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Abstract

Over the past decade,a new set of methods for estimating dated trees
has emerged. Originally referred to as the fossilized birth—death (FBD) pro-
cess, this single model has expanded to a family of models that allows re-
searchers to coestimate evolutionary parameters (e.g., diversification, sam-
pling) and patterns alongside divergence times for a variety of applications
from paleobiology to real-time epidemiology. We provide an overview of
this family of models. We explore the ways in which these models corre-
spond to methods in quantitative paleobiology, as the FBD process provides
a framework through which neontological and paleontological approaches
to phylogenetics and macroevolution can be unified.We also provide an
overview of challenges associated with applying FBD models, particularly
with an eye toward the fossil record. We conclude this piece by discussing
severalexciting avenues for the inclusion of fossil data in phylogenetic
analyses.
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1. INTRODUCTION: THE BIRTH OF A JOINT MODEL
OF DIVERSIFICATION AND PHYLOGENY

For many years, dating of phylogenetic trees was primarily accomplished via the process of con-
straining the age of nodes using fossil and other temporal information. However, over the past two
decades, new methods have been proposed that allow fossils to be more completely integrated into
phylogenetic dating analyses. These methods rely on a series of models, collectively called fos-
silized birth-death (FBD) processes (Stadler 2010, Heath et al. 2014), that enable a rich interplay
between morphology, molecules, and stratigraphy. The derivation of the original FBD model is
one of the most important steps forward for the synthesis of neontological and paleobiological per-
spectives in phylogenetic methodology in recent memory. As we lay out in this manuscript, infer-
ences using FBD processes fulfill many of the goals of quantitative paleontologists, while offering
neontologists new ways to ask an array of questions about topology, time, and evolutionary tempo.
Birth—death processes are widely used in phylogenetics and phylodynamics to model the birth
and death of lineages in a phylogeny.An overview of this family of models can be found in
MacPherson et al. (2021). The FBD model in particular was originally proposed as a sampling
model to describe how diversification and sampling lead to an observed set of samples on a phy-
logeny (Stadler 2010). The model consists of four main parameters: A, the rate at which lineages
are added to the tree (often called the speciation rate); p, the rate at which lineages are removed
from the tree, also known as the extinction rate; ¢ , the rate at which lineages are sampled in the
past, typically called the fossil sampling rate; and p, the sampling probability in the present. The
FBD model is different from other birth—-death-sampling models in representing present and fos-
sil sampling as different quantities. For the model to be identifiable, at least one parameter has
to be fixed, usually p in macroevolutionary analyses. A, y, and ¢ are typically treated as unknown
parameters in the analysis (Figure 1), and values for these parameters are sampled via Markov
chain Monte Carlo (MCMC) methods in a Bayesian analysis.
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Figure 1

A graphical representation of the fossilized birth—death (FBD) model under two different parameterizations. In both cases, the dated
phylogeny (indicated by the T in the middle of the graph) is the product of a set of parameters. (a) The tree is drawn from a distribution
parameterized by a time of origination and rates of speciation, extinction, and fossil sampling, all of which are parameters estimated in
the inference. The proportion of extant lineages sampled is typically assumed to be known without error (indicated by a black box).

(b) A reparameterization of the model in which extinction is treated as a deterministic variable, transformed from the turnover rate.
While these models use the same calculations, the one in panel b indicates a line of thinking in which speciation and extinction are not
fully independent. The flexibility of implementing the FBD model in a Bayesian context allows researchers to constrain priors or
reparametrize models to better reflect their own expectations about the process of evolution. In this figure, extinction rate is in a dotted
circle, indicating that it is a stochastic node, that is, a node transformed from two model variables.
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Figure 2

Alternative representations of a tree simulated under the fossilized birth-death (FBD) model. (a) Under the FBD process, there is
considered to be a complete tree. This is a tree that is the total outcome of the FBD process, including fossil sampling (gray shells) and
extant sampling (red shells). (b) The observed tree is the tree that can be estimated from the data actually observed by researchers.
Lineages sampled in the present are indicated in red. In the complete process, all lineages appear. In the observed trees, this is not the
case, as sampling may be patchy, and thus not every lineage is observed. Another factor in the FBD model is that lineages may have
descendants on a tree whose ancestor is also sampled. These are often referred to as sampled ancestors. (c,d) The blue areas indicate
stratigraphic ranges for a morphotaxon, in which there may be many observations of that taxon.

This model was applied to divergence time estimation in a phylogenetic context several years
later (Gavryushkina et al. 2014, Heath et al. 2014) and has since been extended to fit a variety
of sampling and biological conditions. The FBD model is a different way of thinking about a
phylogeny. In many neontological studies, a tree is estimated from molecular or morphological
data, and trees are often drawn from a uniform distribution in which no tree is a priori more
likely than another. As discussed above, the FBD model is a diversification and sampling model. It
describes the series of speciation and extinction events that lead to the true tree. Because sampling
is inherently patchy, in both the present and the past, the FBD model also describes the process of
sampling that leads to the tree we actually observe (Figure 2). We can further inform the inference
of the topology by including fossil ages, as the FBD’s sampling model assigns some trees higher
likelihoods than others and thus ensures that we are more likely to recover trees that agree with
our historical record of fossil samples. The age of a fossil tip on the tree can be used to inform the
topology and the age of the speciation events that generate the clade to which the fossil belongs.
The FBD process has been referred to as both a tree model (because it describes the process that
generates the tree with fossils and extant samples) and a tree prior (because certain trees are not
considered as likely, a priori, due to the tree model).

In a Bayesian phylogenetic analysis using the FBD model as a tree prior, character data are
used to estimate a tree. Both extinct and extant tips of the tree are considered to be part of the
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same diversification process, and hence, both molecular and morphological data can be included

in the analysis via a model of character evolution (Gavryushkina et al. 2016, Zhang et al. 2016). For
morphological data, this is often accomplished via the Markov k-state (Mk) model (Lewis 2001),

which has been demonstrated to be reasonably effective under a variety of conditions (Wright

& Hillis 2014). Molecular data are incorporated via any number of models of sequence evolution

(Jukes et al. 1969, Hasegawa et al. 1985, Tavaré 1986). Each data type is usually placed in a separate
partition, and all partitions are considered to inform the overall model likelihood. It should be

noted that each data type can be subpartitioned, for example, by gene or anatomical subregion [for

an example, see Clarke & Middleton (2008)]. Other data types, such as continuous traits (Parins-
Fukuchi 2018), can also be used in these analyses, though this is less common at the present.

