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Paleontological and neontological systematics seek to answer evolutionary questions with 

different datasets. Phylogenies inferred for combined extant and extinct taxa provide novel 

insights into the evolutionary history of life. Primates have an extensive, diverse fossil record 

and molecular data for living and extinct taxa are rapidly becoming available. We used two 

models to infer the phylogeny and divergence times for living and fossil primates, the tip5dating 

(TD) and fossilized birth5death process (FBD). We collected new morphological data, especially 

on the living and extinct endemic lemurs of Madagascar. We combined the morphological data 

with published DNA sequences to infer near5complete (88% of lemurs) time5calibrated 

phylogenies. The results suggest that primates originated around the Cretaceous5Tertiary 

boundary, slightly earlier than indicated by the fossil record and later than previously inferred 

from molecular data alone. We infer novel relationships among extinct lemurs, and strong 

support for relationships that were previously unresolved. Dates inferred with TD were 

significantly older than those inferred with FBD, most likely related to an assumption of a 

uniform branching process in the TD compared to a birth5death process assumed in the FBD. 

This is the first study to combine morphological and DNA sequence data from extinct and extant 

primates to infer evolutionary relationships and divergence times, and our results shed new light 

on the tempo of lemur evolution and the efficacy of combined phylogenetic analyses.  

total evidence, primatology, Bayesian phylogenetics, calibration, chronogram 
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A primary goal of phylogenetic systematics is discovering and describing species, as well 

as placing them in the Tree of Life (Felsenstein 2004). One impediment to this goal is extinction: 

more than 90% of species that ever lived are extinct (Novacek and Wheeler 1992). 

Understanding the evolutionary history of species can be improved with knowledge of extinct 

taxa (e.g., Pyron 2011, Pyron 2015). Extinct taxa inform us about the mode of character 

evolution and transitional forms (Slater et al. 2012; Lihoreau et al. 2015), the timing of species 

origin and disappearance (Foote 2000), and species distributions in deep time (Patzkowsky and 

Holland 2012). Unfortunately, biased preservation, incomplete specimens, and the lack of 

molecular data for comparison to extant species impedes the phylogenetic placement of fossils 

(Wiens and Morrill 2011; Sansom 2015). Despite these limitations, fossils can give key insights 

into the phylogenetic placements of living and extinct forms (Wiens et al. 2010; Wiens and Tiu 

2012; Pattinson et al. 2015).  

Combining morphological and molecular datasets, especially including fossils, can 

improve phylogenetic inference. Total evidence analyses including extinct taxa have improved 

resolution for phylogenetic problems as intractable as the relationships of amniotes (Eernisse and 

Kluge 1993), reptiles (Wiens et al. 2010; Reeder et al. 2015), cetaceans (Spaulding et al. 2009), 

wasps (Ronquist et al. 2012a), and spiders (Wood et al. 2012). The temporal information 

captured by fossils is most commonly used to calibrate nodes in a molecular phylogeny based on 

the assumed position of fossil taxa in extant trees (Parham et al. 2011). Uncertainty in assigning 

a fossil taxon to nodes in an extant tree may introduce error in divergence time estimation using 

node calibration. Further, multiple fossil taxa may be associated with a particular node in an 

extant tree and are reduced to a single calibration point (e.g., 45 fossils could be used for only 

seven calibration points in Ronquist et al. 2012a). To overcome these limitations, new methods 
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were designed that infer the topology and divergence times of living and extinct species jointly 

(Ronquist et al. 2012a) and parameterize the branching process of the phylogeny based on 

speciation and extinction rates from the fossil record (Heath et al. 2014). The model assumptions 

differ between these two approaches and the effects of these assumptions on results are 

becoming clear (e.g., Zhang et al. 2015).  

