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Abstract

With proliferation of molecular phylogenies and advances in statistical mod-
eling, phylogeneticists can now address macroevolutionary questions that
had traditionally been the purview of paleontology. Interest has focused
on three areas at the intersection of phylogenetic and paleontological re-
search: time-scaling phylogenies, understanding trait evolution, and mod-
eling species diversification. Fossil calibrations have long been crucial for
scaling phylogenies to absolute time, but recent advances allow more equal
integration of extinct taxa. Simulation and empirical studies have shown that
fossil data can markedly improve inferences about trait evolution, especially
for models with heterogeneous temporal dynamics and in clades for which
the living forms are unrepresentative remnants of their larger clade. Recent
years have also seen a productive cross-disciplinary conversation about the
nature and uncertainties of inferring diversification dynamics. Challenges
remain, but the present time represents a flowering of interest in integrating
these two views on the history of life.
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1. INTRODUCTION

Traditionally, large-scale evolutionary dynamics and trends were investigated through study of
the fossil record (Simpson 1944, Jepsen et al. 1949, Stanley 1979). The recent explosion of phy-
logenetic data for living species and the simultaneous development of phylogenetic comparative
methods to infer macroevolutionary dynamics from them has opened up this field of research
to evolutionary biologists. In some cases this has led to substantially divergent interpretations of
clade dynamics, and the increasing sophistication of methods and models that can be applied to
phylogenetic data has led some to question whether fossil data are even needed (e.g., Monroe &
Bokma 2010, Venditti et al. 2011, Baker et al. 2015). Despite these conflicts, the paleontologist
and biologist investigate the same tree of life, and our shared understanding of macroevolution
should be enriched by integrating the views obtained by looking backward from the present with
the help of trees and synoptically through time via the fossil record. Although a consensus on this
perspective has begun to emerge (Fritz et al. 2013, Pennell & Harmon 2013, Benton 2015), practi-
cal challenges remain and it is unclear under which circumstances paleontological or phylogenetic
approaches should be most informative.

In this review, we attempt to summarize the current state of fields we deem most relevant
to the ongoing integration of phylogenetic and paleontological approaches to macroevolution.
Rather than discuss the mechanics of methods that have been extensively reviewed elsewhere
(e.g., O’Meara 2012, Morlon 2014), we focus on three main areas of overlapping concern to both
phylogenetic and paleontological communities: integrating fossil information in time-scaled phy-
logenies, inferring the tempo and mode of morphological evolution, and understanding speciation
and extinction dynamics through time. We end by discussing some areas that seem particularly
promising for a more complete integration.

2. TREES WITH FOSSILS

The most obvious route for integrating phylogenetic and paleontological studies of macroevolu-
tion is to insert fossil taxa in phylogenetic trees of extant species. In principle, this is straightforward:
If characters can be coded for both extant and fossil taxa, then analyses can be run on the combined
data set. There are more challenges than it might initially seem, however. In this section, we review
two main areas of ongoing development: How do we put fossil species into trees of living species,
and how do we time-scale those trees so they can be used for downstream analysis?

2.1. Putting Fossils into Trees

Except in rare cases, morphology provides the sole means for assessing the relationships of fossil
species to extant taxa. The default methodology for morphological phylogeneticists has tradition-
ally been maximum parsimony. Under the parsimony criterion, we should prefer phylogenetic
hypotheses that minimize the number of character state changes implied for a given character
matrix. Felsenstein (1978) has pointed out that under certain conditions parsimony is statistically
inconsistent, meaning that as the amount of data increases, an incorrect answer is returned with
increasing probability. This artifact occurs most commonly when one or more branches exhibit
more character state change than expected under a homogenous rate of change, and it results in
taxa sitting at the ends of these long branches being attracted to one another due to increasingly
probable convergent acquisition of similar character states. Fossil taxa, if available, can play a piv-
otal role in parsimony analyses by breaking up long branches and informing polarity of character
state transitions (Gauthier et al. 1988, Huelsenbeck 1991). However, if rates of morphological
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evolution are too rapid along internal branches of the underlying phylogeny, parsimony may still
do a poor job of recovering the correct topology, regardless of whether fossils are sampled or not
(Wright & Hillis 2014).

In molecular systematics, where long branches cannot often be broken, the realization that
evolutionary rates are heterogeneous across sites, even within the same gene (e.g., transitions are
more frequent than transversions; third codon positions evolve faster than first or second positions),
led to the development of probabilistic phylogenetics based on more realistic models of sequence
evolution. Lewis (2001) suggested a corresponding model for the evolution of morphological
characters based on a Markov transition (Mk, where k refers to the number of character states)
model with equal rates of change among states. The use of probabilistic models for phylogenetic
inference from morphological data has proved philosophically contentious for some (Spencer
& Wilberg 2013) but yields statistically uncontentious results. For example, simulations show
that for data sets consisting of extant and fossil taxa, Bayesian phylogenetic inference using an
Mk model yields lower percentage topological error than parsimony when evolutionary rates are
fast or heterogeneous (Wright & Hillis 2014). Model-based inference using paleontological data
sets can also be improved by partitioning characters according to anatomical region (Clarke &
Middleton 2008) or by sampling rates from probability distributions (Wagner 2012, Harrison
& Larsson 2015), just as is done with molecular data. Indeed, the use of model-based inference
for morphological data may allow better integration of fossils in molecular phylogenies of extant
taxa by providing an appropriate statistical framework for the analysis of concatenated data sets
that evolved under heterogeneous processes (Bull et al. 1993). Recent work has suggested that
processes related to fossil preservation may remove characters nonrandomly such that character
modifications are more readily lost, causing fossil taxa to appear more primitive than they really are
(see “stemward slippage” in Sansom & Wills 2013). Comparison of parsimony and model-based
methods with artificially degraded data suggests that the latter may do a better job than parsimony
of avoiding stemward slippage (Pattinson et al. 2014, Wright & Hillis 2014), though further work
is required to explore the circumstances in which we should prefer either approach.

Although a lot of effort has gone into showing that missing data per se are not an overwhelming
issue in model-based phylogenetics, the structure of missing data can be problematic for integrat-
ing extinct and extant organisms in the same phylogeny, regardless of inference method. Intuition
might suggest that neontological morphologists have focused data collection efforts dispropor-
tionately on resolving higher-level relationships and, at least for mammals, this appears to be
true (Guillerme & Cooper 2015). This poses a significant barrier for the integration of fossils in
phylogenies of extant taxa, as a complete molecular but partial morphological data set for extant
taxa provides little information to refine the placement of fossil taxa represented only by mor-
phology. In turn, this results in unstable topological placements (Guillerme & Cooper 2016) and
may skew downstream macroevolutionary analyses in the same way as integrating over random
resolutions of branching patterns (Rabosky 2015). Topology searches could be fixed or heavily
constrained to recover fossil taxa with inferred extant relatives that have no associated character
data (Ronquist et al. 2012, Slater 2013), but this is similarly likely to lead to biased results. Perhaps
the most significant barrier to complete phylogenies of living and extinct taxa remains the need
for increased morphological data collection on the neontological side to guide the placement of
fossils (Guillerme & Cooper 2015).

