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Abstract 

Fossils provide our only direct window into evolutionary events in the distant past. Incorporating them                             

into phylogenetic hypotheses of living clades can help elucidate macroevolutionary patterns and                       

processes, such as ancestral states and diversification dynamics. However, the effect fossils have on                           

phylogenetic inference from morphological data remains controversial. Previous studies have                   

highlighted their strong impact on topologies inferred from empirical data, but have not                         

demonstrated that they improve accuracy. The consequences of explicitly incorporating the                     

stratigraphic ages of fossils using tip-dated inference are also unclear. Here we employ a simulation                             

approach to explore how fossil sampling and missing data affect tree reconstruction across a range of                               

inference methods. Our results show that fossil taxa improve phylogenetic analysis of morphological                         

datasets, even when highly fragmentary. Irrespective of inference method, fossils improve the                       

accuracy of phylogenies and increase the number of resolved nodes. They also induce the collapse of                               

ancient and highly uncertain relationships that tend to be incorrectly resolved when sampling only                           

extant taxa. Furthermore, tip-dated analyses which simultaneously infer tree topology and divergence                       

times outperform all other methods of inference, demonstrating that the stratigraphic ages of fossils                           

contain vital phylogenetic information. Fossils help to extract true phylogenetic signals from                       

morphology, an effect that is mediated by both their unique morphology and their temporal                           

information, and their incorporation in total-evidence phylogenetics is necessary to faithfully                     

reconstruct evolutionary history.   
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Introduction  

Phylogenies underpin our ability to make sense of life on Earth in the context of its shared                                 

evolutionary history. In the absence of phylogenetic hypotheses, we would be unable to explain the                             

myriad of biological phenomena that arise as the result of common ancestry, such as shared                             

morphological features among seemingly disparate taxa. Many analyses that seek to investigate                       

evolutionary events that occurred in the distant past do so using data from only living organisms.                               

However, this might not be enough to faithfully recover evolutionary events that occurred in the deep                               

past, as extant-only trees often lack the amount of information necessary to distinguish between                           

alternative scenarios​1 and can even favor incorrect results​2​. The incorporation of fossils into                         

comparative analyses has been shown to have a positive impact on the inference of modes of                               

macroevolution, ancestral character states and patterns of speciation and extinction​1–4​. Placing fossils                       

in a phylogenetic framework is therefore necessary not only to understand their affinities, but can also                               

be crucial to obtain an accurate picture of evolutionary history. 

The effect that adding fossils has on phylogenetic inference remains equivocal however.                       

Although fossils were originally dismissed as being too fragmentary to modify inferred relationships                         

among living species​5​, a number of empirical studies have accumulated that show a common pattern                             

of increased congruence between morphological and molecular phylogenies when paleontological                   

data are introduced​6–8​. A recent analysis of multiple empirical datasets showed that adding fossil taxa                             

to morphological matrices reshapes phylogenies in a manner that is entirely distinct from increasing                           

the sampling of extant taxa​9​, a result largely attributable to the possession of distinctive character                             

combinations in fossil taxa. However, given that the true tree of life is unknown, this study was unable                                   

to determine if these topological changes resulted in phylogenies that are more accurate. 

Distinct combinations of morphological characters are not the only potential source of                       

phylogenetic information that fossils can provide. The stratigraphic sequence of taxa in the rock                           

record has also been proposed as a source of data with which to infer phylogenies. Although this idea                                   

was originally formalised in a controversial parsimony framework known as stratocladistics​10​, it has                         

become popular again through the development of Bayesian tip-dated methods​11​. In this new                         

framework, tree topology and divergence times are simultaneously estimated using the ages of fossil                           

terminals to calibrate a morphological and/or molecular clock. This approach has been expanded with                           

mechanistic models that include parameters for the rates of speciation, extinction and fossil sampling                           

in an attempt to model the macroevolutionary process that generated the data, i.e. the fossilized                             

birth-death process (FBD)​12​. Although the estimation of evolutionary timescales was the motivation                       

for the development of these methods, they have also been found to strongly modify inferred                             

topologies​13​, thus reshaping our understanding of evolutionary relationships. The use of temporal                       

information from the fossil record as data in phylogenetic inference has been criticised however, with                             

concerns ranging from the incompleteness of the geological record​14 to the non-clocklike evolution of                           

morphology​15​. 

Inferring the phylogenetic position of fossils can only be done using datasets of morphological                           

characters. Methods for inferring phylogenies from morphology have been increasingly scrutinised in                       
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recent years, establishing Bayesian inference as a valid alternative to parsimony approaches​16–18​.                       

However, much of the early research on this topic has been criticized for simulating data under similar                                 

models of morphological evolution used in Bayesian inference, thus potentially biasing results​19​. In a                           

similar vein, another study recently found tip-dated trees of extinct clades to be superior to undated                               

ones​20​, a conclusion drawn from topologies simulated under the same birth-death processes used for                           

tip-dated inference. Empirical analyses suggest fossils may overcome many limitations of                     

morphological data for inferring the tree of life, but none of the above simulation studies explored                               

the topological effects of sampling extinct lineages - or of the missing data typically associated with                               

these.  

In this study we employ a simulation approach​17 to obtain character datasets and associated                           

phylogenies that does not rely on any model later employed in the process of phylogenetic                             

reconstruction, which we argue is necessary for results to be unbiased and extrapolatable to empirical                             

datasets. We fine tune our simulations to produce mixtures of living and extinct taxa, as well as trees                                   

and characters that are empirically realistic based on comparisons with published datasets.                       

Furthermore, we also mimic the presence of an ancient and rapid radiation​21​, comparable to the early                               

radiation of placental mammals​22 or the origin of most modern phyla during the Cambrian explosion​23​,                             

as it is often suggested that fossils might be especially beneficial for resolving these kinds of                               

radiations​24​. With these datasets we explore for the first time the topological effects of sampling                             

different proportions of fossil taxa across a range of conditions of missing data, and investigate the                               

relative behavior of tip-dated inference under the FBD prior (henceforth ‘clock’) relative to traditional                           

undated approaches, i.e. maximum parsimony (MP) and Bayesian inference (BI). 

 

Results 

The results of each analysis were summarized using standard consensus approaches and levels                         

of precision and accuracy were calculated using both bipartitions and quartets. We define topological                           

precision as the number of resolved bipartitions/quartets, and topological accuracy as the proportion                         

of these that are correct (i.e., present in the true tree). Including fossil terminals in phylogenetic                               

analyses increases the accuracy of phylogenetic reconstruction across all inference methods (Fig. 1).                         

With no missing data, quartet-based accuracy consistently improves with an increasing proportion of                         

fossils. Measured through bipartitions, accuracy is generally highest when 50% of terminals are fossils,                           

and decreases with either higher or lower proportions of extinct taxa. Missing data generally limits the                               

increase in accuracy provided by fossils, although the magnitude of this impact depends on the choice                               

of method. 