For fossils that do not have character information, the exact phylogenetic placement of the
taxon is not estimated. In this case, the fossil is constrained to a clade, which allows its age infor-
mation to inform the most recent common ancestor (MRCA) age estimate of that clade. The exact
phylogenetic placement is marginalized out of the calculation (Gavryushkina et al. 2014, Heath
et al. 2014). In this way, all available fossils can be used, even if there are multiple per clade or not
all fossils have character information.

The distribution of rates of evolution on a tree is described via the clock model. These models
can come in a number of variations. The simplest is the strict molecular clock, in which all branches
have a single rate of evolution (Zuckerkand| & Pauling 1965). While this model is the simplest, it
is also the most restrictive. On the other end of the spectrum are uncorrelated clocks, which imply
that an ancestor’s rate of evolution may be very different than that of its descendants. These are
some of the more flexible clock models. For thorough comparisons between these types of clock
models, see Lepage et al. (2006, 2007).

Together, the tree, clock, and character models have been termed the tripartite model for infer-
ence with the FBD model (Warnock & Wright 2020). While these concepts—character models,
clock models, distribution of evolutionary rates—are couched in a molecular lingo, the goals of
this analysis are shared by life scientists of all stripes. A character model allows us to test questions
about the evolution of characters, such as anatomical partitioning, ordering, and character rate
asymmetry (Clarke & Middleton 2008, Bapst et al. 2018). The clock model allows researchers
to test hypotheses about how evolutionary rates should be distributed over time. For example,
early burst models versus constant rates of evolution over time can both be tested through clock
models (Wright et al. 2021). Quantitative paleontologists have spent decades assessing diversifi-
cation dynamics from counts of species (or of other taxonomic levels) through time, but analyzing
diversification from phylogenies allows for a more integrated approach for accounting for sam-
pling, rate heterogeneity, and of course, relatedness. Furthermore, the FBD model is the spiritual
successor of various approaches to integrating the timing of fossil occurrences with phylogenetics.

2. FOSSILS IN PHYLOGENETIC PALEONTOLOGY:
DIFFERING PERSPECTIVES

Paleontologists have had a lengthy and complicated history with phylogenetics. Before modern
quantitative cladistics was developed in the middle of the twentieth century, paleontologists often
claimed the role of final arbiters in many questions of systematics, as fossils were the only direct
source of information about the evolutionary past of modern species. Qualitative assessments of
morphological similarity and the stratigraphic order of appearance were given a high degree of
weight in determining support for relationships, and reading the rocks was taken very literally,
with the evolution of groups often depicted in scholarly papers and textbooks as chains of fossil
ancestors and descendants.

Wright et al.
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New developments in molecular biology and computational resources in the 1960s energized
the role of neontologists in systematics, such that by the end of the twentieth century, phyloge-
netics and systematics had become dominated by those willing and able to collect character data,
particularly molecular sequence data, and analyze it with reproducible algorithms. Both paleon-
tologists and neontologists developed new procedures and philosophical approaches to codifying
phenotypic differences as matrices of morphological characters, but the use of morphological data
in phylogenetics has remained a minority approach, especially as genome-level data has become
more available. And yet, despite all this, there remain in 2022, systematists in both neontology
and paleontology who still rely heavily on qualitative interpretations of morphology, and there
are even paleontologists who lean very heavily on qualitative interpretations based on the strati-
graphic order of appearance of taxa.

2.1. Fossil Sampling Times and the Fossilized Birth-Death Process

When we incorporate fossil sampling times into phylogenetic analyses within a mechanistic
model-based framework, it becomes extremely important to consider what these ages represent
(Hopkins et al. 2018). Under the FBD model, samples are recovered continuously along each
lineage (or branch) according to a Poisson sampling process with rate ¢ (Stadler 2010).

Within a paleontological context, these samples can be interpreted as fossil occurrence data
collected from a sedimentary rock unit, deposited at some unknown point in the geologic past. In
reality, we do not know the precise age of practically any fossil. Each occurrence (or coeval oc-
currences sampled from the same locality or horizon) is associated with a range of ages, reflecting
the imprecise temporal resolution of the stratigraphic record — the relative order and dating of
sedimentary rock layers and the traces of organisms recorded as fossil within those rocks. We can
account for fossil age uncertainty within a Bayesian framework with the use of priors (see text for
further discussion) (Drummond & Stadler 2016, Barido-Sottani et al. 2019).

The processes that control the preservation and sampling of a given fossil occurrence, even
in the simplest form of the FBD model, are the product of more than simple diversification. A
diversifying clade has more lineages and thus is much more likely to have a rich fossil record,
according to the FBD’s model of fossil sampling, than a group with a depressed speciation rate and
a heightened extinction rate. However, the presence of a lineage is a necessary but not sufficient
condition for fossilization, and a lineage might exist for millions of years before leaving traces we
recover from the fossil record, a fact which is clear given lengthy gaps in time between occurrences
of the same taxon in the fossil record. Such gaps in a lineage can extend to an entire clade composed
of multiple taxa, such as the apparently long gaps in the Mesozoic record of eutherian ancestors
(e.g., Luo et al. 2011). Thus, the age uncertainty of an entire lineage might differ considerably
from the age uncertainty that we have for a single specimen. This has important implications for
our use of fossil occurrences as node calibrations or within the FBD process.

The original FBD model assumes that fossitaxa are known from discrete occurrences re-
flecting an event in which traces of individuals of that taxon were preserved and later sampled
by paleontologists. However, taxa in the fossil record are recognized based on their morphology,
and so in well-preserved groups, particularly the fossils of marine invertebrates, the morpholog-
ical characteristics designating a single species or even subspecies might be observed from many
occurrences, across millions or tens of millions of years. Paleontologists often focus their work on
identifying the first and last appearance times of these persistent morphotaxa (Figure 2), and the
intervening time between is often referred to as a taxon’s stratigraphic range. In some cases, the
first and last appearance times of taxa (or the imprecise stratigraphic intervals to which these first
and last appearances can be placed) might be much better established than information about the

www.annualreviews.org Paleontological Divergence Datingl2.5



ES53CH12_Wright

ARjats.cls  August 2,2022  12:17

12.6

age of each individual occurrence, or even the number and distribution of occurrences in between.
When we have only stratigraphic range data, it is more appropriate to use the taxon-level FBD
process or the FBD range model described in Section 3.1, both of which explicitly incorporate
stratigraphic ranges (Stadler et al. 2018). Although it should be noted that a researcher who has
both ranges and counts of occurrences can make use of either model.