2.2. Time-Scaling Phylogenies with Fossil Taxa

The notion that time is an informative component of tree inference and thus is part of total
evidence has a long and controversial history in the paleobiological literature. We will not review
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this vast literature here; a slightly outdated but nonetheless informative summary of viewpoints
can be found in a Nature debate at http://www.nature.com/nature/debates/fossil/. Instead, we
recognize two main approaches that can be taken to time-scaling phylogenies of living and extinct
taxa: simultaneous analysis of characters with stratigraphic data, and post hoc scaling.

2.2.1. Simultaneous inference. The basic argument for combining character and stratigraphic
data directly in phylogenetic analysis is that, all things being equal, the order in which taxa appear in
the fossil record should tell us something about phylogeny. Given a set of competing phylogenetic
hypotheses, we should therefore prefer those that provide a consensus best fit for both the character
data and the distribution of fossil ages. The concept of stratigraphic debt (Huelsenbeck 1994,
Clyde & Fisher 1997) arose from this thinking as a way of quantifying the amount of missing
fossil record implied by a phylogenetic tree, typically in terms of discrete time bins such as stages
or land mammal ages (Figure 1). Stratocladistics (Fisher 2008), though not strictly speaking
a time-scaling approach, was the first to reconcile the observation that minimum-length trees
inferred from parsimony might be rejected in favor of slightly longer trees after accounting for
stratigraphic data (Clyde & Fisher 1997). Huelsenbeck & Rannala (1997) suggested a maximum
likelihood approach to infer speciation and extinction times from phylogenies of fossil taxa using
stratigraphic information only (i.e., without character data). Wagner (1998) extended this model
with a maximum likelihood approach based on a model of fossil sampling intensity and extinction
rate (Foote 1997a) combined with an approximation of character likelihood using parametric
bootstrapping of parsimony scores. Applying this method to the phylogeny of Hyaenidae, he
recovered a maximum likelihood estimate of phylogeny that required 11 additional character
state changes compared to a parsimony analysis but implied 39 fewer units of stratigraphic debt
(Figure 1).

Until recently, the primary role of fossil data in molecular phylogenetics has been to serve as
minimum age calibrations for nodes uniting extant taxa. A full account of node dating methods
is beyond the scope of this review (see Donoghue & Benton 2007, Ksepka et al. 2011), except to
note that the idea here is that if a fossil can be confidently assigned to a particular clade, then its
age provides a minimum bound for the age of that clade. However, because there is often con-
siderable uncertainty as to which specific branch within the clade the fossil is associated with (it
could have diverged early in the history of the clade or relatively late), a probability distribution is
typically used to express a plausible range of older ages for the clade, and numerical methods are
used to obtain a sample of ages based on this prior distribution and the molecular data.

More recently, a new literature has begun to emerge that, like earlier paleobiological ap-
proaches, is focused on integrating fossil data simultaneously in both phylogenetic inference and
time calibration through a process referred to as tip dating (Pyron 2011, Ronquist et al. 2012). Tip
dating typically assumes that morphological character data are available for fossil and extant taxa
and that they evolve in a clocklike fashion, either strict or relaxed, in the same way as molecular
data (although this is not strictly necessary; see Heath et al. 2014). Because fossil taxa have asso-
ciated occurrence times, it subsequently becomes possible to calibrate this morphological clock
and, in turn, to infer the divergence times for extinct and extant members of the clade. Although
tip dating does not directly penalize tree topologies invoking higher stratigraphic debt in the way
stratocladistic or stratolikelihood approaches do, the same effect should, in principle, remain; tip-
dated topologies that erroneously group morphologically similar but stratigraphically distant taxa
should be less likely than alternative topologies that minimize stratigraphic debt, because they
result in less likely distributions of branch-specific clock rates.

Tip dating has been applied to a diversity of clades, from mammals (Slater 2013) to plants
(Grimm et al. 2014, Larson-Johnson 2016), using combined molecular and morphological data
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Figure 1
Accounting for stratigraphic debt can result in different optimal tree topologies. The hyaenid phylogeny
depicted in panel a is the most parsimonious tree based on analysis of 19 morphological characters for
18 species and results in 47 units of stratigraphic debt after allowing for ancestor–descendant relationships.
The tree in panel b is 10 steps longer (50 versus 60 morphologic steps) but has only 11 units of stratigraphic
debt, making it the more parsimonious phylogenetic hypothesis overall. Stratigraphic debt is computed as
the number of stratigraphic bins, shown here in units of European land mammal (MN) zones, for which a
taxon is not observed even though the phylogeny implies its existence. All units are treated as equivalent, so a
gap in the relatively long MN13 is considered equivalent to a gap in the much shorter MN14. Abbreviation:
Ma, millions of years ago. Figure modified from Wagner (1998) with permission.
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sets as well as morphology alone (Slater 2015). Although theoretically better than node calibration,
early iterations of tip-dated trees tend to exhibit inflated divergence time estimates, sometimes
dramatically and implausibly so, for nodes lying deeper in the tree (O’Reilly et al. 2015). Some
authors have worked around this issue by placing strong age priors on nodes for which additional
information is available (Slater 2013, 2015), though such an approach is far from ideal. The
basis for this behavior remains to be definitively diagnosed but may lie in the priors used to
weight the expected distributions of branching events in time-scaled trees of living and fossil
taxa, sometimes referred to as tree priors in Bayesian phylogenetics. Early implementations of tip
dating (e.g., Ronquist et al. 2012) used a uniform tree prior, considering any relative distribution
of branching times as equally probable a priori. It is well appreciated that extinction tends to
result in reconstructed trees (i.e., trees of extant taxa) with more tipward-biased divergence events
(Pybus & Harvey 2000). In cases where fossil species are used to calibrate phylogenies of extant
taxa, uniform tree priors provide equal weight to trees that we know a priori are less likely (though
fossil representatives of extant species would not influence our prior belief in the same way).

Heath et al. (2014) suggested an alternative model that they called the fossilized birth-death
(FBD) process that jointly considers speciation, extinction, and sampling rates. Consideration
of sampling rates is essential when dealing with fossil data, as poor fossil recovery can mimic
extinction (Foote 1997a,b), in turn biasing parameter estimates in birth-death models that do not
consider them. Phylogenies inferred using the FBD process tend to result in more reasonable
divergence time estimates than those using uniform tree priors, particularly for the problematic,
early-branching nodes (Grimm et al. 2014, Heath et al. 2014, Arcila et al. 2015), and the model has
recently been further extended to allow for inference of direct ancestor–descendant relationships
between taxa from different time periods (Foote 1996b; Gavryushkina et al. 2014, 2015).