Topological precision increases with fossil sampling when measured using bipartitions, but                     

decreases under quartets. This is because incorporating fossils tends to collapse a small number of                             

deep nodes (which are present in a large proportion of quartets), while helping to resolve a larger                                 

number of shallower nodes (which collectively account for fewer quartets). This is supported by                           

results shown in Supplementary Figure 1. Bipartition-based precision strongly depends on the amount                         

of missing data, and MP is affected the most. 
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Figure 1: Impact of fossil sampling, missing data and method of inference on topological accuracy and precision.                                 

Accuracy (left) represents the proportion of resolved bipartitions/quartets, precision (right) the fraction of these                           

that are correct. Values correspond to means +/− one standard deviation. 

 

In order to explore how different methods of inference perform under the conditions                         

explored, we summarized the overall differences between inferred and true trees using quartet                         

distances (Fig. 2). This analysis reveals that the performance of both probabilistic approaches (both                           

clock and BI) improves when living and fossil taxa are combined, relative to their behavior when                               

datasets are composed entirely of either type of terminal. MP on the other hand remains unaffected                               

by the proportion of fossils when no data are missing, but its performance declines with increasing                               

proportions of incomplete fossils. Across all conditions explored, probabilistic approaches recover                     

topologies more similar to the true tree than parsimony, a difference that widens with increasing                             

missing data (Fig. S2). Analyses that enforce a morphological clock significantly outperform                       

uncalibrated approaches when extinct terminals are incorporated (except where analyses are confined                       

to fossil taxa with high levels of missing data). For any given level of missing data, the shortest                                   

distances between inferred and true topologies are always recovered when datasets combine fossil                         

and extant terminals, and are tip-dated under the FBD model (Fig. 2). However, the relative benefit of                                 

tip-dating diminishes as the proportion of missing data increases (Fig. S2). 
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Figure 2: Average quartet distances between inferred and true trees across inference methods, proportions of                             

fossil terminals and levels of missing data. For all conditions explored, clock analyses infer trees that are the                                   

most similar to the true trees (i.e., show the smallest distances), and MP the most dissimilar (i.e., show the                                     

largest distances). Asterisks mark the conditions under which the quartet distances of clock analyses are                             

significantly lower than those of the second best method (i.e., BI). 

 

 

Figure 3: Effect of fossils on the way relationships among extant taxa are resolved (from top to bottom:                                   

correctly, incorrectly and unresolved). Results correspond to the high missing data condition, as this was                             

designed to mimic empirically realistic datasets. Nodes connecting extant taxa were grouped into three                           

time-bins of equal duration, representing deep-, mid- and shallow divergences. 

 

To further characterize the topological changes induced by paleontological data, we explored                       

whether the addition of fossils affects the ways in which relationships among extant terminals are                             

resolved. Nodes connecting extant lineages were binned into three categories of equal duration                         
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(representing deep-, mid- and shallow divergences; see Fig. S3), and we recorded the proportion of                             

nodes resolved correctly, incorrectly or left unresolved. Across inference methods, fossils help recover                         

true relationships for mid and shallow divergences (Fig. 3). Fossils do not affect the proportion of                               

correctly resolved deep nodes (including those involved in ancient and rapid radiations) and they                           

increase the frequency with which these are left unresolved. This effect is especially strong in                             

tip-dated inference, and seems to be a major reason why this approach performs best. However, fossil                               

placement in tip-dated trees is less accurate than under undated BI, especially so for younger fossils                               

(Fig. S4). 

Discussion 

Through simulations, we demonstrate that paleontological data (both morphological and                   

stratigraphic) have a strong impact on tree inference across a wide range of realistic scenarios,                             

supporting the results of empirical studies​6–9​. Analyses that incorporate paleontological data are more                         

accurate than those based exclusively on extant taxa, regardless of inference method (Fig. 1). This                             

improvement is partly driven by fossils helping to correctly elucidate relationships among living                         

clades, especially among lineages separated by mid- to shallow divergences (Fig. 3). Hence we might                             

expect the increased congruence between morphological and molecular trees found for some                       

clades​6–8,25 to reflect a general trend of consilience through improved accuracy as fossils are                           

incorporated in phylogenetic reconstruction. Trees that combine living and extinct taxa also show a                           

higher proportion of resolved nodes, while at the same time leaving more deep nodes unresolved                             

(Figs. 1, 3). The phylogenetic analysis of morphological data has been previously shown to result in                               

overprecise topologies​17,26​, a phenomenon we find to be mostly associated with deep divergences.                         

With increasing fossil sampling, this overprecision is remedied as deep nodes collapse, increasing the                           

accuracy of the resulting topologies. Therefore, fossils help recognize the high uncertainty associated                         

with resolving such complicated phylogenetic questions with the use of small morphological datasets.                         

Although missing data decreases both accuracy and precision, it has little effect on the resolution (or                               

lack thereof) of deep nodes, and thus impacts quartet-based measures minimally (Fig. 1). 

  In recent years, probabilistic approaches that explicitly model the processes of morphological                       

evolution and species diversification have increased in prominence. Our results corroborate recent                       

studies​16–18 that suggest probabilistic methods recover more accurate consensus topologies than MP                       

(Fig. 2). This pattern holds true across all conditions explored, but becomes stronger with increasing                             

levels of missing data, which adversely impact parsimony more than probabilistic methods (Fig. S2).                           

Even though Bayesian approaches have been criticised for their handling of incompletely-coded                       

morphological characters ​27​, we find missing data to have a comparatively small effect on Bayesian                             

consensus trees. In contrast, realistic levels of missing data in MP analyses completely negates the                             

benefit of a more thorough fossil sampling. 

Probabilistic methods of inference can also directly employ the morphological and                     

stratigraphic information from fossils to inform divergence times, allowing for greater flexibility in the                           

integration of molecular and paleontological data​28​. Such synthetic, total-evidence, approaches have                     

provided unique insights into the origin and evolution of numerous lineages​29–32​. However, the ways in                             
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which morphological and stratigraphic information interact to determine tree topology is an active                         

research area that is arguably in its infancy​13,20,33​. For example, while some improvements in tree                             

topology have been found when fossil ages are accounted for​20​, temporal data can also override                             

morphological signals in potentially detrimental ways​13,34,35​. Here we show that Bayesian tip-dated                       

methods that make use of stratigraphic information significantly outperform undated methods across                       

most of the conditions we explored, indicating that stratigraphic ages provide important phylogenetic                         

information​10,13,36,37​. However, the relative benefit of tip-dating seems to diminish in the presence of                           

realistic levels of missing data (Fig. S2), to the point that tip-dated topologies of entirely extinct clades                                 

are not significantly better than undated ones (Fig. 2). Topological changes induced by tip-dating fossil                             

clades (e.g.​38,39​) should therefore be considered cautiously. Furthermore, tip-dated inference under the                       

FBD struggles to infer the position of fossil terminals (as also shown by ​33​), and is the least accurate                                     

method for placing young fossils (Fig. S4). 