2.2. Stratigraphy Wars: The Order and Timing of Appearances in the Fossil
Record and Their Use in Phylogenetics

The role of stratigraphy has been a fraught issue in systematics. Although some scientists criti-
cize Darwin for perhaps overemphasizing the incompleteness of the fossil record in the Origin

of Species (Darwin 1859,Raup 1979,Gould 1980), the truth remains that the fossil record is

very much an incomplete record and cannot be read literally. We should expect gaps and missing
lineages even in the best fossil records, and thus the order of stratigraphic appearance is at least
occasionally misleading. Simultaneously though, unless the fossil record is the product of bizarre
and nonuniformitarian processes that we wholly do not understand, it is very difficult to imagine
how the fossil record could be completely at odds with the broad order and timing of actual evo-
lutionary events. Of course, this creates a prime situation for misunderstandings: In general, it is
easier for the human mind to work with absolutes rather than probabilistic expectations (in other
words, it is not that the fossil record is always accurate or always inaccurate but rather that the
fossil record is often accurate but is also often imperfect and sometimes very misleading).

The initial use of stratigraphy in inferring or testing phylogenetic relationships was purely
qualitative, depending greatly on expert opinion of whether a group’s stratigraphic record was
trustworthy. Sometimes, paleontologists argued that certain morphological features evolved mul-
tiple times, given gaps in the stratigraphic history implying that the lineage holding that feature
had gone extinct. This view was often countered by those who preferred to interpret any apparent
morphological similarity as the result of an imperfect fossil record, or relict lineages that had sur-
vived in some province not captured within the paleontological record. These illusionary gaps in
evolutionary history, when certain species apparently had originated but were not yet preserved as
recognizable remains in the fossil record, were known as ghost lineages [sometimes also synony-
mous or similar to ghost branches, ghost taxa, and/or ghost ranges (Norell 1992)]. There is truth
to both of these perspectives: While convergence and iterative evolution are quite real phenom-
ena, their true extent was both exaggerated and understated without quantitatively assessing the
weight of stratigraphic evidence against evidence from phenotypic characters.

With the rise of quantitative phylogenetics, some paleontologists developed methods of evalu-
ating alternative phylogenetic hypotheses based on their agreement with the stratigraphic order of
appearance of taxa on those topologies (Benton & Storrs 1994, Huelsenbeck 1994, Siddall 1998,
Wills 1999). However, such stratigraphic congruence measures were sometimes unsatisfying as a
way of choosing optimal phylogenetic hypotheses because we would expect some incongruence
with the order of fossil appearance in real empirical data sets. The greater issue is that we did not
yet have models that could tell us how much incongruence to expect. Foote et al. (1999) tried to
tackle such models for a single specific evolutionary event: the origin of crown-group mammals.
Foote et al. restated this issue as a question of how much lower the preservation probability of
Mesozoic eutherian mammals would have to be to support a substantial duration of missing evo-
lutionary history relative to their well-sampled Cenozoic descendants. Interestingly, the models of
Foote et al. (1999) were a precursor to the FBD process and are based on independent processes
of speciation, extinction, and sampling.

Daniel Fisher (1980) proposed an approach called stratocladistics to quantify the mismatch be-
tween stratigraphy and phylogeny as stratigraphic debt, similar to the character-based debt used in
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maximum-parsimony analyses (a review of this concept can be found in Fisher 2008). In applica-
tion (e.g., Bodenbender & Fisher 2001), a stratocladistics analysis involved combining a topology
returned by a quantitative tree search with information about taxon ages, such that stratigraphi-
cally incongruent relationships and possible ancestor-descendant pairs were identified and then
minimized by manual adjustment. Marcot & Fox (2008) developed stratocladistic software to si-
multaneously assess both character debt and stratigraphic debt against each other and identify the
best solution without manual tuning. Substantial objections were raised, both on methodologi-

cal grounds (how to balance stratigraphic debt with character debt) and philosophical grounds,
particularly that character information should always take precedence over stratigraphic informa-
tion. This led some workers to adopt a hard stance that relationships supported by morphological
cladistics should never be overruled by incongruence with the fossil record. Paleontologists of all
approaches and perspectives can be found in modern paleontology, and this mixture has sometimes
resulted in particularly acrimonious disagreement. There is no better single example of this than

a series of responses and comments published as a Nature Debate in 1998, edited and moderated
by Andrew Smith (1998). In hindsight, these arguments possibly had the effect of diminishing the
development and application of stratocladistic methods.

Some systematicists, in response to similar concerns, developed qualitative protocols for resolv-
ing ambiguous areas of topology with respect to stratigraphy, such as treating early-fossil species
that lacked derived characteristics as sampled ancestors (Smith 1994). Alternatively, others de-
veloped methods for quantifying the probability of a taxon’s existence before its first appearance
in the fossil record and use confidence intervals to test the probability of long unsampled ghost
lineages (Marshall 1995, Wagner 1995). Wagner (1998) combined these confidence-interval meth-
ods for testing ghost lineages with the procedures for comparing morphological and stratigraphic
debt from stratocladistics, creating a method known as stratolikelihood phylogenetics,which
Wagner applied to the fossil record of hyaenids. While in some ways this method was very close in
philosophy to modern FBD approaches, it could use iterative approaches to calculate only pseu-
dolikelihoods for a tree, given observed morphological data and stratigraphic appearances, and
borrowed much from parsimony-based approaches.

Further progress was stymied by two obstacles: (a) the lack of a likelihood function adjusted
for observed variation in morphology (later provided by Lewis 2001) and (b) the lack of a tractable
likelihood function for a branching diagram that encapsulates the processes of birth, death, and
sampling across time (ultimately developed as the FBD process, by Stadler 2010, Gavryushkina
et al. 2014, Heath et al. 2014). Today, using the FBD model, we now have statistically valid methods
for inferring dated phylogenies with sampled ancestors from the fossil record.

2.3. Post-Hoc Time Scaling and Other Diversions Before the Rise
of FBD Models

In the late 2000s and early 2010s, the use of phylogenetic comparative methods for making
macroevolutionary inferences flourished widely in evolutionary biology. Neontologists, and many
paleontologists, developed and applied phylogenetic comparative methods, particularly some pa-
leontologists who had not previously focused on systematics or stratigraphy. However, the vast
majority of such methods required accurately dated trees, regardless of the difficulty at the time
of acquiring a dated phylogeny—no quantitative method for dating phylogenetic relationships
existed in paleontology. Even stratocladistic methods did not ultimately create a dated tree.

