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Abstract—The incorporation of stratigraphic data into phylogenetic analysis has a long history of debate but is not currently
standard practice for paleontologists. Bayesian tip-dated (or morphological clock) phylogenetic methods have returned
these arguments to the spotlight, but how tip dating affects the recovery of evolutionary relationships has yet to be fully
explored. Here I show, through analysis of several data sets with multiple phylogenetic methods, that topologies produced
by tip dating are outliers as compared to topologies produced by parsimony and undated Bayesian methods, which retrieve
broadly similar trees. Unsurprisingly, trees recovered by tip dating have better fit to stratigraphy than trees recovered by
other methods under both the Gap Excess Ratio (GER) and the Stratigraphic Completeness Index (SCI). This is because trees
with better stratigraphic fit are assigned a higher likelihood by the fossilized birth-death tree model. However, the degree to
which the tree model favors tree topologies with high stratigraphic fit metrics is modulated by the diversification dynamics
of the group under investigation. In particular, when net diversification rate is low, the tree model favors trees with a higher
GER compared to when net diversification rate is high. Differences in stratigraphic fit and tree topology between tip dating
and other methods are concentrated in parts of the tree with weaker character signal, as shown by successive deletion of the
most incomplete taxa from two data sets. These results show that tip dating incorporates stratigraphic data in an intuitive
way, with good stratigraphic fit an expectation that can be overturned by strong evidence from character data. [fossilized

birth-death; fossils; missing data; morphological clock; morphology; parsimony; phylogenetics.]

The question of whether or not the stratigraphic ages
of fossils should be taken into account when estimating
phylogeny was a major debate within paleontology in
the 1990s and early 2000s (Wagner 1995; Lockwood 1998;
Siddall 1998; Smith 1998; Fox et al. 1999; Heyning and
Thacker 1999; Smith 2000; Geiger et al. 2001; Alroy 2002).
Those advocating the incorporation of stratigraphic data
into phylogenetic analysis assert that the age of fossils
can be informative about the plausibility of competing
phylogenetic hypotheses and can therefore be used to
improve estimates of phylogenetic relationships (Fisher
2008). Detractors cite, amongst other arguments, the
requirement of negative data (fossil absences are taken
as true absences (Heyning and Thacker 1999)), that
temporal data is not a property of fossil specimens
themselves (Geiger et al. 2001) or the incompleteness
of the fossil record (Smith 2000). These arguments are
reviewed in Fisher (2008).

A number of methods were developed to integrate
stratigraphic data with phylogenetic analysis. Wagner
(1995) introduced a method to find the most
parsimonious cladogram in which sister taxa have
overlapping 95% confidence intervals for stratigraphic
range. Stratocladistics (Fisher 1994, 2008) is a parsimony
method that considers stratigraphic parsimony debt
alongside “standard” morphological parsimony debt.
Stratigraphic debt is the number of lineage segments
that are not preserved in the fossil record, which
in stratocladistics are considered ad hoc hypotheses
requiring differential preservation between lineages
(Fisher 2008). The method of Wagner (1998) finds the
tree with the maximum likelihood of the observed
tree length and stratigraphic debt, calculated using

simulations under a defined model of evolution. None
of these methods have seen widespread adoption in the
paleontological literature, due in part to the arguments
against incorporating stratigraphic data, but also partly
due to a lack of user-friendly software. StrataPhy is
a program for stratocladistics (Marcot and Fox 2008)
but was never updated from its original experimental
form.

The introduction of Bayesian tip-dated methods
(Ronquist et al. 2012a), has seen the return of
phylogenetic analysis incorporating stratigraphic data.
At the heart of tip-dated methods is the tree prior:
the probability distribution of divergence dates and
branch lengths. Early tip-dated analyses used the
uniform tree prior (Ronquist et al. 2012a), which
is relatively uninformative regarding tree shape and
can produce unrealistic results (Matzke and Wright
2016). The uniform tree prior has been superseded
by serially sampled fossilized birth-death (FBD) tree
priors (Stadler 2010), which model diversification,
extinction and sampling and allow taxa to be sampled
ancestors (Gavryushkina et al. 2014; Heath et al. 2014).
These tree priors assume approximately constant rates
of diversification, extinction and sampling, although
this can be relaxed between different time slices
(Gavryushkina et al. 2014). FBD tree priors likely affect
tree topology, and indeed assumptions of approximately
constant sampling rates between lineages at specified
time intervals is a key component of stratocladistics
(Fisher 2008).

