical Models for Calibrating Time Trees

One important advantage of the fossilized birth-death modeling approach is that it makes
our evolutionary analysis more integrative. By directly modeling fossil sampling jointly
with cladogenesis and extinction, we can connect information from disparate evolutionary
processes and synthesize all of it in a single hierarchical analysis. In a hierarchical model,
relationships among collections of model parameters are structured in a directional, tree-like
manner, such that information from a number of empirical observations of different datatypes
can be considered jointly through their shared dependence on a smaller number of upstream
model parameters. For example, the FBD model allows us to unify information from both the
fossil record and the molecular record, by connecting models of fossil sampling and molecular
evolution indirectly through a time tree model of speciation and extinction (as shown in the
hierarchical model in Figure 5). In other words, the FBD model provides the foundation on
which to construct much larger and more elaborate probabilistic models that link a wide
range of information sources in a Bayesian hierarchical inference framework.

Time Tree Model

Substitution Model Substitution Model
\ -
Site Rate Model Molecular Data Morphological Data | Site Rate Model
—~——
Branch Rate Model y Branch Rate Model

Fossil Occurrence Time Data

Figure 5 An example of a hierarchical model using molecular, morphological and fossil occurrence
time data. Nodes represent collections of random variables and model parameters. Shaded nodes
represent variables that are associated with empirical observations.
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Inferring the Timescale of Phylogenetic Trees from Fossil Data

5.1 Integrating molecules and morphology

One immediate consequence of including fossil and extant taxa in a joint hierarchical analysis
is that character data from both extinct and extant species can be combined. In particular,
morphological data from fossil specimens can be directly combined with data from extant
species. These combined-evidence (also called “total-evidence” or “tip-dating”) approaches
allow for inference of fossil species relationships with extant taxa (Ronquist et al., 2012). Thus,
this integrative statistical approach leads to more reproducible placement of fossil species
using explicit methodology, instead of reliance on previously published studies or taxonomy.
The placement of calibration fossils using morphological data also results in more robust
estimates of divergence times and diversification dynamics among extant species (Heath
et al., 2014; Gavryushkina et al., 2014). Furthermore, any uncertainty in the placement
of fossils can be accommodated by implementing this approach in a Bayesian framework,
resulting in parameter estimates that better reflect the information in the data.

The first combined-evidence analyses described in the literature either did not use
an appropriate diversification model (Pyron, 2011, used a pure-birth model that did not
allow extinction or fossil sampling) or used a generic, phenomenological model (Ronquist
et al., 2012, assumed a uniform model for node ages, fossil sampling times, and topologies).
Nevertheless, these studies outlined a framework for a more fully integrative approach to
inferring dated phylogenies of living and fossil taxa. With the introduction of new MCMC
proposal mechanisms for FBD trees (Heath et al., 2014; Gavryushkina et al., 2014; Zhang
et al., 2016), combined-evidence analyses can now include much more appropriate and
realistic models of lineage diversification and sampling. Using a combined-evidence approach,
the fossilized birth-death process has been applied to combined datasets from Hymenoptera
(Zhang et al., 2016), penguins (Gavryushkina et al., 2017), mammals (Upham et al., 2019)
and squamates (Pyron, 2016), to name a few. Luo et al. (2020) used simulations to explore
the accuracy of combined-evidence dating approaches under the fossilized birth death process,
and found that including morphological data led to more accurate estimation of divergence
times, but that most dating information was contained in fossil occurrence age data.

5.2 Sampling bias

As our integrative modeling approach grows in complexity, and encompasses more and
different types of data, it becomes extremely important to carefully consider the sampling
strategies used to acquire those data, and ask whether any sampling biases may be impacting
the analysis. If so, we must look for ways of explicitly accounting for the data sampling
strategy when specifying the model. Here we discuss several important sources of sampling
biases as they pertain to divergence time estimation and the fossilized birth-death process.