Tip dating has some benefits over stratocladistics and related approaches. Phylogenetic
uncertainty can be easily accommodated in Bayesian tip dating using Markov chain Monte
Carlo methods, whereas stratocladistics tend to depend on a step-by-step comparison of tree
topologies to the stratigraphic record (but see the StrataPhy program; Marcot & Fox 2008).
Although exceedingly promising, further considerations remain. For example, many paleontol-
ogists would argue that budding cladogenesis (i.e., the origin of a new taxon from a progenitor
that itself continues after speciation) is a common pattern in the fossil record (Bapst 2014a), but
it is difficult to detect using phylogenetic methods. Gavryushkina et al. (2015) suggest that this
kind of pattern might be identifiable if multiple, temporally distinct populations of the progenitor
were coded as separate terminals in analyses. Similarly, the assumption that fossil sampling rates
(or, for that matter, speciation and extinction dynamics) are consistent across the phylogeny is
undoubtedly naive. Extensions exist to the FBD model that allow for temporal shifts in these key
parameters, but more realistic models can also consider geographic variation in sampling prob-
abilities (e.g., Wagner & Marcot 2013). Method development is moving rapidly in this area and
we anticipate much additional progress in the near future.

2.2.2. Post hoc scaling. Although combined analysis of topology and branch lengths remains
ideal, for many data sets it is impractical. Paleobiologists often lack a character matrix, for example,
where using supertrees assembled from multiple, smaller source trees (e.g., Betancur-R et al. 2015)
or where insufficient character data are available to generate a character matrix but a tree can be
drawn from a literal reading of a densely sampled fossil record (e.g., Aze et al. 2011). In these cases,
post hoc scaling methods are useful. In their simplest form, post hoc methods scale branches so
that the age of a particular node is determined by the first appearance date of its oldest descendant
species (Norell 1992). This simple approach can nevertheless cause problems. For example, if the
oldest fossil belonging to a clade is not positioned as the earliest diverging (i.e., it is nested several
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Figure 2
Sampling can have significant impacts on time-scaling of paleontological trees. (a) Stratigraphic ranges (black bars) for terminal taxa in
the underlying phylogeny ( gray). Species (sp) 5 has a stratigraphic range that is older than sp 4, even though it is nested one node above
it. As a result, (b) scaling the tree based on first appearance dates only (the “basic” method) results in a polytomy for the lower clade.
Furthermore, because no stratigraphic data are available for internal edges, the age of the entire clade is reconstructed to be the same as
the first appearance of sp 5. These issues can be somewhat overcome by (c) considering speciation, extinction, and sampling rates using
the cal3 method. Here, we show four stochastic realizations of branching times. Although some trees (e.g., the bottom row) look similar
to those produced via the basic method, others (e.g., the top row) come closer to matching the true set of branching times. These
outcomes emphasize the need to sample multiple realizations of branching times using the cal3 approach. Analyses were done using
functions in the paleotree package (Bapst 2012); time was simulated in arbitrary units.

nodes up; Figure 2a), then one or more zero-length branches result (Figure 2b). A number of
different solutions have been proposed to deal with such situations, such as arbitrarily adding some
small amount of time to all zero-length branches or redistributing time over zero-length branches
(e.g., Brusatte et al. 2008), perhaps with reference to degree of character change (Ruta et al. 2006).

Bapst (2013) has proposed a different approach, which he calls cal3, that attempts to stochas-
tically sample branching times and branch lengths based on a model that requires estimates of
speciation, extinction, and sampling rates. Bapst’s approach works in a stepwise fashion. The tree
is initially scaled using the coarse approach described above based on oldest first appearances.
The algorithm then visits each node, from the root up, and a node age is sampled. Descendant
branches are then rescaled to extend to their last appearance times in the case of tips or to a new,
stochastically sampled age in the case of internal nodes. Bapst’s (2013) use of a rate-calibrated
model to estimate node ages is key here as it provides an estimate of how much missing evolution-
ary time we might reasonably expect between the divergence of a taxon from its sister lineage and
its first appearance in the fossil record (Figure 2c). The cal3 approach is thus similar in spirit to
that of Wagner (1998) in that it does not necessarily attempt to minimize the difference between
divergence and first appearance.

As phylogenetic comparative methods (PCMs) are increasingly used to explore macroevo-
lutionary dynamics in large (>100 taxa) trees consisting exclusively of extinct taxa, post hoc
scaling methods will likely become more prominent. The cal3 approach appears to result in
time-scaled trees that yield better results when fitting macroevolutionary models than simpler
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scaling methods, but performance is not perfect (Bapst 2014a). This is a field that would benefit
from increased attention in the near future.

3. TRAIT EVOLUTION

The paleontologist and PCM practitioner both seek to understand the patterns, processes, and
drivers of trait evolution. Moreover, relative to the population geneticist, their data often have
similar limitations: coarse temporal resolution and scant information directly relevant to mi-
croevolutionary processes. They, like all scientists, also deal with incomplete information. The
fossil record is famously incomplete for a variety of geological, biological, and sampling reasons,
all of which can interfere with evolutionary inference (Kidwell & Holland 2002). The information
available to the phylogeneticist is not filtered through the geologic record, but it too is incomplete;
modern diversity is usually incompletely sampled, often nonrandomly so (Garamszegi & Moller
2011), and of course lacks direct evidence from lineages that did not survive to the present day.

Phenotypic traits are almost endless in their variety, but an important practical distinction is
to be made between those coded with qualitatively discrete states such as the presence/absence of
features versus those such as body size that vary on a continuous scale. These data types require
different models and analytical procedures (O’Meara 2012). Analysis of discrete states relies mostly
on the Mk model described in Section 2.1. There is a broader variety of models for continuous
traits, though most are variants of Brownian motion (BM) or Ornstein–Uhlenbeck (OU) models.
BM is an unbounded diffusion process with a drift parameter that specifies directional change and
a variance parameter that specifies the rate of diffusion. Usually, PCMs focus on the special case of
nondirectional evolution, in which the drift parameter is zero and the diffusion variance controls
the pace at which the trait evolves. Common elaborations of BM involve varying this rate over
time or across branches of a tree. OU models have BM-like dynamics in combination with an
attracting optimum that pulls traits toward it like a rubber band. For the purposes of this review,
we intermingle examples regardless of data type because the benefits and challenges of integrating
paleontological and phylogenetic approaches are similar.

3.1. Estimating Ancestral States

Much early effort in PCMs focused on estimating the phenotypes of unsampled ancestors to better
understand evolutionary transitions. The uncertainty associated with these estimates can be quite
broad, even under uniform evolutionary models such as BM (with no directional drift) and the
equal-rates Mk model (Schluter et al. 1997). Incorporating fossils in such analyses can greatly
improve ancestral state estimates because uncertainty increases as one tries to reach farther back
in time from sampled taxa. Extinct taxa are closer in time to the ancestral nodes that are to be
estimated, and these shorter path lengths can greatly reduce estimation uncertainty (Polly 2001,
Finarelli & Flynn 2006).