The initial reaction was to treat this as an afterthought and to date a topology (usually from
a maximum-parsimony analysis or even something more abstract, such as a supertree) by refer-
ring directly to the timing of first appearances in the fossil record and assigning the age of the
earliest appearing taxon in a clade as the node age for that clade (roughly described in Smith
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1994). While such a literal dating of divergence dates certainly overlooks the potential for gaps

in the fossil record, this was considered an acceptable approach. However, many workers encoun-
tered difficulties applying their desirable comparative methods, due to computational issues with
the zero-length intranode edges in such dated phylogenies. Such zero-length edges existed be-
tween each node and its earliest descendant, and if there was any incongruence at all, such as

an early-appearing member of a very derived group, the resulting phylogeny might have many
such zero-length edges (Bapst 2013). To deal with this obstacle to applying comparative methods,
new approaches were developed and implemented by Laurin (2004), Ruta et al. (2006), Brusatte
et al. (2008), Hunt & Carrano (2010), and Lloyd et al. (2012). These methods adjusted the nodes
of a dated paleontological phylogeny to be later in the past, thus stretching out the unwanted
zero-length edges. The vast majority of these approaches worked independently of character in-
formation, except for the method of Ruta et al. (2006), which tried to assign older divergence dates
to branches with more apparent character changes under parsimony.

These simple post hoc methods gave a false sense of certainty to dated paleontological phylo-
genies, rather than fully accounting for the uncertainties in estimating a time-calibrated phylogeny
linking fossil taxa, which must not only be reconstructed from the incomplete fossil record but
also account for the uncertainty surrounding potential ancestor-descendant relationships among
the considered fossil occurrences (Bapst 2013). Using probability distributions drawn from the
FBD model, Bapst (2013, 2014) introduced a post hoc method which would time scale an undated
topology, given estimates of the rates of sampling, extinction, and speciation. This set of three rates
gave the method its name (cal3 for three-rate calibrated). However, the independent estimation
of rates was often considered difficult for many smaller data sets, or perhaps even impossible, and
the method was not widely adopted (Bapst & Hopkins 2017).

Instead, Bayesian phylogenetics software soon fully integrated the FBD model as a tree prior
for dated phylogenies of fossil taxa, allowing for approaches that simultaneously inferred the topol-
ogy, the divergence dates, and the rates of major processes. Now, paleontologists seeking dated
phylogenies are often pointed toward using fully simultaneous Bayesian inference rather than step-
wise post hoc methods like cal3 [e.g., the advice in Bapst & Hopkins (2017)]. Importantly, even if
character information isn’t available, such as for supertrees, the topological hypothesis can be set
as constraints in most Bayesian phylogenetic software, and the dating of the tree can be optimized
under the FBD process alone, without considering character information (Lloyd & Slater 2021).

2.4. Node Calibration: Approaches from Neontology

Node calibration approaches have been one of the most popular ways to time scale a phylogenetic
tree, particularly for biologists working with molecular data. Under the node calibration frame-

work, a fossil is assigned (not inferred as part of the analysis) to a subclade of the tree. The extant
tree is typically estimated from molecular characters using a model of sequence evolution. Since
the fossil is assumed to be a descendant of the same MRCA of the extant taxa in that subclade, it is
assumed that this subclade must be at least as old as the fossil. On the surface, this is similar to the
minimum-age dating described in Section 2.2. However, how long is the waiting time between

the MRCA and the fossilization event (Figure 3)? In a Bayesian framework, this waiting time

is typically parameterized by a node calibration density. The calibration density is a probability
distribution that describes the time between the MRCA and the fossil. For example, in Figure 4,
multiple different probability distributions can be seen, displaying different relationships between
the MRCA and fossil. But what is the fossil calibration specifying? On the surface, this is a distri-
bution on the amount of time we expect between a cladogenic speciation event and the sampling

of the oldest fossil that subtends it. In reality, parameterizing the calibration density is more com-
plicated, and it may not be possible to know if a fossil used for calibration has been sampled early

Wright et al.
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A complete tree highlighting the distinction between fossil age uncertainty and stratigraphic ranges. Here,

a budding speciation process is assumed, and each horizontal lineage or branch represents a unique
morphotaxon. Shells represent individual (extant or fossil) occurrences. The vertical pink bar represents the
present. Fossils are recovered along lineages and each of these is associated with a range of fossil age
uncertainty, indicated by the horizontal purple lines. A taxon can be represented by one or more sampled
occurrences. Other taxa may be unsampled in the fossil record but survive to the present or be both
unsampled as a fossil and go extinct before the present day. The interval between the first and last
appearance is known as the stratigraphic range (blue areas).
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Figure 4

A schematic showing node calibration versus tip-dating methods. Fossils are represented with an age uncertainty (indicated by the
purple bar). (a) The node-calibration densities specify the relationship between the fossil taxon and the split it subtends. On this graphic,
the green distributions indicate the range of plausible ages for the divergence time between these two clades. As can be seen with Fossil
B and Fossil C, it is possible for priors to conflict. (b) With tip-dating approaches, the position of fossils on the tree is estimated, as
indicated by the two positions for Fossil B. Dashed lines on this phylogeny indicate that the placement is not fixed but estimated. No
calibrations are needed, as a branch is estimated, connecting the fossil to the tree. It should be noted that fossils without character
information can be used with the fossilized birth—death process but must be constrained to a clade. Abbreviation: mya, million years

ago.
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in the lineage’s existence or late in its existence. The waiting time, therefore, is conflating many
different processes: uncertainty on the ages of fossils, sampling, preservation, and speciation.

In practice, divergence time analyses tend to be extremely sensitive to their calibration priors.
Warnock et al. (2012) demonstrated differences of tens or even hundreds of millions of years for
the age of nodes, depending on the prior chosen. However, the selection of calibration priors is of-
ten arbitrary. As shown in Figure 4, distributions may appear similar for most parameter values but
still have important differences in the tail of the distribution. And yet, choosing which distribution
to use at all has persistently been a vexing task for biologists, in part because of the conflation of
different quantities (uncertainty, waiting time) but also because choosing an appropriate prior re-
lies on knowledge about the likelihood of the data under different probability distributions, which
researchers may or may not have.

As mentioned in Section 2.3, under the node-calibration framework, fossils are placed by the
researcher. It is assumed that the location of fossils on the tree is known without error, i.e., that the
fossil can be placed on the tree to calibrate the age of a specific node. This means that collected
phylogenetic characters for these specimens are not really used in the analysis. It also means that,
in a Bayesian analysis, the relative support for different placements of the fossil is not evaluated.
In this way, calibrations use only a subset of the total data that may be attached to a fossil.

It should be noted that over the years, there have been many efforts to standardize the ways
in which fossil calibrations are used. The open-source Fossil Calibration Database (Ksepka et al.
2015), for example, implements the best practices for the choice and justification of fossils for
calibrations laid out by Parham et al. (2011). In particular, these efforts have been made by pa-
leontologists to attempt to assist molecular biologists in choosing appropriate fossils for calibra-
tions. Other authors have described models to more adequately describe fossil uncertainty using
decay-rate estimation (Terry & Novak 2015), incorporation of speciation rates and fossil sampling
(Matschiner et al. 2017), and incorporation of confidence intervals on fossil age ranges [a useful
summary of this literature can be found in Marshall (2010)]. Many of the approaches previously
taken are similar to, if not subsumed by, the FBD process.