The first method, known as “tip5dating” (hereafter TD), uses total evidence datasets to 

model the substitution rate of the molecular and morphological data partitions with extant and 

fossil tips in the phylogeny (Pyron 2011; Ronquist et al. 2012a). The TD method assumes a 

uniform prior probability on the branching process, such that branching events occur anywhere 

along internodes according to the branch lengths inferred from the data (Ronquist et al. 2012b, 

Zhang et al. 2015). Estimating the rate of morphological evolution is difficult with available 

Markov state models, however (Beck and Lee 2014), and if evolutionary rates are biased then 

the uniform branching prior may make divergence time estimation sensitive to the time prior. In 

contrast to the uniform branching assumption, process5based models such as a birth5death model 

are especially suitable when the study group has had non5zero extinction (Condamine et al. 

2015). The fossilized birth5death process (hereafter FBD), implements a model with a branching 

process prior based on diversification dynamics (speciation and extinction rates) calibrated with 

the fossil record (Heath et al. 2014). The utility of fossil dating methods in systematics is evident 

from the recent surge in publications using them (e.g., Wood et al. 2012; Slater 2013; Arcila et 

al. 2015) but the efficacy and comparability of the methods have only recently been addressed 

(Beck and Lee 2014; Grimm et al. 2014, Zhang et al. 2015). In this study, we compare the 

divergence time estimates inferred from total evidence datasets using the TD and FBD 
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techniques with extant and extinct primates as an empirical system, focusing on lemurs of 

Madagascar. 

The systematics of fossil and extant primates have been approached from two 

perspectives: paleontologists with morphological data and extensive sampling of extinct taxa 

(e.g., Seiffert et al. 2010; Ni et al. 2013; Pattinson et al. 2015), and neontologists with molecular 

data for nearly all extant species (e.g., Perelman et al. 2011; Springer et al. 2012; Pozzi et al. 

2014a,b). Divergence time estimates from molecular data are typically older (60580 million years 

ago, Ma, e.g., Perelman et al. 2011) than the appearance of the earliest true primate fossils ~56 

Ma (Beard 2008). This discrepancy may be due to convergent slowdowns in molecular rates 

(Steiper and Seiffert 2012), the fossil record not capturing the timing of emergence (dos Reis et 

al. 2014a), or limitations of external calibration techniques that cannot use all available fossil 

information (Pyron 2011). In this study, we focus on the latter possibility.  

Even with the extensive primate fossil record, multiple fossils are often reduced to 

calibrations of a single node; for example, 35 fossil taxa were reduced to 14 node calibrations in 

Springer et al. (2012). Calibration of the crown primate node has been suggested to be 55556 Ma 

(Wilkinson et al. 2011; Kspeka et al. 2015), despite the fact that multiple fossils which may 

represent the first crown primates are known from a range of ages (e.g., Ni et al. 2013; Seiffert et 

al. 2015).  Among the nodes in the primate tree used for divergence time calibration, the last 

common ancestor of Lorisiformes has been calibrated based on two key fossils:  

and  (e.g., Horvath et al. 2008; Chatterjee et al. 2009; Pozzi et al. 2014a, see Fig. 1 for 

taxonomy and simplified phylogeny). Dated at ~37 Ma (Seiffert et al. 2003), these two fossils 

have only informed a single node – a minimum bound for the divergence between Lorisidae and 

Galagidae (Springer et al. 2012; Pozzi et al. 2014a,b). The fossil lorisiforms do not represent the 
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ancestral node themselves, however, because they too share an ancestor with lorises and galagos 

in the past (Seiffert et al. 2003). Another limitation to node dating is topological uncertainty. The 

position of , for example, is not well resolved and it is possibly a stem strepsirrhine, 

lemuriform or crown lorisid (Seiffert 2012). Given these caveats, calibrating the lorisiform node 

to the dates of the fossils may be biasing divergence time estimates towards the calibration point.  