The payoff for incorporating fossils is even greater when temporal heterogeneity or selective
extinction makes the living members of a clade unrepresentative of ancestral forms. For example,
Webster & Purvis (2002) and Finarelli & Flynn (2006) demonstrate the inaccuracy of ancestral
body size estimates from living members in planktonic foraminifera and caniform mammals,
respectively, because of a systematic trend of increasing body size in each group. In the latter
example, analysis of living caniforms alone suggests an ancestral body size of 23 kg, whereas
including fossil taxa yields estimates <2 kg, in line with the body size of the earliest known fossils
in the group (see also Albert et al. 2009, Pyron & Burbrink 2012, Slater et al. 2012a). Another
recent example comes from Betancur-R et al. (2015), who investigated the ancestral habitat (marine
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versus freshwater) for ray-finned fishes. Extant-only analyses favored freshwater ancestry, but the
addition of many fossil taxa flipped the result, strongly supporting a primitive marine habitat
for the clade. In this case, the modern fauna mislead because several basal groups of fishes with
marine ancestry experienced selective extinction in marine environments and are now restricted
to freshwater.

3.2. Fitting Evolutionary Models: The Benefits of Fossil Taxa

Although ancestral state estimates can be informative for evaluating specific evolutionary scenarios
(e.g., In what habitat did ray-finned fishes originate?), the PCM field has shifted emphasis from
ancestral states to explicit models of trait change. This shift emphasizes evaluating evolutionary
hypotheses as specified models and then leveraging the power of modern statistical tools such as
likelihood, information criteria, and Bayesian methods to fit and compare competing explanations
for observed trait distributions.

The mechanics of a phylogenetically informed analysis of trait evolution are little different
whether or not fossil taxa are incorporated. One needs a tree or set of trees, usually with branch
lengths scaled in units of time by one of the methods discussed in Section 2. Terminal taxa are
characterized by their values for one or more traits and are usually evaluated by reference to a
suitable model of evolutionary change. One complication that arises is that trait evolution methods
are sometimes implemented assuming trees are ultrametric, an assumption that will be violated
when fossils are integrated in analysis of extant taxa (Slater 2014). Assuming an ultrametric tree
can simplify programming, but it is not always obvious to the end user when this assumption is
being made (Slater 2014). Whenever practical, this practice should be avoided.

As with estimation of ancestral states, benefits of adding fossil taxa to fit models accrue dis-
proportionately when evolutionary dynamics are not uniform through time. Slater et al. (2012a)
simulated trait evolution under five models of continuous character change: BM, BM with a trend,
OU, decelerating evolution (also called the early-burst model), and accelerating evolution. They
found that model support for the correct model was not affected by the addition of fossil taxa under
BM and OU models, but performance was greatly improved by the addition of fossil taxa where
the expected trait value or evolutionary rate varied as a function of time. The increased propensity
to support the correct model was not simply the result of adding more taxa to an analysis; when
the authors swapped extant for extinct taxa one-for-one, the performance benefit from fossil taxa
remained. Thus, on a per taxon basis, fossil taxa can be more informative about evolutionary mode
than extant ones (Slater et al. 2012a).

The trend model for continuous data, in particular, relies on fossil information in order to
be estimated. The signal of directionality is a systematic relationship between the trait value and
elapsed time (Hunt 2006). Terminal taxa in ultrametric trees are equidistant from the root node
and thus contain no information about the strength of a trend, at least for the uniform BM model
with a trend (see Section 3.5). When extinct taxa are present in a tree, the resulting range of taxon
ages permits trends to be estimated and, indeed, the tendency to support a trend model when it is
true increases sharply when even a few extinct taxa are sprinkled into an extant-only tree (Slater
et al. 2012a; for an example of directionality in discrete character traits with and without fossils,
see Klopfstein et al. 2015).

A good illustration of this effect comes from attempts to test for a trend of increasing body size
(Cope’s rule) in mammals. Paleontologists have long suggested that mammal lineages tend to get
larger-bodied over time, which was supported by Alroy’s (1998a) study of over 1,500 species from
the well-sampled North American fossil record. Yet, Monroe & Bokma (2010) found little support
for Cope’s rule in a phylogenetic analysis of >3,000 extant mammal species. A trend model was
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estimable in that study because their model allowed for evolution to be concentrated at speciation
events. This effectively makes the tree nonultrametric because the (inferred) number of speciation
events from the root varies across terminal taxa. Bokma et al. (2015) updated this approach by
incorporating body size estimates for over 500 extinct mammal species that were used to inform
priors on internal nodes of the tree of extant species. The new, integrated fossil-modern analysis
found overwhelming support for Cope’s rule. Other than the fossil information, the two studies
used very similar data and methods, indicating that nearly all the signals of directionality reside
in the data from fossil mammals. However, two recent studies of extant taxa have been able to
produce estimates of ancestral body mass in mammals that are concordant with fossil estimates,
even in the face of a body size trend (Baker et al. 2015, Puttick & Thomas 2015). Both studies
allowed for variation in evolutionary rate across branches of the tree, which evidently allowed this
dynamic to be inferred without fossils (though when added, fossils greatly narrowed confidence
intervals around ancestral size estimates; Puttick & Thomas 2015).

In addition to indicating a trend of increasing body size, Alroy’s (1998a) compilation supported
the traditional view that mammal body size disparity jumped markedly after the Cretaceous/
Paleogene mass extinction, presumably reflecting a pulse of origination into the niche space left
vacant by extinction of nonavian dinosaurs. This effect is visually obvious: One could pick out the
extinction boundary on Alroy’s figure even if the time axis were unlabeled. Nevertheless, analysis
of a large phylogeny of extant mammals, though finding ample evidence for variability in rate
across branches, found no signal of an increase in the rate of body size evolution associated with
the mass extinction (Venditti et al. 2011). In contrast, an analysis that integrated body size in extant
and extinct mammals (Slater 2013, 2014) found strong evidence for a shift in evolutionary mode
from constrained (OU) divergence in the Cretaceous to unbounded (BM) dynamics after the mass
extinction. This is likely a case in which the signal of a strong evolutionary pattern in the distant
past is eroded by subsequent extinction and thus not easily detectable from the living fauna.

3.3. Does Speciation Lead to Pulses of Phenotypic Change?

In a now famous paper, Eldredge & Gould (1972) suggested that most species do not change
much over their lifetimes, a phenomenon they called stasis, and that most phenotypic changes
are instead associated with speciation events. This punctuated equilibrium model sparked much
controversy among paleontologists (Gingerich 1985) and evolutionary biologists (Charlesworth
et al. 1982, Pennell et al. 2014), motivating scientists of disparate fields to gather evidence to
evaluate its claims.