Tip dating has been used on a number of data sets
to infer the phylogeny of clades with fossil members,
including Mesozoic birds (Lee et al. 2014b), Mesozoic
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mammals (Close et al. 2015), theropod dinosaurs (Lee
etal.2014a; Bapst et al. 2016), pufferfish (Close et al. 2016),
and penguins (Gavryushkina et al. 2017). Most of these
studies have focused on macroevolutionary patterns and
divergence dates. However, Bapst et al. (2016) reported
topological differences between tip-dated Bayesian,
undated Bayesian and parsimony analyses of a theropod
data set. Turner et al. (2017) showed that tip dating can
affect tree topology in an analysis of crocodylomorphs
by disfavoring long unsampled branches, whilst King
et al. (2017) found that tip dating can have major effects
on tree topology by attempting to balance inferred rates
of evolution.

Stratigraphic fit measures are explicit measures for
assessing how well a phylogeny fits with the order of
appearance (i.e., geological ages) of its taxa. Historically,
they have been put to a number of uses, including
assessing the quality of the fossil record (Benton et al.
2000) and comparisons of stratigraphic congruence
between taxonomic groups (O’Connor and Wills 2016).
These indices include the Stratigraphic Consistency
Index (SCI), Manhattan Stratigraphic Measure (MSM),
and the Gap Excess Ratio (GER). The SCI (Huelsenbeck
1994) calculates the number of consistent nodes, where
a consistent node is one whose oldest descendant is the
same age or younger than the oldest descendant of the
sister lineage to that node. The MSM (Siddall 1998) and
GER (Wills 1999) both rely on measuring the Minimum
Implied Gap, a measure of the smallest possible sum of
ghost lineages implied by a particular tree topology. For
both the SCI and the GER (the two measures used in this
study), values can range from 0 (maximally suboptimal)
to 1 (optimal).

Here, I investigate the topological differences that
result when discrete morphological character matrices
are analyzed using parsimony and both undated and
tip-dated Bayesian methods, and their relationship with
stratigraphic fit, as measured by the GER and SCI.
In addition, I explore the hypothesis that taxa with
poorly known morphology are responsible for most of
the topological differences between tip-dated and other
methods.

MATERIALS AND METHODS

I selected data sets of ichthyosaurs (Ji et al. 2016),
eurypterids (Lamsdell and Selden 2017), horseshoe
crabs (Bicknell and Pates 2019), baleen whales
(Marx and Fordyce 2015), turtles (Perea et al. 2014),
sauropods (Poropat et al. 2016), Mesozoic birds (Wang
et al. 2015), and early archosauromorphs (Ezcurra
2016). Stratigraphic age data were taken from these
publications where available, or otherwise from
the Paleobiology Database (http://fossilworks.org/).
Stratigraphic ages were converted to age ranges using the
International Chronostratigraphy Chart (http://www.
stratigraphy.org/index.php/ics-chart-timescale)  and
the geowhen database (http://www.stratigraphy.org/
upload/bak/geowhen/index.html).

A number of taxa were pruned from the following
data sets prior to analysis: for the ichthyosaurs data
set, all outgroup taxa except Hupesuchus; for the
horseshoe crabs data set, all non-xiphosuran taxa except
synziphosurines; for the turtles data set, all outgroup
taxa, with the tree instead rooted on Odontochelys; for the
Mesozoic birds data set, all modern taxa deleted. These
deletions were used to avoid uncertainties regarding
outgroup taxa, or extremely poor taxon sampling within
large time divisions. Characters that became invariant
following taxon pruning were deleted from the data
sets, as these are uninformative in parsimony analyses
and Bayesian analyses that assume that only variable
characters are included (as used here).