Fossils often overturn relationships among extant taxa, even when highly incomplete​9​. The way                         

they do so, however, depends on the relative age of extant clades: fossils increase accuracy of mid- to                                   

shallow nodes, while decreasing overprecision among deep nodes, including those involved in ancient                         

radiations (Fig. 3). Several authors have hypothesized such radiations are cases where a strong                           

contribution from fossils might be expected, as they represent the only taxa that can directly sample                               

the radiation event, and have character states that are less burdened by subsequent evolutionary                           

change ​24​. Our results suggest instead that such ancient events of rapid diversification may be out of                                 

the reach of morphological signal. However, even though fossils do not help resolve ancient nodes in                               

phylogenies, they nonetheless play an important role by inducing the collapse of the nodes involved in                               

these deep divergences, mitigating the misleading signal provided by sampling only extant taxa. This                           

effect is stronger when their temporal information is incorporated, and is a major driver of the                               

increased accuracy of tip-dated phylogenies. 

Reconstructing evolutionary processes that occurred in the distant past benefits from                     

integrating molecular and paleontological data​3,40,41​, a goal that is facilitated by total-evidence dated                         

inference​11,28–33,35​. Within this framework, inferring more accurate morphological phylogenies is crucial,                     

as morphology has been shown to impact tree topology​42 and divergence-time estimates​35,43 even                         

when combined with genome-scale datasets. Our analyses show that this goal can be achieved                           

through increased fossil sampling, as both the morphological and stratigraphic information from                       

fossils positively impact tree topology. However, tip-dating is also sensitive to the presence of missing                             

data, and thus combining fossils with more complete datasets from living relatives (morphological                         

and/or molecular;​33​), is likely to result in the most accurate inference of phylogenetic relationships. 

 

Materials and Methods 

We simultaneously simulated 250 phylogenies and character matrices using TREvoSim v2.0.0​17​,                     

newly released with this paper [whilst this manuscript is in review, the v1.0.0 can be found ​here​; v2.0.0                                   

source code {for Linux} or releases {for Windows/MacOS} can be provided through the editor on                             

request]. Simulation settings were chosen to emulate realistic properties (rates of evolution,                       
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distribution of branch lengths, levels of treeness - i.e. the ​fraction of total tree length that is on                                   

internal branches​;​44​). This was based on comparisons with 12 empirical datasets (see SI, Table S1 and                               

Figs. S5-6). The simulation settings also incorporate a series of deep and short internodes: a tree shape                                 

comparable to that of clades that underwent an ancient and rapid radiation​21–23​. Through subsampling,                           

we built a total of 11,250 morphological matrices from these simulations, varying levels of missing                             

data and proportions of fossil terminals. Imputation of m​issing data was designed to produce either                             

low (25% for extant taxa, 37.5% for fossils) or high levels (25% and 50%, respectively); the latter                                 

condition designed to mimic realistic levels of missing data as found across empirical datasets​.                           

Multiple iterations of each condition further allowed us to factor out topological effects due to                             

character and taxon sampling decisions. All analyzed matrices comprised 100 terminals and 300                         

parsimony-informative characters, and were analyzed using maximum parsimony (MP), and both                     

undated (BI) and tip-dated (clock) Bayesian approaches. In the latter case we used either the fossilized                               

birth-death​12 or birth-death tree prior, depending on whether fossil taxa were sampled or not,                           

respectively. Parameters for tip-dated analyses, such as prior distributions for the tree height and tip                             

ages, were informed by data mined from paleontological databases (see SI). Inference was performed                           

using TNT 1.6​45​ and Mrbayes 3.2​46​. For more details see SI. 

We used ​standard consensus methods ​(i.e., strict consensus for MP; majority-rule consensus for                         

probabilistic methods) ​to summarize the analyses, and compared the inferred consensus topologies to                         

true (simulated) trees using bipartition and quartet-based definitions of precision and accuracy. The                         

overall performance of alternative methods of inference under different conditions was summarized                       

using quartet distances​16 between estimated and true trees. TREvoSIM is an individual-based                       

simulation with its own species definition: it does not rely on either Markov models for the generation                                 

of character datasets, nor birth-death processes for the simulation of topologies, and should                         

therefore be unbiased towards alternative methods of inference. Significant effects were explored by                         

comparing the distributions of quartet distances between the best (clock) and second best (BI)                           

methods across conditions, using ​t​-tests corrected for multiple comparisons. 

We further assessed the interaction between paleontological data and methods of                     

phylogenetic reconstruction by exploring the effects of incorporating fossils on the inference of                         

relationships among living clades. To do so, we pruned consensus trees down to the subset of living                                 

terminals and recorded the proportion of correctly resolved nodes at different temporal depths                         

(deep, mid and shallow, defined as time-slices of equal duration; Fig. S3). Furthermore, we also                             

explored the different ways in which inference methods resolved the position of fossil terminals (i.e.,                             

correctly/incorrectly/unresolved) depending on their relative ages. All analyses were performed using                     

data and code included in the supplementary files. Further details on data simulation, tree inference,                             

and statistical analyses is placed in SI file xxx. 
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Supplementary Information for: Fossils improve phylogenetic analyses of               
morphological characters 

 

Detailed methods 

Data generation 

Much of the research on the relative performance of maximum parsimony and Bayesian                         

inference as methods of phylogenetic reconstruction from morphology employed stochastic models                     

to generate the simulated data (e.g., refs​18,26,26,47​). Where these are also the models of morphological                             

evolution employed by software to infer trees under probabilistic methods, this decision has been                           

criticised for potentially generating a bias towards favoring the use of Bayesian methods​19,48​. Another                           

recent study found tip-dated trees of extinct clades to be superior to undated ones​20​. Extrapolating                             

this finding to empirical data is made challenging by the fact that fossils lacked missing data, and that                                   

data were simulated using the same birth-death processes used in the process of inference. Given the                               

impact of the tree prior on the topologies recovered​49 this decision could potentially bias analyses                             

towards favoring tip-dated inference, and it is likely that the history of diversification in real clades                               

deviates from constant-rate birth-death dynamics​50,51​. Here, we generate phylogenies and                   

morphological matrices in a way that does not rely on any model later employed in the process of                                   

phylogenetic inference, in order to minimise bias and maximise the extent to which we can                             

extrapolate from this study to the analysis of empirical datasets. 

Character datasets and associated phylogenies were created simultaneously using the                   

individual-based simulation software TREvoSim, which has been fully described by Keating et al.​17​. In                           

this program, individuals are represented using binary strings, which ultimately form the character                         

data in the simulation. These strings are​—​through comparison with an environment​—​used to                       

calculate individuals’ fitness. Those individuals compete against others within a structure called the                         

playing field, and the fitness of an individual dictates the probability it will duplicate. The simulation                               

employs a lineage-based species concept, and as it runs a tree representing the evolutionary                           

relationships of species is recorded. This phylogeny, and associated character data, is output from a                             

simulation once the requested number of taxa has evolved.  