2.5. Toward a Useful Synthesis of Perspectives

As described in this section, both paleontologists and neontologists have struggled with how best
to make use of the wealth of information in the fossil record. While it has been relatively straight-
forward to manage character data for estimation, how best to incorporate ages and stratigraphy
have been more problematic. The FBD process provides an avenue to estimate the phylogeny
while using a sampling process to incorporate information about fossil ages. In many ways, this
reflects a traditional paleontological line of thinking about how fossils are sampled while being
compatible with molecular data and techniques. It is also worth emphasizing that many of the
lessons learned through the application of previous approaches remain relevant in the context

of the FBD process, such as the best practices developed for reporting age and the taxonomic
uncertainty associated with fossils used for node dating.

3. THE FOSSILIZED BIRTH-DEATH MODEL IN PRACTICE
3.1. Model Extensions to the Fossilized Birth-Death Process

Multiple extensions have been developed for the FBD process. To account for more realistic vari-
ations in birth, death, and sampling rates, the episodic (also called skyline) FBD process allows for
phylogeny-wide changes at specific points in time, while the multistates (or multitypes) FBD pro-
cess makes rates dependent on a lineage-specific character. Both of these models are implemented

Wright et al.



ES53CH12_Wright ARjats.cls  August2,2022 12:17

in the BDMM package for the Bayesian evolutionary analysis by sampling trees 2 (BEAST2)
program (Kihnert et al. 2016) and thus can be combined further into a general FBD process incor-
porating both time- and lineage-dependent rate variation. More recently, the FBD-multispecies
coalescent (MSC) model (Ogilvie et al. 2021) integrates the FBD process with the MSC model, al-
lowing multiloci analyses in which the species tree and the morphological character matrix evolve
under the FBD and Mk models, while the molecular gene trees evolve under the MSC model.

Other extensions have been developed to handle empirical data sets more accurately. Support
for fully extinct trees, with no extant samples, was added to the BEAST2 implementation of the
FBD model by Barido-Sottani et al. (2020). While the FBD process was originally designed to
analyze specimen-level data (Heath et al. 2014), many available data sets contain only stratigraphic
range information for fossil taxa, giving only the first and last occurrence of each morphospecies
(or other morphotaxon). The FBD model was extended to account for these stratigraphic ranges
in Stadler et al. (2018), and we refer to this model elsewhere as the taxon-level FBD process.

The FBD process has also been extended to better account for data sets in which some or all
taxa might be missing character information. For most organismal groups, only a small proportion
of the overall number of sampled fossil specimens have been identified with sufficient taxonomic
resolution to place them in a phylogenetic context. Some fossilized traces may lack any usable
morphological data at all, except for representing an unknown member of a broad taxon, such as
trackways, burrows, coprolites, etc. One extension of the FBD process, the occurrence birth-death
process (OBDP) (Andréoletti et al. 2020, Manceau et al. 2021), integrates a special class of events
referred to as occurrences to deal with these phylogenetically ambiguous observations when the
geologic age of specific collections is knownOccurrences in this context are fossilspecimens
that lack any information on their position in the phylogeny (i.e., no morphological or taxonomic
information is available for them), thus they cannot be integrated directly into the phylogeny.
However, the ages of occurrences can still provide information on the number of lineages through
time, as well as the birth and death rates. Under the OBDP, we can assign a different sampling rate
for the occurrence subset of indistinct fossils. A new model, the FBD range process, was designed
to estimate diversification and sampling rates from data sets that contain only stratigraphic range
information, i.e., where no morphological or molecular sequences are available for reconstructing
a phylogeny (Warnock et al. 2020) (for more details, see Section 4.2). Both the FBD range models
and the OBDP are currently implemented in RevBayes.

3.2. Model-Based Challenges

While the FBD process and its extensions provide valuable tools to better account for empirical
data sets and evolutionary processes, they also raise additional challenges. The first set of issues is
tied to the models themselves and their implementation.

3.2.1.Identifiability issudecent work by Louca & Pennell (2020) has shown that the gen-
eral birth—-death model suffers from a major identifiability issue on extant trees, meaning that an
infinity of functions for the birth rate and death rate would result in the same tree likelihood. Louca
et al. (2021) then extended this result to trees with sampling through time, potentially including
trees generated under the FBD process.

Most existing empirical results are not affected by this issue, as constraining the rates to be
constant (as in the original FBD process) or piecewise constant (as in the episodic FBD process)
restricts the parameter space to only one most likely configuration (Legried & Terhorst 2021,
Louca et al. 2021). However, the implications for more complex models, such as models integrating
lineage-specific variations in rate, have not been explored yet. In addition, this issue highlights that
assumptions made by the user on the exact shape of the rate functions (e.g., constant, piecewise
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constant, exponentially decaying) can have a drastic impact on the result of the inference and thus
should be carefully chosen.

Even models that are identifiable in theory may not remain so based on the limited amount of
data present in actual empirical data sets. For instmy et al. (2021) found that rate estimates
obtained on fully extinct clades by models integrating lineage-specific rate variations were only
partially reliable, a fact the authors attribute in part to the small size of the available trees.

3.2.2.Model selection issudsother issue raised by more complex models concerns model

fit, specifically whether we can adequately distinguish which model is the most appropriate for a
given data set. Recent work suggests that stepping-stone analyses, which are commonly used to
perform model selection, are inadequate for analyses involving fossil specimens, as these analyses
fail to account properly for the evidence present in the fossil samples (May & Rothfels 2021).

This can lead to a simpler model being chosen despite strong evidence of rate variation in the
fossil record (May et al. 2021).

One possible solution is to use reversible-jump MCMC (rjMCMC), which allows us to explore
different models as part of the same inference rather than comparing several inferences after the
fact. However, iMCMC requires significant work to integrate various models together (Green
1995). This is compounded by the current fragmentation of the implementation landscape, with
different versions and extensions of the FBD process implemented in BEAST2RevBayespr
standalone software.

3.2.3.Computational issud3ne key challenge for Bayesian inference is the computational
cost and time involved in getting the inference to converge. More complex models have a direct
effect on the cost of analyses by adding new parameters to be estimated, and by increasing the
cost of calculating the likelihood. They can also have an indirect effect by increasing the amount

of data and the number of samples required to make the model identifiable and obtain accurate
estimates, as the number of tips in the tree is a key factor in the computational cost of phylogenetic
inferences. While a targeted effort on a specific model or class of models can lead to considerable
speed-ups, as has been the case for the MSC implementation in BEAST2 (Ogilvie et al. 2017),
such an effort has so far not happened for the FBD process.