Parsimony analyses in TNT (Goloboff and Catalano
2016) employed new technology search, using sectorial
search and tree fusing with default settings for 1000
random addition sequences. This was followed by tree
bisection and reconnection (TBR) swapping to fully
explore tree islands. Due to the large total number of
most-parsimonious trees for some data sets, and the
computational burden of downstream analyses, I saved
a maximum of 1801 trees (equal to the number of trees
in the post-burnin Bayesian samples).

Undated Bayesian analyses were performed in
MrBayes 3.2.6 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003; Ronquist et al. 2012b).
The Mkv model (which assumes that only variable
characters have been included; Lewis 2001) was used,
with gamma-distributed among-character rate variation
with four rate categories. The prior on the gamma shape
parameter was a uniform distribution between 0 and 10.
The prior on branch lengths was the default compound
gamma Dirichlet (1, 0.1, 1, 1) (Rannala et al. 2012). Four
independent runs of each analysis were run for between
10 and 200 million generations (depending on data
set), saving 2001 trees, 10% of which were discarded as
burn-in. Convergence of the four runs was confirmed in
Tracer (Rambaut et al. 2018) and standard deviation of
split frequencies <0.01.

Tip-dated Bayesian analyses were performed in
BEAST2.6.2 (Bouckaert et al. 2019). The Mkv model
(Lewis 2001) was used, with a gamma distribution
with four rate categories to account for rate variation
across sites. The prior on the gamma shape parameter
was a uniform distribution between 0 and 10.
Characters were partitioned according to the number
of character states, to ensure consistency with the
undated MrBayes analyses. The clock model was
an uncorrelated lognormal clock (Drummond et al.
2006) with a lognormal distribution prior (mean -5,
standard deviation 1.4) on the mean and an exponential
distribution prior (mean 1) on the standard deviation.
The tree prior was a sampled-ancestor FBD model
(Gavryushkina etal. 2014). Conditioning on rho was used
for those data sets containing modern taxa (horseshoe
crabs, whales, turtles). Rho was set to 1.0, 0.8, and
0.108, respectively based on the proportion of extant
taxa included in the analysis. Tip ages were assigned
uniform priors over the range of uncertainty. The prior
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distribution for origin time was a uniform distribution
(0-2000), for birth rate a lognormal distribution (mean
—2, standard deviation 1), for death rate and sampling
rate an exponential distribution (mean 0.1). Analyses
were run for between 200 million and 400 million
generations (depending on data set) with 2001 trees
saved, 10% of which were discarded as burn-in.
Convergence of four independent runs was confirmed in
Tracer (Rambaut et al. 2018) and R We There Yet (RWTY)
(Warren et al. 2017).

Each data set was also analyzed without
morphological data, to examine the influence of
the tree model on topology. The recovered relationships
in the resulting tree sample might considered the
“effective topology prior” by analogy with node dating
(Heled and Drummond 2012). However, since the tip
dates form part of the data when using birth-death
models (Drummond and Stadler 2016), such an analysis
is not technically “sampling from the prior”. Although
referred in the BEAST2 output as the “prior”, the
probability of the tree and tip dates given the tree
model parameters will be referred to as the “tree
model likelihood” throughout this article. This is to be
distinguished from the “morphological likelihood” (the
probability of the morphological data given the tree and
site model parameters, that is, the “likelihood” in the
BEAST?2 output).

To assess the extent of topological differences between
the three phylogenetic methods, I calculated Robinson-
Foulds distances (Robinson and Foulds 1981) using the
package phangorn (Schliep 2011) in R (R Core Team
2018). A subsample of 91 trees (representing 5% of the
posterior sample) was taken from each Bayesian analysis,
and 91 most parsimonious trees (MPTs) from parsimony
analysis (or all MPTs if less than 91). Each tree from each
sample was compared to the trees from both of the other
methods. Robinson-Foulds distances were rescaled to
a percentage difference following Wright and Hillis
(2014). In addition to comparisons between methods, all
trees from each set were compared to each other as a
measure of topological variation (i.e., resolution) within
each method. Tree lengths (as parsimony steps) for the
Bayesian posterior samples were calculated in Mesquite
(Maddison and Maddison 2015).