The data for the present study were generated in TREvoSim to meet a number of benchmarks                               

based on the analysis of twelve empirical datasets, as outlined below. In order to achieve these                               

properties​—​and as part of ongoing development of the package​—​a number of features have been                           

added to TREvoSim, and are found in version 2.0.0, the release accompanying this paper. The                             

simulation now allows multiple playing fields in which populations of digital organisms live and                           

compete, which can have independent or identical environments. This allows a finer control of the                             

number of extant terminals at simulation termination and the treeness of the resulting topologies (as                             

a result, simulations can comprise several clades evolving independently). When an organism is                         

duplicated, it is returned to the playing field, overwriting another individual: in release 1.0.0 this was                               

the least fit member of the playing field. In release 2.0.0 there is an option to overwrite a random                                     
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taxon. This allows a wider variance in terminal branch lengths. In order to provide finer control over                                 

the fitness landscape within the simulation, user control of the fitness target (i.e. the count of ones in                                   

the genome to environment hamming distance which is considered the peak fitness; see​17,52​) is now                             

provided. Setting this to zero provides fewer fitness peaks: a count peaks functionality has been                             

added to provide a histogram of possible fitnesses for a given set of masks and simulation settings.                                 

Finally the software now provides multiple environments against which the fitness of all organisms is                             

assessed. Within a playing field, the fitness of any given organism is defined by the environment they                                 

are best suited to. This encourages numerous competing lineages in any given playing field, and                             

creates more symmetrical trees. Additionally, the code has been refactored, the simulation now makes                           

use of the Qt QRandomGenerator tools rather than incorporating random data, and a user-accessible                           

test suite has been added. More details are provided in the release notes for the software.  

For the current study, we generated data using simulations of 500 characters, that ran until the                               

trees comprised 999 terminals (the maximum terminal count in TREvoSim). We employed 5 playing                           

fields of size 40, each with 5 non-identical environments of 3 masks, a species difference of 8, an                                   

unresolvable cutoff of 2 (no identical terminals) and random overwrite enabled. All other settings                           

employed defaults: we provide an SI file which will load these settings in TREvoSim (SI File XXX). 

 

Data preparation 
All subsequent steps of manipulation of topologies and character matrices were performed                       

within the R environment​53​. TREvoSim runs that have multiple playing fields can produce trees with                             

zero length branches, where speciations occur from the starting species in multiple playing fields                           

within the same iteration. While this is not biologically implausible, it does present significant                           

challenges for phylogenetic inference​21,54,55​, and results in reference topologies that are not fully                         

bifurcating. Therefore, we ran many TREvoSim simulations and retained 250 simulations with no zero                           

length branches for further study (SI file XX.r). These phylogenies contained a mean of 150 extant                               

terminals at termination and exhibited a range of tree symmetries (Fig. S7), as estimated using Colles’                               

index​56​. They also incorporated an early radiation with short internodes as the lineages became                           

established within each playing field, a tree shape broadly comparable to that of clades that                             

underwent ancient and rapid radiations​21​, such as occurred during the Cambrian explosion​23 and at the                             

origin of the major lineages of placental mammals​22 and insects​57​. Analysis of morphological                         

coherence​58 shows a linear correlation between morphological and patristic distances, with saturation                       

occurring only between the deepest divergences (Fig. S8). 

Prior to further analysis, we removed fossils at random until only 300 terminals remained, a                             

step that emulated the reality that a significant amount of extinct biodiversity is not captured in the                                 

fossil record. This left datasets with an average of 150 extant and 150 extinct terminals, although                               

values varied between a minimum of 136 and a maximum of 169 extant terminals (Fig. S7). Simulations                                 

were then compared to twelve empirical datasets (including morphological datasets and associated                       

time-calibrated topologies) to corroborate the realism of their properties, following best practices for                         

simulation studies in paleobiology​59​. Empirical datasets constitute a mix of tip-dated morphological or                         
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total-evidence trees, which either sample both living and extinct terminals, or only fossils (see Table                             

S1). We compared: levels of morphological variability (measured as the number of parsimony steps per                             

character); distributions of branch lengths; and values of treeness. The number of parsimony steps                           

were tallied only for characters that were both binary and variable, as this is the type of data produced                                     

by our simulations, and were estimated using functions from R package ​phangorn ​60​. In all cases, we                                 

confirmed that the values exhibited by our simulations were comparable to the range of values                             

displayed by empirical datasets (Figs. S5-6), and can thus provide insights on the behaviors of                             

phylogenetic inference from morphological data. 

Datasets were subsequently subsampled further to a size of 100 taxa and 300 characters, a                             

final size that is shared by all of our analyses. Taxon subsampling was performed so that the final                                   

matrices contained different amounts of extinct lineages, including 0, 10, 25, 50 and 100% fossil                             

terminals. Furthermore, the datasets were also subject to one of three different treatments of missing                             

data, including no missing data, low levels of missing data (25% for extant taxa, 37.5% for fossils), or                                   

high levels of missing data (25% for extant taxa, 50% for fossils). The high missing data treatment is                                   

similar to the average values found across empirical datasets (proportions of missing data 28.9 and                             

54.2%, in extant and fossil taxa respectively; see Table S1), and can thus be considered the most                                 

realistic. As defined here, low levels of missing data represent an optimistic condition, observed under                             

circumstances of exceptional preservation or in clades with unusually high levels of preservation. The                           

chosen amount of missing data in fossils under this condition is, for example, similar to the amount of                                   

missing data present in the trilobite datasets (i.e., 36.3%). The condition of no missing data is explored                                 

to better understand the behavior of methods of phylogenetic inference under ideal conditions. Even                           

though missing data is highly structured in empirical morphological datasets​61–64​, our simulated                       

characters are independent and thus an approach to missing data imputation that implements some                           

degree of correlation was not deemed necessary. Data was therefore deleted at random from the                             

entire dataset, which also ensured some stochastic variability in the final proportions of data found                             

among terminals of the same dataset. After taxon subsampling and missing data imputation, 300                           

parsimony-informative characters were selected at random. 

In order to emulate the fact that different phylogenetic analyses of the same clade often                             

sample different taxa and characters, this entire process was iterated three times for each                           

combination of dataset, level of missing data and proportion of fossil terminals. This resulted in                             

alternative datasets derived from the same evolutionary history, but differing in the traits and                           

terminals that were incorporated. Overall, this procedure generated 11,250 final character matrices                       

(250 simulations * 5 proportions of fossils * 3 levels of missing data * 3 iterations). Matrix and tree                                     

manipulations relied on custom R scripts (File SXXX) and made use of functions in packages ​ape​65​,                               

Claddis​66​ and ​phytools​67​. 

Even though we replicated many of the key features of empirical morphological datasets that                           

we believe need to be considered in order to draw general conclusions regarding the behavior of                               

methods of phylogenetic inference, we recognise - and would like to highlight - other aspects of our                                 

simulations that are likely not representative of those of empirical data. For example, even when                             

missing data was applied at random to entire blocks of extant and fossil terminals, thus generating                               
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some level of variation in the total amount of coded data per taxon, missing data is likely to be much                                       

less homogeneously distributed across both taxa and characters in empirical datasets​61,62,64​.                     