In many empirical analyses, subsampling the fossil specimens remains necessary for obtaining
results in a reasonable amount of time (Andréoletti et al. 2020, O’Reilly & Donoghue 2020).
However, the choice of subsampling scheme can impact the accuracy of the inference and requires
good understanding of the structure of the fossil record, as well as the position of fossils in the
tree (O’Reilly & Donoghue 2020). While random subsampling leads to unbiased estimates of
diversification rates, it runs the risks of removing the oldest fossils from certain clades, which
can lead to clade age estimates that are incompatible with the fossil record. By contrast, selective
sampling of the oldest fossils for each clade leads to overestimates of clade ages (Matschiner et al.
2017, Matschiner 2019).

Analyses fitting complex models integrating lineage-specific rate heterogeneity often try to
limit the number of tip taxa used to reduce the computation time needed, but previous work
has shown that such analyses are sensitive to excluding sampled ancestors from the fossil record
(Beaulieu & O’'Meara 2021). To work around some of these issues, several extensions to the FBD
process, such as the taxon-level FBD model or the OBDP, are designed to add information to the
inference without increasing the number of tips of the tree.

3.3. Data-Based Challenges

A second set of issues is tied to the empirical data to which the FBD process is applied, in particular
the fossil record.
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3.3.1.Accounting for fossilization and sampling rate vakhatiaasdecord is biased

by many different factors that influence the process of fossilization but also the process of recov-
ering and classifying fossil samples. For instance, environmental conditions and morphological
characteristics have a large impact on the probability of a given species to be preserved in the fos-
sil record (Benson et al. 2021). One major issue is the oscillatory structure of sedimentary records,
often referred to as sequence stratigraphy, which results from compounding both short and long
time-scale cycles in climate and sea-level change. As a result, any set of geologic beds contains a
sequence of high-deposition layers alternating with low-deposition layers; some of the previously
deposited rock record may even be erased via weathering (Patzkowsky & Holland 2012). In the
fossil record, this has the additional complication of creating sequences of oscillating change corre-
sponding to changes in water depth or elevation shifts at any single location, resulting in scenarios
where taxa with long stratigraphic ranges may have many occurrences in a short time, as their
preferred environment is retained by the burial of rock, and then a long gap with no occurrences
before being briefly found again in abundance. This structuring of the fossil record violates the
rate-homogenous sampling assumptions of the basic FBD model. Similarly, the presence of groups
that are preserved only through exceptional fossilization processes under rare conditions, such as
the organisms found in any given Lagerstatte, may be controlled by the timing of an available
environmental window during which such preservation is possible. The process of data gather-

ing itself can lead to biases: For example, geographical differences in resources available for data
collection can result in large discrepancies in sampling between regions of the world (Monarrez

et al. 2021, Raja et al. 2022). While some of these geographic biases can be corrected by improved
sampling, many regions and habitats simply have no unaltered sedimentary records to investigate,
leading to extreme scenarios, such as detailed records with a high number of occurrences being
known from one continent, while the lineages on another continent during the same interval are
completely unknowable. This spatial heterogeneity of the fossil record is one of its ubiquitous and
frustrating patterns, reflecting that everything that comes to us from paleontology is at the fickle
whims of long-ago changes in sediment deposition, erosion, and burial (Smith 2001, Patzkowsky

& Holland 2012, Benson et al. 2013, Vilhena & Smith 2013).

Some of these biasessuch as temporalor character-driven variations in fossilization rates,
can be accounted for by extensions of the FBD process. However, this generally requires strong
assumptions from the user, such as the specific timing of rate changes or the specific character
or set of characters driving underlying rate variation. Previous work on birth—-death models to
integrate character-driven rate variations has shown that they are prone to false positive results
when the driving character is misidentified (Rabosky & Goldberg 2015). In addition, accounting
for all sources of biases requires many different characters to be integrated in the model. This can
lead to an unsustainable number of additional parameters, as each character combination present
in the data set is associated with its own rate regime.

An alternative to handling these biases in the analysis is to filter and normalize the data before
inputting it into the inference, allowing the use of a simpler model. For instance, family or time-
specific subsampling can be applied to the fossil record to reduce the discrepancies between fossil
densities for each clade or time interval (Andréoletti et al. 2020). This approach is similar to those
commonly included in nonphylogenetic paleontological methods (see Section 4.2). However, this
makes the downstream analysis completely dependent on the accuracy of the filtering and means
that the uncertainty present in the data is not adequately represented in the inference output.
Additionally, there is no way to check that the filtering is indeed removing bias rather than simply
replacing it with another.

Extant species sampling can also be biased. For example, diversified sampling of extant species,
where only one representative of each genus or subfamily is included in the data set, is a common
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method of reducing the complexity of large phylogenetic inference. Accounting properly for this
sampling scheme is critical to obtain accurate estimates of divergence times under the FBD process
(Zhang et al. 2016, Matschiner 2019).

3.3.2.Handling uncertainfue to the uncertainty involved in dating fossils, fossil specimens
are dated not to a specific age but rather to a range of possible ages. This uncertainty can either
be resolved through the user assigning a fixed age to each specimen (generally the midpoint of the
range or a randomly chosen point within the range), or integrated into the inference (Drummond

& Stadler 2016). Comparing these two approaches shows that fixing the fossil ages leads to in-
accurate estimates of divergence times, tree topology, and diversification rates in FBD analyses
(Barido-Sottani et al. 2019, 2020).

3.3.3.Placing fossils in the phylod¥smetailed in Section 1, fossil specimens can be placed
in the phylogeny either by using information from the taxonomy, in the form of topological
constraints on the tree, or through a total-evidence approach using morphologicalcharacters.
Although accurate topological constraints have been shown to perform better in terms of tree
reconstruction accuracy (Luo et al. 2020), total-evidence approaches allow for including more
uncertainty in the inference and may be the only option for data sets where taxonomy is unclear,
such as corals (Ardila et al. 2012).

The use of morphological character matrices raises sever@suesFirst, the morphological
matrix needs to be of sufficient size to obtain accurate estimates. Previous research has shown
that 30-character matrices are not sufficient to obtain accurate tree topologies (Barido-Sottani
et al. 2020) and that the accuracy of divergence time estimates drops markedly for matrices with
fewer than 100 characters (Parins-Fukuchi & Brown 2017). If taxonomy is well-known, combining
morphological matrices with some topological constraints can compensate for lower numbers of
characters. However, the accuracy of fossil placement is always dependent on the amount of data
provided to the inference.