Stratigraphic fit, using the GER (Wills 1999) and
Stratigraphic Completeness Index (Huelsenbeck 1994)
was calculated using the R package strap (Bell and
Lloyd 2015), using the entire posterior sample, and
up to 1801 MPTs for parsimony. To avoid problems
with the different treatment of outgroups between
methods, outgroups were removed from all trees prior
to calculation of stratigraphic fit measures. The modified
GER (Wills et al. 2008) was not used in this study as all
trees across all methods returned the maximum value
of 1.

Iinvestigated the effect of taxon distribution through
time on the tree model likelihood. Random taxon
age distributions were generated by drawing 100
samples from an exponential (mean 1) or uniform
(0,1) distribution, with the values rescaled so that they

ranged from 0 to 100. The resulting age distributions
were analyzed in BEAST2 following the template
outlined above for empirical data sets. For each
analysis (four of each distribution), the posterior
distribution of net diversification rate (birth rate-death
rate in each sampled generation) and the GER were
calculated.

To test the extent to which fossils with a high
proportion of missing data were responsible for the
topological differences between methods, I examined the
effect of the sequential removal of incomplete taxa from
data sets. The sauropods (Poropat et al. 2016) and early
archosauromorph (Ezcurra 2016) data sets were chosen
due to the wide range of data completeness across taxa,
as well as the large number of taxa. For each deletion
iteration (total of five), I removed the six remaining most
incomplete taxa and reanalyzed the data and calculated
stratigraphic fit as above. As a control, to test whether
or not the act of removing taxa changes stratigraphic fit
regardless of the completeness of those taxa, I repeated
the process but deleted six random taxa in each iteration.

RESULTS

Tree Topology

Tree topologies of undated Bayesian and parsimony
trees were more similar to each other than either
was to tip-dated Bayesian trees (Fig. 1), with the
exception of the Ezcurra (2016) data set, in which the
three methods produced trees that were approximately
equally different. Trees output from parsimony were
more similar to each other than the output from either
of the Bayesian methods (Fig. 1). Topological differences
between undated Bayesian and parsimony trees are
in general no greater than the differences within the
posterior sample of undated Bayesian trees. Trees from
tip-dated Bayesian analysis were less parsimonious than
trees from undated Bayesian analysis across all data sets

(Fig. 2).

Stratigraphic Fit

P-values for all stratigraphic fit calculations were
highly significant, showing that all methods produce
trees with better fit to stratigraphy than expected by
chance. As expected, tip-dated approaches produce trees
with a better stratigraphic fit than undated Bayesian or
parsimony (Fig. 3). Trees produced when the analysis
samples solely from the tree model (sampling from the
“prior”, without morphological data) have a particularly
high stratigraphic fit. Stratigraphic fit is lower for the
posterior sample of trees from the tip-dated analysis
when analyzed with morphological data but still higher
than for trees from the other two methods. There is
little difference between the stratigraphic fit measures for
the parsimony and undated Bayesian methods relative
to the differences with the tip-dated results. However,
it should be noted that Sansom et al. (2018) reported
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FIGURE 1.

Tree topologies resulting from Bayesian tip-dated methods are outliers as compared to trees resulting from undated Bayesian and

parsimony methods. % topological difference (rescaled Robinson-Foulds distance) is plotted for each comparison, across seven data sets. Every
tree from a subsample of the posterior or set of shortest trees is compared to the sample from an alternative method, and the resulting range of

values shown as a boxplot. Tree samples from each method are also compared to themselves as a measure of resolution.

a small but statistically significant difference favoring
parsimony based on many data sets (although results

vary within particular data sets).

Trees with a higher stratigraphic fit are assigned
higher tree model likelihood in tip dating. Figure 4 shows

plots of the stratigraphic fit against tree model likelihood
for the distribution of trees produced from a tip-dated

analysis (without morphological data) for each data set.