5.2.1 Taxonomic - diversified sampling

One important type of sampling bias may arise as a result of a commonly employed diversified
taxon sampling strategy. In this approach, only representatives from major lineages are
included in an analysis in an attempt to achieve broad taxonomic representation while at
the same time minimizing the size of the dataset and redundancy in the analysis (e.g.,
Jarvis et al., 2014, sampled a single representative from every avian order to estimate the
relationships and divergence times of birds). This type of sampling will induce longer terminal
branches than under a random sampling scheme (Heath, 2008). Hohna et al. (2011) described
an approach using a birth-death process that accounts for diversified sampling by assuming
that lineages are sampled such that the total phylogenetic diversity (tree length) is maximized.
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Analytic expressions are available for the probability density of a birth-death tree under this
type of diversified sampling (Hohna et al., 2011). Zhang et al. (2016) applied this approach
to the FBD model by assuming that exactly one representative extant species per clade
descending from some cutoff time is selected. Accounting for diversified sampling seems to
be important in some empirical datasets, resulting in much younger age estimates for some
clades (Vea and Grimaldi, 2016; Ronquist et al., 2016).

5.2.2 Macroevolutionary - conditioning on survival

Some clades are never sampled simply because they did not survive long enough to be
observed in the fossil record. This leads to a systematic undersampling of clades undergoing
relatively high rates of extinction, which can lead to a bias in the estimation of background
speciation and extinction rates. This effect can be accounted for by explicitly computing the
conditional probability of a clade, given that at least one sample was recovered. Guindon
(2018) devised an MCMC algorithm for computing this conditional probability under the
fossilized birth-death process. Usually, however, the background macroevolutionary regime
of speciation and extinction is not of interest when conducting inference on a single clade,
and indeed may be essentially impossible to estimate with any accuracy (see for example the
Lartillot, 2014, blog post). Therefore, in most cases it is probably unnecessary to condition
on survival.

5.2.3 Stratigraphic - fossil sampling through time

It is well known that the fossil record is incomplete and unevenly sampled, and a wide range
of factors impact what organisms are preserved and how. Obviously, organisms like mammals
and snails with hard parts like a skeleton or shell will be better preserved in the fossil record,
and will therefore be systematically oversampled. Similarly, fossils deposited in the more

recent past will also be better preserved, and are therefore more likely to be recovered.

Many paleontological studies have attempted to account for these biases when reconstructing
estimates of species diversity in ancient clades (Sepkoski et al., 1981; Foote and Sepkoski,
1999; Raup, 1972, 1976). These studies have often relied on estimates obtained by combining
sampling effort or proxy data with fossil abundance data in a multivariate model, a method

known as “residual diversity estimation” (Smith and McGowan, 2007; Sakamoto et al., 2017).

While no studies have applied a similar approach jointly with the fossilized birth-death
process, the mathematics enabling the estimation of time-heterogeneous fossil sampling
and diversification have been described for the FBD (Gavryushkina et al., 2014). Thus,
implementing a fossilized birth-death variation of the residual diversity estimation approach
is feasible within a hierarchical modeling framework, and will be a valuable goal of future
studies.

6 Prospectus

As the field of statistical phylogenetics has matured in the genomic era, vast quantities
of molecular data have become widely available for studying a variety of extant (and
some recently extinct) species. This has made it possible to obtain very good estimates
of the evolutionary relationships among many clades whose relationships were previously
unknown due to a lack of phylogenetically informative characters coming from other sources,
particularly species with no representation in the fossil record. Ultimately, however, genomic
data alone are insufficient for resolving the absolute ages of species divergences. Thus,
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although advancements in sequencing technologies have yielded data that provide great
evolutionary insights, reconstruction of the macroevolutionary timeline is limited to classical—
and often laborious—methods in paleontology for collecting and dating fossil specimens.
Consequently, technological innovations in collecting, organizing, and curating paleontological
data will be critical if we are to make major progress in elucidating the absolute divergence
times of the tree of life. In clades with poor fossil records, the development of models that
account for additional sources of dating information, such as biogeographic patterns (Landis,
2017), or patterns in the conservation of horizontal gene transfer events (Davin et al., 2018)
will be crucial for inferring divergence times. However, the timescale of evolutionary events
in some clades without good representation in the fossil or other type of historic record may
never be fully understood.
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