Although hundreds of paleontological case studies were compiled to assess the stasis part of
punctuated equilibrium (Hunt et al. 2015), tests of speciational (or cladogenetic) change were more
difficult to come by because speciation is so rarely captured in fossil sequences. Alan Cheetham and
colleagues (Cheetham 1986, Jackson & Cheetham 1990) recognized that adequately testing punc-
tuated equilibrium requires stitching together ancestor–descendant sequences into a phylogenetic
framework so that within-lineage (anagenetic) and between-lineage (cladogenetic) components
of change could be estimated separately. When the authors applied this approach to the rich
Neogene fossil record of the bryozoan Metrarabdotos, they found that evolutionary changes were
predominantly associated with speciation and that species overwhelmingly experienced stasis after
their first appearance in the fossil record.

Bokma (2002) developed a model of mixed cladogenetic and anagenetic evolution that allowed
for punctuated equilibrium–like dynamics to be fit to phylogenetic trees of extant species (see also
Bokma 2008, Bokma et al. 2015). This approach requires inferring “missing” speciation events,
that is, splits that are not visible in the extant tree, because extinction has pruned the lineages
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needed to detect them. Moreover, it can be difficult to differentiate anagenetic and cladogenetic
components with modern data alone; confidence intervals of parameter estimates often include so-
lutions that are consistent with both strongly anagenetic and strongly cladogenetic change. Fossil
data have the potential to help here because ancestor–descendant sequences of fossil populations
provide information about anagenetic change that is uncontaminated by changes associated with
cladogenesis. However, when the Bokma model was estimated jointly over a phylogenetic tree
and fossil ancestor–descendant sequences in an ostracode clade (Hunt 2013), considerable uncer-
tainty remained about the relative importance of anagenetic and cladogenetic components of trait
evolution, even with the fossil constraints on anagenesis.

Moving from phenotypic to molecular divergence, Ezard et al. (2013) found that the number of
nodes between root and tip on a phylogeny of living and fossil macroperforate foraminifera better
predicted the species-specific rate of molecular evolution than the same count on the extant-only
phylogeny or any ecological or environmental factors. This result provides a stronger and more
convincing test of the hypothesis that speciation is associated with a pulse of molecular evolution
(e.g., Pagel et al. 2006) than could be obtained from a phylogeny of extant taxa alone.

3.4. Disparity and Early Bursts of Morphological Change

Studies of disparity, or morphological diversity, arose in paleontology as an attempt to test the clas-
sic idea that as major groups radiate, early lineages spread rapidly to colonize most of the available
morphological and ecological space, with subsequent lineages filling in the interstices (Simpson
1944, Valentine 1980). Foote (1990, 1991) introduced the approach of quantifying morphological
disparity through time, usually computed as a multivariate variance (or sometimes as the range or
volume of morphospace occupation, or as the number of unique character combinations). Many
empirical studies of different clades and traits followed, yielding a variety of disparity trajectories
(Foote 1997b), among which an early peak in disparity was quite common (Hughes et al. 2013).

Early peaks in disparity are consistent with rates of trait evolution that are initially high but then
decrease, but the same patterns could also be caused by selective origination and extinction or even
evolution proceeding at a constant rate but within a bounded morphospace (Foote 1996a). Phy-
logenetic information is required to distinguish among these rather different macroevolutionary
processes. Initially rapid exploration of morphospace can be modeled by extending BM to allow
its rate parameter to decrease over time (Blomberg et al. 2003). When applied to a compilation
of trees of extant taxa, however, this early-burst model was seldom favored as an explanation for
body size or shape evolution (Harmon et al. 2010).

What explains the apparent discrepancy between extinct and extant support for the early-burst
model? Simulations show that the power to detect an early-burst model can be quite limited but
improve when fossils are added (Slater & Pennell 2014). Thus, one might expect that this pattern
could go undetected in phylogenies of extant species, especially if they were of modest size. Another
factor might be the phylogenetic or taxonomic scale of the studies: Most paleontological disparity
work characterizes the diversification of broad higher taxa, but the compilation by Harmon et al.
(2010) captured mostly relatively small clades. Studies with broader taxonomic scope have favored
early-burst and similar models (e.g., Cooper & Purvis 2010), especially in paleontological trees
(Wagner 1995, Close et al. 2015, Hopkins & Smith 2015), although whether the burst coincides
with the initiation of the clade can depend on which node is considered the starting point.

The jury remains out as to whether early bursts in evolutionary rate are rare or common,
though there is certainly ample evidence of variation in rate across clades (Eastman et al. 2011,
Rabosky et al. 2013). Disparity is still usefully employed in fossil comparative studies, but it is
best to couple it with analyses that are model-based and phylogenetically grounded. Studies of

www.annualreviews.org • Fossils, Phylogenetics, and Evolution 199



ES47CH09-Hunt ARI 16 September 2016 11:31

Time

Bo
dy

 s
iz

e

a

†
†
†
†
†

†
†

†

†

Time
Bo

dy
 s

iz
e

b

Selective
extinction

Time

Bo
dy

 s
iz

e

c

Selective
speciation

Figure 3
Three different mechanisms that can cause trends are illustrated with examples of Cope’s rule, which postulates a pattern of increasing
body size over time. In all panels, body size is indicated by the vertical axis and time proceeds from left to right. (a) Trend in a small
clade caused by directional evolutionary changes occurring in the clade’s constituent species. Lines show the trajectory of trait increase,
here modeled as Brownian motion with a trend. Shown are a root node (white), internal nodes ( gray), and terminal taxa (blue) at the end
of the short simulation. (b) Clade that evolves without extinction until an interval (shaded red ) during which a size-selective extinction
occurs; daggers mark species going extinct. As extinction has preferentially removed small-bodied species, it increases the mean body
size of the clade. (c) Similar scenario to that of panel b, except that size-selective speciation rather than extinction occurs during the
same interval (shaded green). The differential proliferation of large-bodied species increases their proportion in the clade, increasing the
mean body size of the clade’s members. In both panels b and c, changes in body size are shown to occur only at speciation, but the
mechanism operates regardless of how changes are apportioned between cladogenesis and anagenesis. Only a single interval of selective
speciation or extinction is shown in panels b and c; to generate a sustained trend rather than a one-time shift, such selectivity must be
repeated or sustained over time.

higher-level clades combined with a focus on where rather than if bursts of elevated evolution
occur would be a fruitful avenue for future exploration in phylogenetic studies.

3.5. Paleontological Time-Series of Traits

The fundamental advantage of fossil information is its temporal scope, so it is perhaps not surpris-
ing that paleontologists regularly construct time-series to understand patterns of trait evolution.
When points in a time-series correspond to populations interpreted to have direct ancestor–
descendant relationships, then a time-series is the correct way to represent phylogenetic depen-
dence among them. For these anagenetic lineages, many of the same models of trait evolution in
PCMs can be fit with similar, likelihood-based methods (Hunt 2006, Hunt et al. 2015) and the
results directly compared to those from phylogenetic data.