Furthermore, our simulated datasets do not take into account character contingencies, such as those                           

generated by the hierarchical relationships that arise from the ontological dependences between                       

morphological traits​68​, for example. Finally, most phylogenetic analyses sample taxa so as to capture                           

all or most of the main lineages of the clade under analysis, an approach known as diversified                                 

sampling​69​. In our subsampling step that reduced datasets from 300 to the final 100 terminals included                               

in phylogenetic analyses, and which simulates the step of taxonomic sampling made during matrix                           

construction, we selected terminals at random. 

 

Phylogenetic inference 
All character matrices were analyzed using three methods of phylogenetic inference: maximum                       

parsimony (MP), uncalibrated Bayesian inference (BI), and time-calibrated Bayesian inference under a                       

morphological clock (Clock). Inference under MP was performed using TNT v. 1.5​45 under equal                           

weights, using driven tree searches with five initial replicates that were subject to new technology                             

search heuristics​70,71​. Search was continued until minimum length was found twenty times. TBR branch                           

swapping was then performed on the topologies in memory, retaining up to 50,000 maximum                           

parsimony trees (a TNT batch script can be found as SI File XXX). Inference under BI was performed in                                     

MrBayes 3.2​46 under the Mk + ​Γ model​72 with correction for only including parsimony informative                             

characters. Two runs of four Metropolis coupled MCMC chains were continued for either twenty                           

million generations or until an average standard deviation of split frequencies (ASDSF) < 0.005 was                             

attained. Previous analyses had continued analyses until ASDSF values of 0.01 were met, which was                             

taken as indication of a thorough sampling of the posterior distribution of topologies​9,18​. The ASDSF                             

values attained by our analyses were registered upon completion, revealing median values < 0.01                           

across all conditions for both tip-dated and undated Bayesian methods (Fig. S9). Given that we focused                               

exclusively on topologies, we did not ensure other parameters converged. It should be noted that                             

several parameters intrinsic to inference under the fossilized birth-death (FBD) process, including                       

those involved in determining the clock rate and branch length distribution have not been found to                               

affect overall topological accuracy of tip-dated analyses​20​. Trees were sampled every 1,000                       

generations and the initial 50% was discarded as burnin. 

Clock analyses were also run in MrBayes, primarily under the FBD process but using the                             

birth-death branch length prior when fossils were not sampled. In order to assign age uncertainty to                               

fossils, the entire Paleobiology Database (PBDB; ​https://paleobiodb.org/​) was downloaded and used                     

to build a distribution of species’ longevities. Occurrences assigned to the same species were grouped,                             

and longevities were defined as the time spanned between the minimum age of their first occurrence                               

and the maximum age of their last one. The distribution of longevities was found to approximate an                                 

exponential distribution with a rate parameter of 0.115 (estimated using ‘fitdistr’ in ​MASS​73​),                         

corresponding to a mean duration of 8.67 Ma. An exponential distribution also ensured short intervals                             

were more likely to be drawn, while also allowing long durations to occur occasionally​74–76​. Time                             
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intervals were generated by sampling from this distribution and assigning to fossil terminals in such a                               

way that the true tip age is contained randomly within this interval​20​. A minimum interval of 0.0117 Ma                                   

(the shortest one included in the PBDB) was enforced, and ranges were checked not to cross the                                 

present. Time ranges were treated as uniform priors for the age of fossil terminals, an approach that                                 

has been found to help recover correct topologies​20​. Given that the chronograms simulated by                           

TREvoSim are scaled to the number of iterations, we translated this to absolute time by assuming a                                 

210.9 Ma old root, given the average timespan of the 12 empirical datasets used as reference (see                                 

above), and rescaled branch lengths accordingly. This true root age was treated as an unknown                             

parameter. To establish a tree age prior, we used an offset exponential distribution with a minimum                               

value set to the minimum of the age range of the oldest preserved fossil (i.e., the oldest fossil in the                                       

full 300-taxon dataset; note that this taxon might or might not be a terminal in the analysis                                 

dependending on the random subsampling step). To establish a mean for the distribution, we scraped                             

the fossil calibration database​77 using functions from the ​rvest package​78 and obtained 202 node                           

calibrations with both minimum and maximum values. The average difference between these (107.7                         

Ma) was used to establish a soft maximum, setting the mean of the offset exponential distribution so                                 

that 95% of prior probability lies between the minimum and this value plus 107.7 Ma. The probability                                 

of sampling extant taxa was fixed to the true value, and the species sampling strategy was set to                                   

either ‘fossiltip’ or ‘random’, depending on whether analyses incorporated or not extinct terminals,                         

respectively. The first of these ensured fossil taxa could not be recovered as sampled ancestors. Even                               

though allowing for direct ancestor-descendant relationships is a major aspect of the realism of the                             

FBD process​12,79​, TREvoSim simulations record the morphology of fossils only upon the extinction of                           

the lineage. An independent gamma rate (IGR) prior was used for the morphological clock, the                             

speciation probability prior was set to an exponential distribution with a rate of 10.0 and default                               

values were used for all other priors and parameters. Two runs of four chains were continued for                                 

either fifty million generations or until reaching an ASDSF < 0.005. All other settings were as for the BI                                     

analyses. As shown in Fig. S9, these settings were enough to ensure topological convergence was                             

attained. 

 

Statistical analyses 
As done by previous studies (e.g.​19​), phylogenetic analyses were summarized using standard                       

consensus approaches (i.e., strict for MP, 50% majority-rule for BI and clock), and the consensus                             

topologies were compared to the corresponding true trees using a suite of approaches. Although                           

differences in the behavior of inference methods have been found depending on whether optimal or                             

consensus topologies are employed​17​, the amount of data generated here precluded the use of                           

samples of optimal topologies. Furthermore, even when sets of optimal trees are (or should be)                             

routinely employed to draw macroevolutionary inferences​80​, systematic studies generally rely only on                       

consensus trees to draw their conclusions. 

First, we measured the topological precision and accuracy of the analyses using both                         

bipartitions and quartets. Topological precision was measured as the overall number of resolved                         
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bipartitions/quartets, topological accuracy as the proportion of these that are correct (i.e., present in                           

the true tree). Furthermore, we used quartet distances as a summary statistic of the overall difference                               

between true and inferred trees. Quartet distances have been found to outperform measures of tree                             

similarity based on bipartitions​16​, especially when the topologies being compared are not fully                         

bifurcating. Quartet distances are also less susceptible to wildcard taxa and tree shape, and have been                               

found to be more precise and less prone to saturation, than symmetric distances based on                             

bipartitions​16,81​. For these analyses, we first averaged the values obtained from different iterations of                           

the same dataset under the same conditions, which just differed on taxon and character sampling. This                               

gave us estimates of precision, accuracy and quartet distances that average out the effects of                             

decisions taken during matrix construction, and should better approximate the overall difficulty of                         

estimating relationships across the range of conditions explored. For quartet distances, the                       

distribution of the best and second best methods of inference (clock and BI, respectively) were                             

compared using ​t​-tests, and ​P​-values were corrected for multiple comparisons using the Benjamini &                           

Hochberg​82​ correction. 