Other fossils have not been informative at all because stem taxa cannot be assigned to a 

node for calibration. Plesiadapiformes is possibly a stem primate lineage from the earliest 

Paleocene/Eocene (Bloch et al. 2007, but see Beard 1990 for the alternative view that 

plesiadapiforms are sister to Dermoptera), and as such it has had no bearing on the dating of the 

primate phylogeny because the lineage falls outside the crown group. Eocene crown primates 

(e.g., Adapiformes, Omomyiforms) and African stem strepsirrhines such as  have not 

been informative in divergence time estimation despite their important time periods and 

geographic locations because they cannot be assigned to nodes for calibration. The lemurs of 

Madagascar are especially intractable with respect to fossil calibration because there are no true 

fossil lemurs. There are, however, 17 species of extinct lemurs that are subfossils dating from 

400 – 20,000 years ago (Godfrey et al. 2010). Calibrations of lemur divergence times have used 

multiple primate and nonprimate outgroups (e.g., Yoder and Yang 2000; Horvath et al. 2008). 

Recently published ancient DNA has allowed some of the subfossils to be placed in the tree with 

greater precision (Kistler et al. 2015). To close the gap between neontology and paleontology, 

we focus on the strepsirrhine primates: Lemuriformes from Madagascar and Lorisiformes from 

Africa and Asia. We include 33 extinct primates, focusing on the earliest possible stem and 

crown primates, stem strepsirrhines and subfossil lemurs.  
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Lemurs are a monophyletic radiation of primates that diverged from their closest 

relatives, the lorisiforms, between 50 and 70 Ma based on node5calibrated molecular divergence 

times (Yoder and Yang 2000; Horvath et al. 2008; Fabre et al. 2009; Perelman et al. 2011; Pozzi 

et al. 2014a; Kistler et al. 2015). Living lemurs are species5rich (99 species currently recognized, 

Schwitzer et al. 2013, IUCN Redlist database www.iucnredlist.org, accessed February 28 2015), 

in addition to the 17 recently extinct species. It has proven difficult to resolve the lemur 

phylogeny using molecular data alone (Yoder 1994; Yoder and Yang 2000; Horvath et al. 2008; 

Perelman et al. 2011; Springer et al. 2012). Molecular analyses conflict regarding the placement 

of major clades, including the earliest diversification of taxonomic families characterized by 

short internodes and long branches (Horvath et al. 2008). The placement of the extinct giant 

lemurs in the phylogeny was originally based on the morphometric affinities of the extinct 

lemurs to living species (e.g., Jungers et al. 1991; Jungers et al. 1997). Fragments of ancient 

mitochondrial DNA (Karanth et al. 2005; Orlando et al. 2008) and, more recently, the entire 

mitochondrial genome for five taxa (Kistler et al. 2015) supported or overturned some of these 

morphology5based relationships. In this study, we infer near5complete phylogenies of extant and 

extinct lemurs and their closest relatives with combined morphological and molecular datasets. 

We date the tree with fossil tips and two different models of the branching process. This study is 

the first to jointly evaluate the relationships and divergence times of extinct and extant lemurs, 

and the results change our interpretation of the mode and tempo of lemur diversification. 

MATERIALS AND METHODS 

The methods follow the schematic given in Figure 2.  
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8 

 The taxonomy of lemurs has changed with the increasing use of DNA sequences to delimit 

many cryptic species that were previously subsumed as single species. The most recent 

taxonomic compilation recognizes 97 species of living lemurs (Mittermeier et al. 2010), with two 

new species described since then (Rasoloarison et al. 2013; Thiele et al. 2013) for a total of 99 

lemur species (IUCN redlist, accessed April 20 2015). Our dataset included 87 living lemurs 

(~87.88% of recognized living lemurs), and 14 extinct lemurs (82.35%, Godfrey et al. 2010). We 

also included a subset of other primates, including the closest extant relatives of lemurs, the 

Lorisiformes (67.85% of 28 IUCN recognized species), and eight haplorhine primates (< 3% of 

294 IUCN recognized species). Fossil taxa included the following: four crown and two potential 

stem strepsirrhines, five adapiforms, two fossil haplorhines, three early primates of disputed 

taxonomy, and three stem primates (Fig. 1, Table 1). The complete data matrix included 148 

taxa.  