Of more direct relevance to this review are examples in which time-series are used to summa-
rize trait evolution, especially trends, over entire clades rather than within species-level lineages
(Stanley 1973, McShea 1994, Novack-Gottshall & Lanier 2008, Finarelli & Goswami 2013,
Heim et al. 2015). Although time-series methods can account for temporal autocorrelation among
time intervals, they do not properly account for the phylogenetic dependence among species.
Moreover, time-series can reflect both trait microevolution within lineages and the sorting
of species from differential speciation or extinction with respect to the focal trait (i.e., species
selection). For example, a time-series of body size can show an increasing trend (Cope’s rule) from
any combination of three mechanisms (Figure 3): (a) widespread directional evolution within the
lineages that constitute the focal clade, (b) preferential speciation among large-bodied species,
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or (c) preferential extinction in small-bodied species. It can be difficult to distinguish among
these mechanisms from a time-series or time-scaled phylogeny, but additional paleontological
observations can help. Trends caused by widespread anagenesis can be detected by documenting
directionality within the individual fossil species that constitute the clade (e.g., Hunt & Roy
2006), and species selection is implicated when originations and extinctions are disproportionately
concentrated in taxa with certain trait values (e.g., Hansen 1982, Finnegan et al. 2012).

4. DIVERSIFICATION

Life has diversified from a single lineage several billion years ago to the millions of species alive
today. The trajectory of this increase, at least for readily fossilized forms, has long been a central
concern of paleontology (Simpson 1944, Sepkoski et al. 1981). How to best estimate fossil diversity
in the face of an incomplete fossil record has been much researched (reviewed in Alroy 2010), and
we will not focus on it here. Instead, we consider the origination and extinction rates that underpin
diversity trajectories, as this is an area of active interest from both phylogenetic and paleontological
perspectives. In studies of trait evolution, extinct and extant taxa are used in basically the same way:
as terminal taxa on a time-scaled tree. This is much less true in diversification analyses; models
can be shared across phylogenetic and paleontological approaches, but the data and mechanics of
analysis are dissimilar enough to warrant a brief review.

4.1. Estimating Rates from Fossils

The fundamental observation used to estimate origination and extinction rates from the fossil
record is the occurrence of a taxon in a fossil deposit. This taxon may be resolved to species
level, but genera are more commonly used in large-scale fossil studies (Hendricks et al. 2014;
see Section 5.1.1). The ages of fossil-bearing deposits are generally known only to the resolution
of the discrete time bins, usually geological stages or biostratigraphic zones, to which they can
be correlated. These bins have durations that typically range from several hundred thousand to
several million years, placing practical limits on the temporal resolution of fossil data (Bapst 2014b).
Newer, high-resolution methods of correlation have the potential to generate much higher value
paleontological data sets than previously possible (e.g., Crampton et al. 2016).

Paleontological studies of diversification were initially based on counts of the first and last
time bins in which a taxon had been observed. Methods were developed to estimate origination,
extinction, and sampling rates from these data constituting only the range end points of taxa (Foote
2000, 2003). The increasing popularity of occurrence-based databases such as the Paleobiology
Database (http://paleobiodb.org) has shifted interest to methods that exploit occurrences of taxa
within their stratigraphic ranges, not just the range end points. These internal occurrences are
important because they provide direct information about sampling intensities. When a taxon is not
observed during an interval between its first and last occurrences, this absence must be a failure
of sampling (barring errors in identifying and dating fossils). Sampling rates can be estimated
by aggregating this information over many taxa. This is crucial because sampling heterogeneity
strongly affects the observed occurrences of taxa and the rates computed from them (e.g., Foote
2000, Alroy 2014). For example, a time bin with poor sampling can cause a pulse of taxon last
appearances in the immediately preceding interval, causing a spurious peak in extinction rate.

Methods that make use of occurrence data to constrain sampling probabilities include
Alroy’s (2014) moving window approach, capture-mark-recapture (CMR) methods adapted from
wildlife biology (Liow & Nichols 2010), and a recently developed Bayesian approach called PyRate
(Silvestro et al. 2014). All these approaches estimate origination and extinction while accounting
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for fossil record incompleteness via jointly estimated sampling rates. Moreover, CMR and PyRate
offer rich statistical frameworks for modeling variation in rates across taxa and time. These frame-
works allow extrinsic variables to influence rates, so that one can test if speciation or extinction
rates depend on climate, morphology, or other variables. These capabilities have only recently
started to be exploited in empirical studies (e.g., Liow et al. 2008, Liow & Finarelli 2014, Pires
et al. 2015, Silvestro et al. 2015).

4.2. Estimating Rates from Phylogenies

Phylogenies capture a clade’s net diversification from its most recent common ancestor to its
present day species richness. Less obviously, the branching times of a time-scaled tree retain
separate information about speciation and extinction rates, even if the tree includes no fossil taxa
(Nee et al. 1994). Initially, applications to molecular phylogenies assumed a constant-rate birth-
death process that applied uniformly to all branches in a tree. This model was seen as unrealistic,
and in practice it often produced near-zero extinction rates (Morlon et al. 2011), which is at odds
with a fossil record littered with extinct species. The past 10 years have seen an explosion of work to
generalize this approach to account for realistic sources of heterogeneity. As these developments
have been recently reviewed (Pyron & Burbrink 2013, Morlon 2014), we summarize them only
briefly before moving on to the interplay between these phylogenetic methods and those derived
from the fossil record.

Initial results indicated that a signal of declining diversity was common in empirical phylogenies.
This pattern was linked to speciation slowdowns as radiations increasingly filled niche space
(Phillimore & Price 2008, Rabosky 2013; but see also Moen & Morlon 2014). A metric that
captured this slowdown, the γ statistic, was developed (Pybus & Harvey 2000) and widely applied.
It was followed by approaches that explicitly modeled temporal variation in evolutionary rates as
discrete shifts to new regimes (Rabosky 2006, Stadler 2011), smooth functions of time (Rabosky
& Lovette 2008b, Morlon et al. 2011, Rabosky 2014), or even functions of time-varying covariates
such as climate proxies (Condamine et al. 2013). Some methods also allow for variation in speciation
and extinction rates among clades (Alfaro et al. 2009, Morlon et al. 2011, Rabosky 2014), which
must be increasingly important as workers analyze larger and larger clades. Whereas temporally
declining diversification was initially treated as an indication of diversity-dependent rates, some
other methods explicitly modeled diversity dependence (Rabosky & Lovette 2008a, Etienne et al.
2012).

Another class of model postulates that speciation and extinction rates are influenced by phe-
notypic traits. The original version, called binary-state speciation and extinction (BiSSE), applied
to phenotypic traits with two discrete states (Maddison et al. 2007), each of which could be as-
sociated with different speciation and/or extinction rates. This approach was soon extended to
apply to multistate and quantitative traits (FitzJohn 2012) and situations in which trait change is
concentrated at speciation events (Goldberg & Igic 2012, Magnuson-Ford & Otto 2012).