A major theme in the discussion of the relevance of paleontological data for phylogenetic                           

inference is whether fossils are able to improve our estimates of the relationships among living                             

clades​5,9,24,83–85​. In order to explore this, we pruned down all inferred trees to just the extant taxa, and                                   

analyzed the impact that increasing fossil sampling has on the accuracy with which their relationships                             

are reconstructed. In order to further account for a possible relationship with divergence times, we                             

subdivided trees into three equal time bins representing shallow, mid and deep divergences (Fig. S3).                             

Nodes connecting extant taxa in the true trees were then classified as being resolved correctly or                               

incorrectly in the inferred consensus tree, depending on whether the node corresponding to the last                             

common ancestor of taxa in that clade gave rise to a single clade of identical composition (regardless                                 

of its internal topology) or not. In case such a node constituted a polytomy (i.e., gave rise to more than                                       

2 descendant lineages), all possible resolutions of this polytomy were explored, and the node was                             

considered unresolved if a clade with the exact same composition as that of the true tree was found                                   

among the possible resolutions. If a clade with the correct composition could not be generated, the                               

node was also counted as incorrectly resolved. Values were then expressed as fractions of the total                               

number of nodes present within each time bin in the true tree. Analyses composed of only extinct                                 

terminals were excluded. Furthermore, we also assessed the way in which fossils of different ages are                               

resolved across inference methods. Fossil terminals were classified as either being unresolved (i.e.,                         

attaching to a polytomous node), correctly or incorrectly resolved. We counted correctly resolved                         

fossils as those whose sister group has the same composition in reference and inferred trees,                             

regardless of internal relationships. We also subdivided the time spanned by reference trees into 20                             

time bins of equal duration, and estimated the proportion of fossils in each category for every bin. For                                   

both of these analyses (fossil placement and effect on extant nodes), we restricted the data to                               

replicates with high levels of missing data, which is the condition most similar to empirical data (see                                 

above). Quantification of these metrics relied on custom R scripts (File SXXX) and made use of                               

functions in packages ​ape​65​, ​phangorn​60​, ​phytools​67​, ​Quartet​86,87​ and ​TNTR​88​. 
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Supplementary Tables 

 

Table S1: ​Empirical datasets used to determine realistic properties of our simulated datasets (see                           

Figs. S5-6). For each clade, citations correspond to studies who contributed morphological matrices,                         

tree topologies, or both. Some phylogenies employed only morphological data, others combined                       

morphology and molecular evidence under total-evidence approaches, all were inferred using                     

tip-dated methods. 

a ​Serjoscha Evers, unpublished data. This is the only dataset not included in Si File XXX.   
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Clade  References  Extant taxa 
sampled? 
(Y/N) 

Type of tree  Timespan 
(Ma) 

Number of 
taxa - 
characters 

Percentage of 
missing data 
(living - fossil) 

Amniota  89  N  Morphological  90.8  70 - 294  X - 41.0 

Coccomorpha  90,91  Y  Total-evidence  254.2  117 - 174  9.8 - 37.3 

Crocodylia  31  Y  Total-evidence  151.1  117 - 278  18.2 - 49.6 

Echinoidea  32,92  Y  Total-evidence  354.4  164 - 300  17.1 - 24.9 

Gnathostomata  38  N  Morphological  184.0  117 - 497  X - 69.8 

Lemuriformes  93  Y  Total-evidence  72.2  81 - 421  47.7 - 52.6 

Mammalia  94,95  Y  Total-evidence  232.0  86 - 4541  39.4 - 59.9 

Mysticeti  96,97  Y  Total-evidence  38.0  78 - 269  20.7 - 45.3 

Panarthropoda  6,98  Y  Morphological  771.8  310 - 753  55.4 - 73.4 

Serpentes  99–101  Y  Total-evidence  181.0  65 - 670  35.3 - 61.1 

Testudines  (unpublished)
a 

Y  Total-evidence  152.1  100 - 245  16.3 - 51.6 

Trilobita  39  N  Morphological  49.2  107 - 107  X - 36.3 
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Supplementary Figures 

 

 

Figure S1​: Relationship between quartet and bipartition-based precision. Red contour lines show the                         

kernel density of all consensus topologies across different conditions. Circles show the median of the                             

distributions as fossil sampling increases, with the median for the corresponding quadrant highlighted                         

in white. Only data for the condition of no missing data are shown. The increased sampling of fossil                                   

terminals decreases the fraction of unresolved nodes, while at the same time increasing the fraction                             

of unresolved quartets; i.e., topologies are more resolved, yet are more likely to exhibit unresolved                             

deep nodes (see also Fig. 3). 
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Figure S2: Difference in performance (average quartet distance) between pairs of inference methods                         

across conditions of missing data. Quartet distances of the better-performing method are subtracted                         

to that of the worse-performing method, rendering positive absolute differences. The difference in                         

performance between MP and probabilistic methods widens with increasing missing data, showing                       

part of the success of probabilistic methods is their robustness to missing data. On the other hand, the                                   

benefits of tip-dating decrease with missing data. 
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Figure S3: ​Example of how nodes connecting extant taxa were binned into three time-slices of equal 

duration. Topology corresponds to a randomly selected simulated tree, pruned to retain only the 50 

extant terminals present in a replicate that sampled 50% fossil tips. The ‘deep’ category includes the 

nodes involved in the simulated event of radiation, the mid category incorporated most of the earliest 

divergences within each of the main clades, while the shallow category includes most divergences 

within these clades. 
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Figure S4: Effect of age on the resolution of fossils across inference methods. Results correspond to                               

all fossils across datasets with high levels of missing data. Fossil terminals are binned into 20                               

time-slices of equal duration, spanning the time from root to tips. ​Top: Type of resolution (correct,                               

incorrect, unesolved) of fossil terminals as a function of age. MP exhibits a comparatively low                             

proportion of correct placements compared to probabilistic methods. Tip-dated Bayesian inference                     

has the highest proportion of incorrectly resolved young fossils of all methods. ​Bottom: Accuracy of                             

fossil placement as a function of age, measured as the ratio between the proportion of correctly                               

resolved fossils divided by the proportion of resolved fossils. Tip-dated inference exhibits a low                           

accuracy in the placement of younger fossil terminals.  
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Figure S5:​ Comparison of 25 randomly-sampled simulated datasets against empirical data. High 

(realistic) levels of missing data were input, and simulated datasets were pruned to 100 

randomly-selected taxa and 300 parsimony-informative characters, as this is the size of datasets 

analyzed. ​Top.​ Number of parsimony steps, as a proxy for overall morphological rate and variability. 