 

 For 47 taxa (16 extinct, 31 extant), we collected morphological data  from osteological 

museum specimens, casts and photographs of original specimens, with multiple specimens 

examined when possible to reflect variation and polymorphisms. The sample size per species 

varied with the availability of specimens; for example, some species were represented by a single 

specimen while others were scored for between five and 10 specimens. We supplemented the 

new dataset with data from the literature for 20 fossil taxa and 19 extant taxa (Ni et al. 2013; 

Seiffert et al. 2015). The total morphological dataset included 85 taxa.  

 The starting point for scoring characters was a morphological matrix with 421 characters from 

previous studies (OSM, Cartmill 1975; Cartmill 1978; Groves and Eaglen 1988; Tattersall and  
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Schwartz 1974; Tattersall and Schwartz 1991; Yoder 1994; Rasoloarison et al. 2000; Seiffert et 

al. 2003; Seiffert et al. 2015). Binary and multi5state characters described cranial and long bone 

features such as crests, processes, bony articulations, and foveae, the presence, number and 

orientation of foramina. Binary and multi5state dental characters included the presence/absence, 

relative orientations and development of teeth, cusps, crests, cristae/ids, conules and cingula/ids. 

We included eight quantitative measurements that were size5adjusted by dividing each variable 

by the geometric mean of all variables, and then converted to discrete states using gap5coding 

(Thiele 1993). Polymorphisms were scored as unique states as in Seiffert et al. (2015) to 

incorporate the polymorphic information in the dataset (Wiens 2000). A complete description of 

characters and states is given in the Online Supplemental Material (OSM). All characters were 

treated as unordered. For the taxa scored , we were able to collect data on 40 – 60% of 

the 421 characters, principally cranial and dental characters and postcranial characters of the long 

bones. Missing data for each species ranged from <1% to 95% (OSM Table S1). 

 To test the assumption of character independence in the morphological dataset, we converted 

the original species X character data matrix into a pairwise species matrix for each character in 

which the values were binary states for the same (1) or different (0) states among pairs of 

species. These matrices for each character were concatenated, transposed into a pairwise 

character matrix, and the Gower dissimilarities of characters were calculated (using the  

function in the cluster package, Maechler et al. 2015, for the R statistical environment, R Core 

Team 2014, and code from Dávalos et al. 2014, OSM File S2). Dissimilarity scores of 0 indicate 

that the character pair has identical state changes among species; i.e., characters may not be 

independent. One character of each pair that had 0 dissimilarity was omitted, choosing the 

character that showed the most 0 dissimilarities with other characters in the dataset. Fifty5one 
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10 

characters were found to have identical state distributions among species, suggesting they may 

not be independent, and we excluded those characters in a reduced character dataset (OSM, File 

S3).  

We compiled published molecular sequences from GenBank using the software Geneious 

v.7.1.7 (Kearse et al. 2012) or directly from first authors. We selected six protein5coding loci 

chosen to maximize overlapping coverage among study species, including two mitochondrial 

loci (mtDNA:  and ) and four nuclear loci (nDNA: 

and  and ) for a 

total of 5767 base pairs. The GenBank accession numbers are available in OSM File S4 (data 

especially from Yoder et al. 1996; Yoder and Irwin 1999; Pastorini et al. 2001a,b; Murphy et al. 

2001; Pastorini et al. 2002; Pastorini et al. 2003; Andriaholinirina et al. 2006; Louis et al. 2006; 

Andriantompohavana et al. 2007; Craul et al. 2007; Lei et al. 2007; Olivieri et al. 2007; 

Zaramody et al. 2007; Horvath et al. 2008; Johnson et al. 2008; Orlando et al. 2008; Groeneveld 

et al. 2010; Weisrock et al. 2010; Perelman et al. 2011; Rumpler et al. 2011; Springer et al. 2012; 

Markolf et al. 2013; Thiele et al. 2013; Pozzi et al. 2014a,b; Kistler et al. 2015). Sequences for 

each locus were aligned using amino acid translation alignment in MAFFT (Katoh et al. 2005) as 

implemented in Geneious v.7.1.7. Alignments were verified and edited manually as necessary 

(OSM File S5 and TreeBASE submission # 17704).  