4.3. Integrated Diversification Analyses

Even if one accepts that much is to be gained by combining fossil and phylogenetic data, it can
be a challenge to do so because few taxa combine a rich fossil record with a robust molecular
phylogeny and many current methods do not allow for analysis of phylogenies containing fossil
taxa. Nevertheless, three recent studies compared diversification analyses across paleontological
and phylogenetic approaches to the same clade. Simpson et al. (2011) examined coral diversification
over the past 200 million years and showed that paleontological and phylogenetically derived curves
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shared many features, including diversification peaks in the mid-Jurassic, Late Cretaceous, and
Neogene and generally low rates otherwise. Similarly, Cantalapiedra et al. (2014) subjected the
fossil record and phylogeny of ruminants to an extensive comparative analysis. Paleontological
and phylogenetic rate estimates were significantly correlated, although their correspondence was
strongest during relatively recent time intervals and when only the crown members of living groups
were considered. This study also revealed substantial differences between paleontological methods
(Alroy’s rate metrics versus PyRate modeling) and between sets of time-scaled phylogenies drawn
from different studies. Finally, paleontological and phylogenetic perspectives on Fagales (oaks,
beeches, and their allies) were less easily reconciled (Xing et al. 2014). Lineage accumulation in
the molecular phylogeny indicated an acceleration of diversification toward the present that was
not supported by fossil analyses. This discrepancy may have been caused by lower completeness
of the fossil record in regions with the most actively radiating clades.

In addition to individual studies that compare phylogenetic and paleontological approaches,
there are several data sets that have been subjected to iterative analyses from different perspectives.
Quental & Marshall (2010) documented a complex history of origination and extinction leading to
waxing and waning diversity in fossil whales, a pattern that they argued would not be recoverable
with phylogenetic methods available at the time. Morlon et al. (2011) reconsidered this example
and found that the decline in whale diversity could be recovered without fossils by consider-
ing phylogenetic models with rates that varied over time and across branches (see also Etienne
et al. 2012, Rabosky 2014). Analysis of the extremely well-sampled fossil record of planktonic
foraminifera found evidence for the influence of climate, species ecology, and diversity depen-
dence on diversification (Ezard et al. 2011), and a subsequent phylogenetic analysis corroborated
the diversity-dependent component of these dynamics (Etienne et al. 2012).

For clades with less rich fossil records, even the integration of relatively little fossil data can
improve the inference of diversification (e.g., Pyron & Burbrink 2012). One common approach
uses phylogenetic information to adjust the observed stratigraphic ranges of taxa (Norell 1992). If
sister taxa can be assumed to be of the same age, then observed differences in their first appearances
can be attributed to fossil record incompleteness, and thus the first appearance of the younger
taxon can be pulled backward in time to coincide with its older sister taxon. These adjusted
ranges can then be used to reconstruct diversity histories (for some limitations to this approach,
see Lane et al. 2005, Bapst 2014a). In a series of papers, Jablonski, Roy, and other collaborators
combined information from the rich fossil record of bivalves with modern occurrence data and
partial phylogenetic data to address a variety of macroevolutionary issues, such as the effect of
climate on latitudinal diversity gradients (Huang et al. 2014), degree to which extinction rates
are phylogenetically conserved and therefore similar among close relatives (Roy et al. 2009), and
loss of evolutionary history by extinction in phylogenetic and fossil approaches (Huang et al.
2015).

5. THE CHALLENGE AND PROMISE OF INTEGRATION

It is an auspicious time to be a scientist interested in macroevolution; not since the punctuated
equilibrium debates of the 1970s and 1980s has there been such sustained and productive back-and-
forth between biologists and paleontologists. Biologists who work on living faunas are engaging
in a serious way with insights from the fossil record (e.g., Pennell & Harmon 2013, Rabosky
2013), and phylogenetically minded paleontologists are rapidly adopting newly developed, tree-
based methods. Nevertheless, challenges yet remain to integrate paleontological and phylogenetic
approaches to macroevolution and there are promising veins that have yet to be fully mined.
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5.1. Challenges to Resolve

A variety of impediments can get in the way of a complete integration of paleontological and
phylogenetic approaches to macroevolution. In this section, we focus on issues of data compara-
bility between fossil and extant-only studies as well as concerns about method robustness to data
heterogeneity and violations in model assumptions.

5.1.1. Genus- versus species-level fossil data. Fossil analyses of diversification often use genera
rather than species as the analytical units. This choice reflects practical advantages of working at
the genus level. Genera are more inclusive than species, and thus their fossil record is more
complete. In addition, some fossil groups can be difficult to resolve to species, especially when
preservation varies, and there is a perception that genera are more reliably identified than species
(Hendricks et al. 2014). Support for genera as useful proxies for species comes from simulations
(Sepkoski & Kendrick 1993) and empirical studies that have evaluated patterns at both levels
(e.g., Simpson et al. 2011, Liow & Finarelli 2014; but see Xing et al. 2014). However, even if
genera are good proxies for species, the magnitudes of origination and extinction rates will not
be comparable across these taxonomic levels. Future analytical developments may allow for the
translation of processes at the two levels (see Foote 2011), and the development of more fossil data
sets at the species level would be welcome even though such data sets have their own difficulties
(Section 5.1.3).

5.1.2. How fragile are phylogenetic comparative methods when model assumptions are
violated? Some workers have expressed concern that PCMs may not be robust to model vio-
lations, especially when extinction is non-negligible. Quental & Marshall (2009) demonstrated
that the γ statistic correctly identified diversification slowdowns only under certain parameter
combinations for speciation and extinction (see also Liow et al. 2010, Quental & Marshall 2010).
Rabosky (2010) similarly showed that unmodeled heterogeneity in diversification rate could com-
promise estimates of extinction (but see Beaulieu & O’Meara 2015). Problems induced by model
violations can be mitigated by developing more complex models that can handle violations of the
constant-rate, birth-death model (Morlon 2014). There are, however, many ways in which reality
can deviate from simple diversification models, and it is a challenge to assess all of them, espe-
cially in combination. Other concerns about PCM robustness have recently surfaced for methods
with discrete categorical variables, including those in the BiSSE family discussed above. These
methods can perform quite poorly in some situations, at least partly because of model violations
(Maddison & FitzJohn 2015, Rabosky & Goldberg 2015). Furthermore, some authors have ex-
pressed concern regarding the sensitivity of continuous trait models to error in topology, branch
lengths, and trait measurements, all of which can lead to reduced phylogenetic signal in traits and
strong but incorrect support for OU models (Cooper et al. 2016). This is of particular concern
in studies based on paleontological phylogenies, where coarsely resolved or inappropriately time-
scaled trees show exactly this pattern (Bapst 2014a, Soul & Friedman 2015). Iterative rounds of
method development and testing via simulation are likely needed here.