Empirical datasets were reduced to only binary, parsimony-informative characters, to provide a better 

comparison to the type of characters generated by TREvoSim. ​Bottom.​ Distribution of branch lengths, 

expressed as proportion of total tree length. For both metrics, simulated values are within 95% 

confidence intervals made from the combined empirical distributions, and mean values of simulated 

datasets are contained within the range of mean values for empirical datasets. 
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Figure S6: Comparison of 25 randomly-sampled simulated datasets against empirical data with                       

respect to their levels of treeness. Simulated datasets were pruned to 100 randomly-selected taxa.                           

Treeness represents the ​fraction of total tree length that is on internal branches​44​. Simulated datasets                             

fall within the range of empirical datasets. 
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Figure S7: Simulated topologies exhibit a range of values of extant terminals (left) and tree symmetry                               

(right), measured using Colless’ index​56​. Mean number of extant terminals (out of a total of 999) =                                 

149.6, range = 136-169. 
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Figure S8​: Morphological coherence​17,58 of 25 randomly chosen simulations. Morphological and                     

patristic distances show high levels of correlation, with signs of morphological saturation only at                           

among the most distantly-related terminals. 
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Figure S9: Topological convergence of Bayesian runs (undated and tip-dated). The average standard                         

deviation of split frequencies (ASDSF) of runs was registered upon completion to check that the                             

requested number of generations was sufficient to adequately sample from the posterior distribution.                         

The median ASDSF value for each condition of missing data and fossil sampling is below 0.01                               

(horizontal line) across BI and Clock analyses. This threshold was used by previous studies​9,18 to                             

terminate runs, considering it represented an accurate sampling of the posterior distribution of                         

topologies. The majority of analyses performed here were continued until ASDSF values were even                           

lower. Increased fossils sampling helps attain convergence under both tip-dated and undated Bayesian                         

inference. 

   

28 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 3, 2020. ; https://doi.org/10.1101/2020.12.03.410068doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410068
http://creativecommons.org/licenses/by-nc-nd/4.0/


References (1-46 in main text) 

47. Wright, A. M. & Hillis, D. M. Bayesian Analysis Using a Simple Likelihood Model Outperforms                             

Parsimony for Estimation of Phylogeny from Discrete Morphological Data. ​PLoS ONE ​9​, e109210                         

(2014). 

48. Goloboff, P. A., Galvis, A. T. & Arias, J. S. Parsimony and model-based phylogenetic methods for                               

morphological data: comments on O’Reilly et al. ​Palaeontology​ ​61​, 625–630 (2018). 

49. Bilderbeek, R. J. C., Laudanno, G. & Etienne, R. S. Quantifying the impact of an inference model in                                   

Bayesian phylogenetics. ​Methods in Ecology and Evolution​ ​n/a​,. 

50. Rabosky, D. L. Extinction Rates Should Not Be Estimated from Molecular Phylogenies. ​Evolution                         

64​, 1816–1824 (2010). 

51. Pigot, A. L., Phillimore, A. B., Owens, I. P. F. & Orme, C. D. L. The Shape and Temporal Dynamics of                                         

Phylogenetic Trees Arising from Geographic Speciation. ​Syst Biol​ ​59​, 660–673 (2010). 

52. Garwood, R. J., Spencer, A. R. T. & Sutton, M. D. REvoSim: Organism-level simulation of macro and                                 

microevolution. ​Palaeontology​ ​62​, 339–355 (2019). 

53. Team, R. C. R: A language and environment for statistical computing. Vienna, Austria: R                           

Foundation for Statistical Computing. ​Vienna, Austria. https://www.R-project.org.​ (2019). 

54. Walsh, H. E., Kidd, M. G., Moum, T. & Friesen, V. L. Polytomies and the Power of Phylogenetic                                   

Inference. ​Evolution​ ​53​, 932–937 (1999). 

55. Suh, A. The phylogenomic forest of bird trees contains a hard polytomy at the root of Neoaves.                                 

Zoologica Scripta​ ​45​, 50–62 (2016). 

56. Colless, D. H. Review of Phylogenetics: The Theory and Practice of Phylogenetic Systematics.                         

Systematic Zoology​ ​31​, 100–104 (1982). 

57. Whitfield, J. B. & Kjer, K. M. Ancient rapid radiations of insects: Challenges for phylogenetic                             

analysis. ​Annual Review of Entomology​ ​53​, 449–472 (2007). 

58. Raup, D. M. & Gould, S. J. Stochastic Simulation and Evolution of Morphology-Towards a                           

Nomothetic Paleontology. ​Systematic Zoology​ ​23​, 305–322 (1974). 

59. Barido-Sottani, J. ​et al. Seven rules for simulations in paleobiology. ​Paleobiology 1–10 (2020)                         

doi:10.1017/pab.2020.30. 

60. Schliep, K. P. phangorn: phylogenetic analysis in R. ​Bioinformatics​ ​27​, 592–593 (2011). 

61. Sansom, R. S. & Wills, M. A. Differences between hard and soft phylogenetic data. ​Proc. R. Soc. B.                                   

284​, 20172150 (2017). 

62. Sansom, R. S., Gabbott, S. E. & Purnell, M. A. Non-random decay of chordate characters causes                               

bias in fossil interpretation. ​Nature​ ​463​, 797–800 (2010). 

63. Sansom, R. S. Bias and sensitivity in the placement of fossil taxa resulting from interpretations of                               

missing data. ​Syst. Biol.​ ​64​, 256–266 (2015). 

64. Pattinson, D. J., Thompson, R. S., Piotrowski, A. K. & Asher, R. J. Phylogeny, Paleontology, and                               

Primates: Do Incomplete Fossils Bias the Tree of Life? ​Syst Biol​ ​64​, 169–186 (2015). 

65. Paradis, E. & Schliep, K. ape 5.0: an environment for modern phylogenetics and evolutionary                           

analyses in R. ​Bioinformatics​ ​35​, 526–528 (2019). 

66. Lloyd, G. T. Estimating morphological diversity and tempo with discrete character-taxon matrices:                       
29 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 3, 2020. ; https://doi.org/10.1101/2020.12.03.410068doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410068
http://creativecommons.org/licenses/by-nc-nd/4.0/


implementation, challenges, progress, and future directions. ​Biological Journal of the Linnean                     

Society​ ​118​, 131–151 (2016). 

67. Revell, L. J. phytools: an R package for phylogenetic comparative biology (and other things).                           

Methods in Ecology and Evolution​ ​3​, 217–223 (2012). 

68. Tarasov, S. Integration of Anatomy Ontologies and Evo-Devo Using Structured Markov Models                       

Suggests a New Framework for Modeling Discrete Phenotypic Traits. ​Systematic Biology ​68​,                       

698–716 (2019). 

69. Höhna, S., Stadler, T., Ronquist, F. & Britton, T. Inferring Speciation and Extinction Rates under                             

Different Sampling Schemes. ​Mol Biol Evol​ ​28​, 2577–2589 (2011). 