 We analyzed three concatenated molecular matrices: 1) the mtDNA loci, 2) the nDNA loci, 

and 3) all six loci. For each matrix, the dataset was partitioned to reflect the heterogeneity in 

substitution rates within the matrix. Finding optimal partitioning schemes and models of 

sequence evolution for multi5locus datasets is an active area of research. One may chose 
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11 

to partition by each gene, each codon position of each gene, or some combination of these 

approaches. We conducted searches for the best partitioning scheme using likelihood statistics, 

as implemented in PartitionFinder software (Lanfear et al. 2012). We first specified each codon 

of each locus and then used the search algorithm to find the partitioning scheme that 

maximized the fit of the data to the model while minimizing the number of parameters, using the 

Bayesian Information Criterion (BIC) as well as the second5order Akaike information criterion 

(AICc) as the measure of model fit. While alternative partitioning approaches are possible, this 

method is objective, repeatable, and has been used for tree inference and divergence time 

estimation in previous studies (e.g., Condamine et al. 2015, Lambert et al. 2015). The best5fitting 

partitioning scheme for the full concatenated dataset was one that included two partitions, each 

with their own model of sequence evolution: 1) all nuclear genes, 1
st
 and 2

nd
 codon positions of 

, 2
nd

 and 3
rd

 codon positions of  (GTR+G), 2) 3
rd

 codon 

position of , 1
st
 codon position of (SYM+G; OSM Table 

S2). This partitioning scheme grouped sites in the molecular matrix into slow5 and fast5evolving 

partitions, reflecting differences in the substitution rates and probability of state changes (see 

Results). Further details on the partitions used for analyses of the mtDNA5only, nDNA5only, and 

concatenated molecular dataset with reduced taxon sampling (discussed below, 

) are available in the OSM.  

 

 To compare clock models, we used the stepping5stone approach implemented in MrBayes 

v3.2.6 to calculate the marginal likelihoods of the data under the strict molecular clock model 

and the following relaxed5clock models: Brownian motion (Thorne and Kishino 2002, TK02), 

inverse gamma rates (IGR), and Compound Poisson Process (CPP, Ronquist et al. 2012a). 
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12 

Stepping5stone analysis uses Markov chain Monte Carlo (MCMC) to estimate the likelihood of 

the given model close to the posterior distribution and at intervals approaching the prior 

distribution, and is an accurate measure of marginal likelihoods for model comparison using 

Bayes factors (Xie et al. 2010). Models were compared using Bayes factors by taking the 

exponent of the difference in marginal log likelihoods between two models. Models with Bayes 

factors between 3 and 20 were considered moderately supported over alternate models and 

greater than 20 were considered strong support over alternate models (Kass and Raftery 1995). 

We ran stepping5stone analyses for 50 steps of 2.5 million generations each, sampling every 

2,500 generations and discarding the first step and first 10% of each subsequent step as burn5in.  

 

 We jointly inferred the phylogeny and divergence times by conducting Bayesian analyses of 

the total evidence dataset using MrBayes v3.2.6 (Ronquist et al. 2012a; Ronquist et al. 2012b). 