5.1.3. How robust are paleontological approaches? Many similar concerns apply to pale-
ontological approaches, though they may be robust to some violations that cause problems for
extant-only analysis (Liow et al. 2010). Variation over time is almost always explicitly addressed
in paleontological studies, but temporal variation in fossil recovery can still be a serious concern
(e.g., Foote 2000, Alroy 2014). Variation across taxa can be handled with existing methods but is
not always evaluated. Current methods that are appropriate for occurrence data (Alroy’s metrics,
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CMR, and PyRate) can, in principle, account for these kinds of heterogeneities. But they are just
starting to be widely used and would benefit from simulations testing their performance under
different kinds of process variation. Parallel concerns can be raised about methods for post hoc
time-scaling of paleontological trees, the performance of which under known conditions has only
recently been explored (Bapst 2014a).

In addition to issues with model assumptions, large-scale paleontological data sets raise impor-
tant concerns about data quality and consistency. Such analyses often rely on the Paleobiology
Database or similar community resources. Although undoubtedly a boon for the discipline, such
repositories host data that can be very heterogeneous. In addition to the usual concerns about
temporal and spatial coverage, the quality of identifications can be very mixed. Ideally, taxonomic
experts would vet and harmonize identifications for a particular study, although this is a daunting
task at broad temporal, spatial, and taxonomic scales. Also welcome would be simulations of data
contaminated by misidentifications, in order to assess the seriousness of this problem for particular
questions (Plotnick & Wagner 2006).

5.2. Further Promise of Integration

Much progress has been made in establishing a framework that allows for fossil and modern
data to contribute seamlessly to macroevolutionary inference. As discussed in this section, even
greater gains may be possible through better feedback about data and models between the two
disciplines and from additional development of methods that can handle data sets that are less
than ideal.

5.2.1. Cross-pollinating phylogenetic and paleontological models. Although diversification
models are shared across phylogenetic and paleontological approaches, the two fields often em-
phasize different kinds of variation. This can be important because the empirical findings of one
discipline inform the modeling choices of the other, and vice versa. For example, paleontologists
sometimes find evidence that origination and extinction rates are correlated across groups and
time intervals (e.g., Stanley 1990, Xing et al. 2014). There are exceptions, and the correlation is
not perfect—otherwise, there would be no differential diversification—but this correlation may
be a general feature that is not presently integrated in phylogenetic modeling approaches.

Another example concerns how temporal variation is modeled. Paleontologists often focus on
interval-to-interval variation in rates, reflecting the field’s interest in what happens during mass
extinctions and other critical intervals of earth history. PCMs, in contrast, focus more on smooth
curves of rate variation. Each approach has its merits, but there may be benefits to exporting
each view to the opposite field. Paleontological studies often reveal time-series of rates that look
like fluctuations with occasional large excursions into both origination and extinction (e.g., Alroy
1998b, Foote 2003, Peters & Ausich 2008), a dynamic that does not receive much attention in the
phylogenetic literature outside of limited modeling of mass extinction (Stadler 2011, Condamine
et al. 2013). On the other hand, paleontology’s focus on interval-to-interval changes results in
highly parameterized models, often with separate origination, extinction, and preservation rates
for each interval, although this is less true for the PyRate approach. For some data sets and
questions, using simpler models with fewer parameters might improve parameter estimates and
clarify interpretation.

5.2.2. Environmental variables as inputs to models. It is common to suppose that macroevo-
lutionary processes may depend on environmental factors such as climate. Recently, Condamine
et al. (2013) developed a model in which speciation and extinction rates vary as a function of a
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proxy for environmental conditions, which itself varies over time. They used this approach to
fit a model in which cetacean speciation rates were influenced by temperature as measured by a
proxy for global climate. This kind of approach (which can also be implemented with fossil-only
data using CMR and PyRate) allows for integrative analyses not previously possible. A focus on
environmental drivers also invites collaboration between phylogeneticists and earth scientists in
the selection and interpretation of geological proxies.

5.2.3. Methods for poor fossil records and incomplete phylogenies. Bapst (2014b) empha-
sized that the fossil records of different taxa can be qualitatively different in terms of what they
can contribute to macroevolutionary inference. Examples reviewed here that thoroughly integrate
paleontology with PCMs tend to be drawn from taxa, such as mammals, with good phylogenetic
data and a rich fossil record. Most clades alive today have sparse records, and so there is much
potential for methods that can leverage more modest amounts of fossil data. For trait evolution,
Slater et al. (2012a) developed an approach that incorporates fossil phenotypes as priors on internal
nodes of extant-only trees. This approach matches the common situation in which one or a few
fossils are known but are too incomplete to incorporate formally in the phylogenetic analysis. In
addition, methods that infer diversification dynamics from clade richness in incompletely resolved
phylogenies can readily be extended to incorporate paleodiversities (Alfaro et al. 2009, Etienne
& Apol 2009, Slater et al. 2012b). Although total diversities can be estimated from incomplete
fossil records (e.g., Liow & Nichols 2010), such estimates can be quite uncertain. Accordingly,
one might want to incorporate fossil diversities as minimum estimates or, instead, make use of the
relative diversities in different time periods or taxa to constrain diversification histories.

Many fossil groups have rich records but have received little phylogenetic attention. In
such cases, genealogical information in the form of putative ancestor–descendant species pairs
(Alroy 1998a) can help with analyses of trait evolution, as can methods that use trees that are not
fully resolved (noted above) or taxonomy combined with stratigraphy as a source of phylogenetic
information (Soul & Friedman 2015).

SUMMARY POINTS

1. Increasing sophistication of the models employed by phylogenetic comparative methods
has made phylogenies of extant species a viable source for understanding macroevolu-
tionary processes, even those occurring in the distant past. With these developments
has come increasing motivation to compare and integrate phylogenetic insights to those
from the fossil record.

2. The most basic way to integrate fossil and phylogenetic data is through incorporating
extant and extinct taxa in a combined, time-scaled tree. Recently developed methods
permit extinct taxa to be treated equivalently to extant ones as dated terminal taxa (i.e.,
through tip dating). For trees composed of extinct taxa, a variety of post hoc tree scalings
are useful for converting cladograms to time-scaled phylogenies.

3. Ancestral trait estimation, parameter estimation, and model inference can be improved by
the addition of a modest amount of data from fossils, especially for evolutionary dynamics
that are heterogeneous over time.

4. Although earlier phylogenetic methods for inferring diversification dynamics often failed
to produce reasonable parameter estimates, especially for extinction, recent approaches
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perform much better in the face of deviations from a constant-rate, birth-death model.
These analyses have in some cases reproduced patterns known independently from the
fossil record, suggesting that they may be fruitfully applied to taxa with poor fossil records.

5. Important challenges to an integrated macroevolution remain, including assessing the
robustness of phylogenetic and paleontological methods, having the empirical results of
each discipline feed back to the modeling choices of the other, and further developing
methods that harness the geological record of environmental change.
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