70. Goloboff, P. A. Analyzing Large Data Sets in Reasonable Times: Solutions for Composite Optima.                           

Cladistics​ ​15​, 415–428 (1999). 

71. Nixon, K. C. The Parsimony Ratchet, a New Method for Rapid Parsimony Analysis. ​Cladistics ​15​,                             

407–414 (1999). 

72. Lewis, P. O. A likelihood approach to estimating phylogeny from discrete morphological character                         

data. ​Systematic biology​ ​50​, 913–925 (2001). 

73. Venables, W. N. & Ripley, B. D. ​Modern Applied Statistics with S​. (Springer-Verlag, 2002).                           

doi:10.1007/978-0-387-21706-2. 

74. Prothero, D. R. Species longevity in North American fossil mammals. ​Integrative Zoology ​9​,                         

383–393 (2014). 

75. Hopkins, M. J. How species longevity, intraspecific morphological variation, and geographic range                       

size are related: a comparison using late Cambrian trilobites. ​Evolution​ ​65​, 3253–3273 (2011). 

76. Kammer, T. W., Baumiller, T. K. & Ausich, W. I. Species longevity as a function of niche breadth:                                   

Evidence from fossil crinoids. ​Geology​ ​25​, 219–222 (1997). 

77. Ksepka, D. T. ​et al. The Fossil Calibration Database-A New Resource for Divergence Dating. ​Syst                             

Biol​ ​64​, 853–859 (2015). 

78. Wickham, H. rvest: Easily Harvest (Scrape) Web Pages version 0.3.6 from CRAN.                       

https://rdrr.io/cran/rvest/ (2020). 

79. Dakubo, J., Naaeder, S. & Kumodji, R. Totemism and the transmission of human pentastomiasis.                           

Ghana medical journal​ ​42​, 165–8 (2008). 

80. Huelsenbeck, J. P., Rannala, B. & Masly, J. P. Accommodating Phylogenetic Uncertainty in                         

Evolutionary Studies. ​Science​ ​288​, 2349–2350 (2000). 

81. Penny, D. & Hendy, M. D. The Use of Tree Comparison Metrics. ​Systematic Zoology ​34​, 75–82                               

(1985). 

82. Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful                           

Approach to Multiple Testing. ​Journal of the Royal Statistical Society. Series B (Methodological) ​57​,                           

289–300 (1995). 

83. Cobbett, A., Wilkinson, M. & Wills, M. A. Fossils impact as hard as living taxa in parsimony analyses                                   

of morphology. ​Systematic Biology​ ​56​, 753–753 (2007). 

84. Rothwell, G. W., Escapa, I. H. & Tomescu, A. M. F. Tree of death: The role of fossils in resolving the                                         

overall pattern of plant phylogeny. ​American Journal of Botany​ ​105​, 1239–1242 (2018). 

30 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 3, 2020. ; https://doi.org/10.1101/2020.12.03.410068doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410068
http://creativecommons.org/licenses/by-nc-nd/4.0/


85. Beck, R. M. D. & Baillie, C. Improvements in the fossil record may largely resolve current conflicts                                 

between morphological and molecular estimates of mammal phylogeny. ​Proceedings of the Royal                       

Society B: Biological Sciences​ ​285​, 20181632 (2018). 

86. Smith, M. ​Quartet: Comparison of Phylogenetic Trees Using Quartet and Bipartition Measures​.                       

(Zenodo, 2020). doi:10.5281/zenodo.3630138. 

87. Sand, A. ​et al. tqDist: a library for computing the quartet and triplet distances between binary or                                 

general trees. ​Bioinformatics​ ​30​, 2079–2080 (2014). 

88. Matzke, N. J. ​Tntr - PhyloWiki​. (2015). 

89. Ford, D. P. & Benson, R. B. J. The phylogeny of early amniotes and the affinities of Parareptilia                                   

and Varanopidae. ​Nature Ecology & Evolution​ ​4​, 57–65 (2020). 

90. Vea, I. M. & Grimaldi, D. A. ​Diverse new scale insects (Hemiptera, Coccoidea) in amber from the                                 

Cretaceous and Eocene with a phylogenetic framework for fossil Coccoidea​. 1–80 (American                       

Museum of Natural History, 2015). doi:10.1206/3823.1. 

91. Vea, I. M. & Grimaldi, D. A. Putting scales into evolutionary time: the divergence of major scale                                 

insect lineages (Hemiptera) predates the radiation of modern angiosperm hosts. ​Sci Rep​ ​6​, (2016). 

92. Kroh, A. & Smith, A. B. The phylogeny and classification of post-Palaeozoic echinoids. ​Journal of                             

Systematic Palaeontology​ ​8​, 147–212 (2010). 

93. Herrera, J. P. & Dávalos, L. M. Phylogeny and Divergence Times of Lemurs Inferred with Recent                               

and Ancient Fossils in the Tree. ​Syst Biol​ ​65​, 772–791 (2016). 

94. O’Leary, M. A. ​et al. The Placental Mammal Ancestor and the Post–K-Pg Radiation of Placentals.                             

Science​ ​339​, 662–667 (2013). 

95. Lee, M. S. Y. Multiple morphological clocks and total-evidence tip-dating in mammals. ​Biology                         

Letters​ ​12​, 20160033 (2016). 

96. Marx, F. G. & Fordyce, R. E. Baleen boom and bust: a synthesis of mysticete phylogeny, diversity                                 

and disparity. ​Royal Society Open Science​ ​2​, 140434. 

97. Slater, G. J., Goldbogen, J. A. & Pyenson, N. D. Independent evolution of baleen whale gigantism                               

linked to Plio-Pleistocene ocean dynamics. ​Proceedings of the Royal Society B: Biological Sciences                         

284​, 20170546 (2017). 

98. Wolfe, J. M. Metamorphosis Is Ancestral for Crown Euarthropods, and Evolved in the Cambrian or                             

Earlier. ​Integr Comp Biol​ ​57​, 499–509 (2017). 

99. Hsiang, A. Y. ​et al. The origin of snakes: revealing the ecology, behavior, and evolutionary history                               

of early snakes using genomics, phenomics, and the fossil record. ​BMC Evolutionary Biology ​15​, 87                             

(2015). 

100. Martill, D. M., Tischlinger, H. & Longrich, N. R. A four-legged snake from the Early Cretaceous of                                 

Gondwana. ​Science​ ​349​, 416–419 (2015). 

101. Harrington, S. M. & Reeder, T. W. Phylogenetic inference and divergence dating of snakes using                             

molecules, morphology and fossils: new insights into convergent evolution of feeding                     

morphology and limb reduction. ​Biol J Linn Soc​ ​121​, 379–394 (2017). 

31 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 3, 2020. ; https://doi.org/10.1101/2020.12.03.410068doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410068
http://creativecommons.org/licenses/by-nc-nd/4.0/