A second issue with morphological character data is the ability of the substitution model to
accurately represent the processes involved in the evolution of morphological processes, which
are generally more complex than for molecular characters and may vary significantly between in-
dividual characters. Failing to account for correlations and dependencies between morphological
characters has been shown to lead to inaccurate topology and divergence time estimates (Ronquist
et al. 2016). However, more recent work suggests that morphological model mismatches are mostly
unproblematic for root-age estimates if good molecular data are available (Klopfstein et al. 2019,
Luo et al. 2020). Other research indicates that dating of other nodes for fossil-only data sets cer-
tainly performs better when using the FBD model, as opposed to previous approaches of inferring
topologies separately and using post hoc dating methods, as the latter can artificially inflate the
precision of age estimates (Bapst et al. 2016).

3.4. Human-based Challenges

The last set of issues concerns the use of the FBD process by empirical researchers and the po-
tential misunderstandings and issues of representation which can arise in empirical studies.

3.4.1.Understanding complex modas$she range of available models is extended to in-
clude more and more complex variations, one key challenge is how to improve the communica-
tion between users and developers. Understanding the different models and their assumptions and
limitations is critical for users to be able to decide which is the most appropriate for their data sets.
In return, understanding the features of empirical data sets and where they deviate from common
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model assumptions ensures that developers’ efforts can be focused in the directions that are the
most useful to users. As an example, the original FBD process was designed to handle individual
fossil occurrences as the operative units, with a single morphospecies possibly represented by mul-
tiple such occurrence units, potentially with uncertainty in the age of each occurrence. However,
paleontologists often publish taxon-level age ranges, describing not the age uncertainty of single
occurrences but rather providing the first and last appearance dates of an entire morphospecies or
genus. In part due to this breakdown in communication, many empirical analyses have used the
specimen-level FBD model with taxon-level data (Heath et al. 2014, Gavryushkina et al. 2016).
While the specimen-level FBD model is adequate for groups with sparse fossil records (e.g., non-
avian dinosaurs, soft-bodied invertebrate groups) for which taxa are frequently represented by
single specimens, the sampling assumptions of the specimen-level model are badly violated by
fossil-rich clades for which ages are often denoted as stratigraphic ranges, and previous applica-
tions of the specimen-based model to such data may have led to less accurate results.

Several avenues are available to improve communication about and understanding of the mod-
els. The use of graphicalrepresentations that outline clearly the different components of spe-
cific models helps users understand how models are structured and how they relate to each other
(Hoéhna et al. 2016). In addition, the implementation of many models within larger frameworks
such as BEAST2 or RevBayes allows for tutorials and teaching resources to be collected together
for easier access and discoverability (Barido-Sottani et al. 2018).

3.4.2.0utput representatiohhe representation of the output of FBD inferences is another
challenge to consider. As this section has shown, there is considerable uncertainty both in the
fossil record and in the selection of analysis setup. One strength of Bayesian analysis is that this
uncertainty can be integrated in the inference and can in turn influence the level of uncertainty in
the posterior distributions. However, this is helpful only if the uncertainty is then appropriately
represented in the final results. This issue is particularly important for FBD inferences, as they
typically involve higher levels of uncertainty in the topology of the final tree. Although tools
such as DensiTree (Bouckaert 2010) can show partial or full posterior distributions of trees, the
representation that is usually chosen is a summary tree, for instance the maximum clade credibility
(MCC) tree or maximum a posteriori (MAP) tree. O’'Reilly & Donoghue (2018) have shown that
both the MCC and the MAP summary methods include large numbers of incorrect clades when
summarizing diffuse posterior tree distributions, such as trees inferred from morphological data.
They recommend using the majority rule consensus (MRC) tree instead, as it better represents
uncertainty. However, MAP and MCC trees remain commonly used in the literature (Azevedo

et al. 2021, Chamorro et al. 2021).

4. NEW HORIZONS IN FOSSILIZED BIRTH-DEATH ANALYSES
4.1. Testability

As highlighted in Section 3.2.2, questions remain about how best to assess model fit in such com-
plex models. While this challenge is certainly large, having a mathematically coherent model for
divergence time estimation opens the door to simulation-based study of performance (see the
sidebar titled Species and the Fossilized Birth—-Death Process). In the absence of a single model,
node-calibration approaches to dating are difficult to simulate. By contrast, when one can simulate
under the analytical model, one can ask sophisticated questions about absolute fit. This also allows
approaches such as posterior predictive simulation (H6hna et al. 2018), in which a researcher sim-
ulates new data sets seeded from values in the posterior sample. When these data sets are similar
to the empirical data, according to the chosen summary statistics, that is an indication of good
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SPECIES AND THE FOSSILIZED BIRTH-DEATH PROCESS

Under the original FBD model, as with other birth—-death models, lineages give rise to new lineages under a con-
tinuous Poisson process with rate A. Each birth or branching event gives rise to a single new lineage, usually figured
in phylogenetics as a single branch splitting or bifurcating into two. This is because the original FBD model treats
each occurrence independently, and a phylogenetic analysis using this model equates each operational taxonomic
unit to a single occurrence, such that each specimen of a species is treated separately [for a great example of a
specimen-based FBD analysis, see Cau (2017)]. Such a model is thus agnostic about the manner in which different
instances of a persistent morphological identity can be mapped onto the tree (Silvestro et al. 2018). Each branching
event could equally reflect an ancestral morphotaxa splitting into two descendants or a single population of an an-
cestral taxon becoming its own species and subsequently diverging morphologically, with the descendant coming to
coexist with its own morphological ancestor. Paleontologists refer to these two modes as bifurcating speciation and
budding speciation respectively (Wagner & Erwin 1995), Foote (1996). To integrate an explicit concept of budding
speciation into the original FBD model, we would need to assign one child branch as the ancestor and one child
branch as the descendant following each branching event.

The taxon-level FBD process incorporates information about morphospecies through time, and thus must make
explicit assumptions about the mode of speciation represented at each branching event. The simplest version of
this model assumes a budding process (Figure 3), but model extensions also allow for bifurcating and anagenetic
speciation modes (Stadler et al. 2018).

model fit. When they are not, this is an indication of poor fit. These methods provide a fairly
intuitive way to understand model adequacy and can be used to identify model assumptions that
are problematic. For all applications listed below, evaluation via simulation is a necessary step to
understand model performance. By providing a coherent mathematical framework (see the side-
bar titled Consistency and Coherence), the FBD process ensures that new hypotheses and model
extensions can be rigorously tested in the future.