The GER shows significant positive correlations with
tree model likelihood across all data sets, whereas the
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FIGURE2. Bayesian tip dating produces trees that are less parsimonious than trees from undated Bayesian analysis. Histograms of the number
of additional steps required by the posterior sample of trees produced by tip dating and undated Bayesian analysis, compared to the tree length

of the most parsimonious trees.

SCI shows significant positive correlations for six of the
eight data sets.

Sampling Distribution

Diversification dynamics affect the extent to which
the tree model favors trees with good stratigraphic
fit. The whales data set of Marx and Fordyce (2015)
represents an outlier when the difference between the
stratigraphic fit of tip-dated trees analyzed with and
without morphological data is considered (Fig. 3).
For this data set, the estimated GER values for tip
dating without morphological data are on average
lower than for tip dating with morphological data.
In contrast to the other data sets, the frequency
of sampled taxa in this data set increases through
time (Supplementary Fig. S1A available on Dryad at
http:/ /dx.doi.org/10.5061/dryad.xksn02vc9), a pattern
that is still in evidence when extant taxa are excluded
(Supplementary Fig. S1B available on Dryad). The
estimated net diversification rate is therefore higher for
this data set than any other (Supplementary Fig. S1C
available on Dryad). The effect of net diversification rate
on the stratigraphic fit of trees drawn from the tree model
distribution is clear in analyses using randomized taxon
ages. Tip ages sampled from an exponential distribution,
representing positive net diversification through time
(assuming a constant fossil recovery rate), result in trees
with lower GER values than trees resulting from tip ages
sampled from a uniform distribution (Fig. 5).

Effect of Incomplete Taxa

Successive deletion of incomplete taxa from the
Poropat et al. (2016) and Ezcurra (2016) data sets results

in an increase in stratigraphic fit of trees from undated
Bayesian analyses, whereas the stratigraphic fit of trees
from tip dating are essentially unchanged (Fig. 6).
Topological differences between the methods generally
decline with each deletion. Random deletion of taxa does
not lead to changes in stratigraphic fit for either method
and topological differences do not change, showing
that the observed patterns are due to the deletion of
incomplete taxa, not merely a result of deletion of taxa
in general. Parsimony analyses of the same data sets, led
to congruent, although somewhat less consistent results
(Supplementary Fig. S2 available on Dryad).

DiscussioN

Differences in Tree Topology Between Different Methods

Tip dating has received relatively little attention
during debates over which phylogenetic methods are
most suitable for analyzing morphology-only data sets
(Wright and Hillis 2014; O’Reilly et al. 2016; Goloboff
etal. 2017, 2018a, 2018b; O’Reilly et al. 2018; Sansom et al.
2018; Smith 2019; Keating et al. 2020); these debates have
focused on the merits of parsimony or undated Bayesian
methods. However, the results presented here show that
tree topologies produced by tip dating are outliers as
compared to trees produced by parsimony and undated
Bayesian methods, a result also found for one data set
in Turner et al. (2017). Studies on empirical problems
have already shown that use of tip dating can produce
radically different tree topologies from other methods
(King et al. 2017; Lee and Yates 2018).
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FIGURE 3.

Bayesian tip-dated methods recover trees with better fit to stratigraphy than other methods. Gap Excess Ratio and Stratigraphic

Completeness Index for every tree in each posterior sample (Bayesian analysis) or MPTs (parsimony) is shown as a box plot.

Much of the debate between parsimony and undated
Bayesian methods has centered on consensus trees
and their degree of resolution (O'Reilly et al. 2016;
Brown et al. 2017; Goloboff et al. 2017). My results
comparing topological differences within methods show
that parsimony MPTs are more topologically similar

than Bayesian posterior samples (Fig. 1), aligning with
previously research showing consensus trees from
parsimony to be more resolved than those from Bayesian
analysis (O'Reilly et al. 2016). Differences between trees
within the posterior sample from Bayesian tip-dated
and undated analyses are in general approximately
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dated analysis without morphological data. A significant positive correlation exists between Gap Excess Ratio and tree model likelihood for all
eight data sets, and between Stratigraphic Completeness Index and tree model likelihood for six of eight data sets. Stars denote significance level

(**P < 0.001).

equal, with the results varying between data sets
(Fig. 1).