4.2. Beyond Topology and Divergence Times

As described in Section 3.3.1, the fossil record is temporally and spatially incomplete and is de-
termined by a wide range of biological, geological, and socioeconomic factors (Benson et al. 2021,
Raja et al. 2022). This causes issues for practically any method that uses temporal evidence from

CONSISTENCY AND COHERENCE

Statistical consistency and statistical coherence are terms that sound similar but mean very different things. Statisti-

cal consistency refers to the probability of a model converging to the true value as more data are added. This is a de-

sirable property in that it allows researchers to have confidence that the addition of data leads to correct results. For

example, the Mk model for estimating phylogenetic trees from discrete data is statistically consistent (Lewis 2001).
Statistical coherence refers to the quality of information within a data set or across similar data sets.Node

calibration is often referred to as incoherent (for example, Heath et al. (2014). What this use of the phrase denotes

is not necessarily true statistical incoherence, as defined here. When describing the FBD process, researchers use

the term incoherent to denote that there is no single analytical model that describes a node-dating analysis and

all the associated data. In consequence, a researcher cannot simulate under the model and test the effect of model

violations on the result of the analysis.
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the fossil record. Correcting for nonuniform sampling has been a major challenge from the onset
of quantitative paleobiology, since the earliest demonstrations of the apparent correlation between
global taxonomic diversity and sedimentary rock volume through time (Raup 1972). This affects
not only efforts to recover the origin time of clades but also estimates of origination and extinction
rates or species richness from fossil occurrence data.

Almost all approaches to mitigating the impact of incomplete or nonuniform sampling in pa-
leobiology involve subsetting or otherwise ignoring certain classes of data. For example, pale-
ontologists often estimate origination and extinction rates from stratigraphic ranges, and several
methods have been developed to minimize the impact of sampling variation between intervals,
such as per-capita rates (Foote 2000). Per-capita rates are calculated by examining the change in
taxon numbers only at interval boundaries and thus consider only those taxa found in more than
one interval, effectively ignoring singleton taxa (which are sampled only once). To further remove
the effect of sampling heterogeneity across time and space, more recently developed approaches
for estimating diversification rates require the subsampling of fossil occurrence data (Alroy 2008,
Close et al. 2018, Kocsis et al. 2019). This strategy leads to a reduction in the amount of data
actually used to calculate rates or richness.

Better estimates of speciation and extinction rates can be obtained under the FBD range
model, in part because this approach can include much more information (Warnock et al. 2020).
One key advantage of modeling the sampling process is that incomplete and uneven sampling
can be accounted for explicitly. This means that singletons and unsampled lineages are an ex-
pected outcome of the process. Another advantage is that the model assumptions are transparent
and flexible. Using variants of the FBD process, we can account for rate variation across time
and lineages (see Section 3.1). In addition, the FBD process can be applied to problems tradition-
ally seen as the purview of quantitative paleobiology, including estimating richness.

Since origination, extinction, and sampling are core parameters of the FBD model, these pa-
rameters can be coestimated along with the topology and divergence times. Information about
the model parameters largely comes from the distribution of sampling times (i.e., fossil occur-
rence data or stratigraphic ranges). In fact, as noted already in Section 3.1, these parameters can
be estimated, even without phylogenetic character data, based on the tempordistribution of
fossil occurrences or stratigraphic ranges (Stadler et al. 2018, Warnock et al. 2020). Per-interval
estimates can be obtained using FBD modelextensions that allow for rate variation through
time.

The application of the FBD process to fossil age data only is equivalent to how the software
PyRate estimates origination and extinction rates (Silvestro et al. 2014). Although the original
model implemented in PyRate uses a birth-death process that assumes each species is sampled
at least once, the FBD range process has recently been added to this software. Capture-mark-
recapture (CMR) is another model-based approach that can be used to obtain per-interval esti-
mates of origination and extinction from fossil occurrence data (Liow & Nichols 2010). CMR
methods are based on population ecology models used for monitoring, and numerous extensions
allow for nonuniform sampling. The CMR approach used currently in paleobiology does not as-
sume that each taxa is sampled at least once but also does not make use of any additional informa-
tion about sampling frequency within a given interval (although in theory this could be possible),
while both the PyRate and the FBD model approaches allow us to take advantage of information
about the number of samples recovered for each interval.

More recently, several approaches have been introduced that allow us to estimate richness. Pre-
vious implementations of the FBD model integrated analytically over the number of individuals
in the past, i.e., the total number of species or richness through time. Vaughan et al. (2019) intro-
duced a particle filter approach to infer richness under the OBDP model, which uses a phylogeny
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combined with occurrence data (see Section 3.1). Recently Gupta et al. (2020) and Manceau et al.
(2021) introduced a framework to calculate the probability density for the past number of indi-
viduals under the OBPD model, which increases the computational efficiency of this approach.
This approach has been extended to allow for piecewise constant variation in model parameters
and was used recently to infer the past diversity of cetaceans (Andréoletti et al. 2020).

Beyond new and improved methodological approaches, the FBD model has brought the issue
of sampled ancestors in the fossil record to wider attention. While theoretical models predict that
direct and indirect ancestors are regularly observed in the fossil record (Foote 1996), there was
little discussion of considering ancestors for actual fossil taxa outside of nonquantitative systematic
treatments (but see Wagner & Erwin 1995). The FBD opens the door toward identifying or at
least considering the potential of sampled ancestors in phylogenetic analyses (Bapst et al. 2016,
Gavryushkina et al. 2016), especially for densely sampled fossil records, as well as considering how
the persistent morphotaxa recognized by paleontologists behave with respect to divergence events
(Bapst & Hopkins 2017, Silvestro et al. 2018, Parins-Fukuchi et al. 2019, Parins-Fukuchi 2021,
Wright et al. 2021). This question of whether new morphologically distinguishable species arise
via bifurcation or budding strikes at how we implicitly perceive and conceptualize evolutionary
change in phenotype and carries the potential to change fundamental ideas in macroevolution
(Pennell et al. 2014). The long-term evolutionary implications of ancestor-descendant dynamics,
such as whether coexisting with your ancestral morphotaxon makes you more likely to go extinct
(Pearson 1998), can now be reexamined in a new light.

An additional advantage of applying the FBD model within a hierarchical Bayesian framework
is that we can constrain modelparameters using existing paleontologicadr geological knowl-
edge. For example, we can inform our priors using previous estimates of origination, extinction,
or sampling rates (O’Reilly & Donoghue 2020, Wright et al. 2021). We could also use sampling
proxy data to inform relative changes in rates across time intervals or trait data to inform changes
in preservation potential across clades or geographic areas. Since we are often dealing with large
and complex uncertainties, we want to include as much available information as possible. Having
the explicit model-based framework provided by the FBD process and related models provides
many extendable and flexible options that can be tailored to suit different problems not only in
phylogenetics but also in quantitative paleobiology and evolutionary biology.
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