The results presented here suggest that the
incorporation of stratigraphic data into a tip-dated
analysis has more effect on tree topology than any other
feature of a Bayesian analysis. Topological differences
between undated Bayesian and parsimony methods
are mainly driven by a bias against characters with
incomplete coding under Bayesian analysis, whereby

incompletely coded characters have a negligible effect
on tree topology (Simmons 2012, 2014; King 2019).
Tip-dated analyses are likely also affected by this
bias, and also share with undated Bayesian analyses
the use of gamma-distributed among-character rate
variation (Yang 1996), which may affect tree topology
(Lee and Worthy 2011), and the effective up-weighting
of characters with a higher number of states (King et al.
2017). Although the bias against incompletely coded
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FIGURE5. Diversification dynamics affect the extent to which trees with a high Gap Excess Ratio are favored by the tree model. a) Histograms of
age distributions for taxa sampled from an exponential distribution (top) and uniform distribution (bottom). b) Net diversification rate estimates
(calculated as birth rate-death rate in each sample from a tip-dated analysis) when tip ages are drawn from an exponential distribution are higher
than when tip ages are drawn from a uniform distribution. c) Gap Excess Ratios for trees resulting from a tip-dated analysis of taxa with ages
sampled from a uniform distribution are higher than for trees resulting from a tip-dated analysis of taxa with ages sampled from an exponential

distribution.

characters in Bayesian analysis can lead to strongly
supported topology differences from parsimony (King
2019), thisis likely to be uncommon, only occurring when
characters with different levels of coding completeness
support conflicting phylogenetic relationships.

When will Stratigraphic Data Overrule Morphological Data?

Both the tree model and the morphological data
influence tree topologies in the posterior sample

resulting from tip dating. Topologies with a better
stratigraphic fit (e.g., requiring shorter ghost lineages)
have a higher tree model likelihood (Fig. 4). The
stratigraphic fit of the posterior distribution of tree
topologies is intermediate between the prior and
the values from undated Bayesian and parsimony
approaches (Fig. 3), reflecting the interplay of the tree
model and evidence from the morphological character
data.
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Differences between tip-dated and undated Bayesian methods in terms of topology and stratigraphic fit are concentrated in

uncertain parts of the phylogeny. This figure shows the effect of taxon deletion on the stratigraphic fit of Bayesian tip-dated and undated trees,
and the topological difference between these methods. Successive deletion if random taxa (left) does not result in changes in the stratigraphic
fit of trees under either method. Successive deletion of the most incomplete taxa (center) leads to an increase in stratigraphic fit for undated
analysis, but relatively little difference for tip-dated trees. Topological differences between these methods also successively decrease when taxa
with the most missing data are deleted (right), but not when random taxa are deleted.

The topological differences between tip dating and
other phylogenetic methods is driven by the placement
of incomplete taxa (Fig. 6). In undated analyses (under
either parsimony or model-based optimality criteria),
these incomplete taxa may fit into several positions on
the tree even if these are inconsistent with their age,
but temporally inconsistent positions require stronger
morphological evidence in the tip-dated approach.
These results suggest that, as morphological data for
incomplete taxa improve, topologies recovered from
undated Bayesian or parsimony approaches might
become more similar to those produced by tip dating.
The results of Benton and Storrs (1994), showing a small
improvement in stratigraphic fit of trees for various
groups following the accumulation of data over 25 years,
provides some evidence in support of this idea.

The results support the view that inclusion of
stratigraphic age data in tip-dated Bayesian analysis
directly affects tree topology. Highly incomplete taxa are
more constrained to positions congruent with their age
in tip-dated analysis, even if the (limited) character data

are also consistent with other, less temporally congruent
positions. Conversely, taxa for which abundant data
are available can be placed in temporally incongruent
positions if there is sufficient character support. This is
intuitive, and in some respect resembles the approach
already informally taken by most paleontologists:
extraordinary claims require extraordinary evidence.

It should be noted that the tree model in tip-dated
analyses does not necessarily “maximize” stratigraphic
fit measures. High values approaching 1 for the
GER are only possible for highly unbalanced trees
(Wills et al. 2008), but such tree shapes are only
favored by the FBD model in certain circumstances.
Whereas the GER measures the length of required ghost
lineages, the FBD model finds trees with approximately
constant rates of speciation and extinction. These two
factors align best when net diversification is low,
leading to approximately constant diversity through
time (Fig. 5). However, when diversity increases through
time (positive net diversification), minimizing ghost
lineages would produce a tree with many nodes near the
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present, implying rates of speciation increase through
time. Such a tree would violate the assumptions of the
FBD model; instead, the tree model would tend to favor
trees with longer ghost lineages but more constant rates
of diversification. The degree to which stratigraphic fit
metrics are “maximized” by the FBD model therefore
varies across data sets, but regardless of this variation,
stratigraphic fit is higher for tip-dated trees compared
with trees from other methods (Fig. 2).

Is the Inclusion of Stratigraphic Data in Phylogenetic
Analysis Justified?

“Itis merely eccentric to claim that time is not a desirable
parameter in working out phylogenies, even though
what is desirable is not invariably available or clear in
its significance” (Simpson 1975).

The fossil record need only be adequate, not perfect,
to justify its utilization (Paul 1985). The high level
of congruence between phylogenetic and stratigraphic
data (Gauthier et al. 1988; Norell and Novacek 1992;
Benton and Hitchin 1997) shows that stratigraphic data is
generally informative regarding clade age and branching
order. Including both stratigraphic and morphological
data when estimating phylogeny allows these two
generally congruent data types to reciprocally illuminate
in the minority of occasions in which they disagree.

Stratigraphic data will always be incomplete (in the
sense that not every species will be present in the fossil
record), but the same can be said of morphological
data. No fossil preserves 100% of morphological data
(even a fossil being scored for 100% of characters
within a particular morphological data matrix is
rare). In addition, convergent evolution means that
morphological data can sometimes be misleading, a fact
becoming increasingly apparent with the availability
of increasing amounts of molecular data (Lee and
Palci 2015). Stratigraphic data provides an opportunity
to identify probable convergent evolution in clades
widely separated by time, a point that has already
been demonstrated in tip-dated phylogenetic analyses of
paleognath birds (Worthy et al. 2017) and gharials (Lee
and Yates 2018).

Stratigraphic and morphological data represent a way
of assessing the quality of each other. Stratigraphic
incongruence cannot be recognized independently from
morphological data, but then how do we know that
the morphological data are correct? In the absence of
molecular data, stratigraphic data are an important
independent assessment of the quality of morphological
data. Simultaneous analysis of both forms of data
is therefore a good approach and should avoid the
recovery of highly temporally incongruent trees based
on scant evidence. However, morphological data have
generally been afforded precedence. For example,
Turner et al. (2017) suggest, based on analysis of a
crocodylomorphs data set, that tip dating should not
be used in cases where sampling is uneven, leading to

long un-sampled branches which are then disfavored
by tip dating. However, their recognition of uneven
sampling was not independent from phylogeny and
was based on a time-scaled parsimony tree of the same
data set. On the contrary, an expectation that long
un-sampled branches should be rare is a reasonable
expectation, one that requires solid data to overturn. This
expectation is particularly relevant for groups with a
good stratigraphic record. However, even in groups with
a poor stratigraphic record, relatively long un-sampled
branches should still be unexpected.

The results presented here show the effect of FBD
models on tree topology, which is particularly important
in parts of the tree with weak character support.
This study only investigated a time-homogenous FBD
model: further research should test the effect of
time heterogeneous models, which can accommodate
heterogeneity through time slices (Stadler et al. 2013;
Gavryushkina et al. 2014) or amongst lineages (Barido-
Sottani et al. 2020).
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