Additional unconstrained (i.e., non5clock) analyses were conducted on the mtDNA, nDNA, 

morphology and total evidence datasets to investigate the phylogenetic signal in each dataset, 

and we compared trees inferred from each dataset based on their marginal likelihoods from 

stepping5stone analyses (see OSM). With the total evidence datasets, we used both the TD and 

FBD approaches to estimate the divergence times calibrated with the dates of fossil taxa included 

in the dataset. The TD analysis parameterizes the substitution rate of the morphological data 

partition as well as the molecular data and assumes the probability of branching events is 

uniform (Ronquist et al. 2012a). The FBD analysis estimates speciation, extinction, and 

preservation parameters from the fossil data to calibrate the diversification rate of the tree and 

parameterize the branching process (Heath et al. 2014). In the original implementation of the 

FBD method, the taxonomic association of fossils to living clades is specified , similar to 
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13 

node dating. In MrBayes v3.2.3 and more recent versions, the phylogenetic position of fossils is 

inferred from the morphological data partition. The fossil dates were taken from the literature 

(Table 1). For both TD and FBD analyses, we used a uniform prior between the minimum and 

maximum fossil ages when these dates were available. For the subfossil lemurs, recent dates 

(i.e., Holocene) are available but setting maximum bounds is not possible. We therefore used a 

fixed prior because only a point estimate was available with comparatively narrow confidence 

intervals (a few hundred years, compared to millions of years for other fossil taxa). Dates were 

first taken from the Paleobiology database (Behrensmeyer and Turner accessed 2015) and 

verified with primary and secondary literature, especially Hartwig (2002) and references therein, 

and Godfrey et al. (2010). To evaluate the effects of having a distribution for the calibration 

priors on divergence time estimates, we ran two FBD analyses: one with the age5range 

distributions from Behrensmeyer and Turner (accessed 2015, Table 1) and one analysis with only 

fixed point estimates on divergence dates (the midpoint of the age ranges). Here we focus on the 

results with distributions on age calibration priors (results from fixed date analyses were similar 

and are discussed in OSM, see Fig. S355 and TreeBASE submission # 17704). We set 

as the outgroup because it is the earliest known possible stem primate or stem 

euarchontan (Hartwig 2002; Rose 2006). 

 

 The model of evolution for each data partition was specified  using the results of 

the optimal model tests for the molecular dataset and the Markov5 model of morphological 

evolution (standard variable model, Lewis 2001). For the morphological partition, we used the 

ascertainment bias correction implemented in MrBayes, such that constant characters were 

removed, while variable and autapomorphic characters were retained. Shapes of the gamma 
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distributions of rate variation among characters, substitution rates and state frequencies were 

unlinked among data partitions. We ran two independent Metropolis coupled MCMC (MC3) 

searches with four chains for 60 5 70 million generations, sampling every 5,000 generations. 

Three chains were heated (temperature = 0.01) and one was cold which recorded the model 

parameters. We used the following prior parameter settings: variable rate prior, uniform 

branching prior for TD and birth5death process prior for FBD, TK02 relaxed clock model with 

values chosen from an exponential distribution with a rate parameter of 0.1, and a gamma5

distributed clock rate. This latter prior defines the prior probability of the evolutionary rate 

parameter, and dating analyses are sensitive to the clock rate prior, especially when multiple data 

partitions are defined (dos Reis et al. 2014b). We adjusted the gamma distribution according to 

the number of data partitions to approximate an independent identically distributed prior by 

dividing the initial prior shape and rate parameters (2 and 4, respectively) by the number of 

partitions, such that the shape parameter was 0.666 and the rate parameter was 1.33 (following 

dos Reis et al. 2014b). This prior placed the highest probabilities on substitution rates in the 

range of 1X10
52

 to 1X10
53

 substitutions/site/million years, in line with previous studies of 

primate molecular evolution (Yoder and Yang 2000; Yang 2008). The FBD analysis included 

additional parameters with the following prior settings: exponentially distributed speciation prior 

(rate = 20), beta5distributed extinction fraction (extinction rate / speciation rate) and fossilization 

priors (shape and rate = 1), ‘samplestrat’ parameter set to ‘fossiltip’ to indicate the fossil lineages 

ending in distinct tips rather than as ancestors, and sample probability of 0.25 (approximating the 

proportion of extant primates in the sample, ~100 sampled / ~400 total extant recognized species, 

IUCN RedList accessed February 2015). MrBayes v3.2.6 was run on the CIPRES Science 

Gateway (Miller et al. 2010). Codes are available in OSM File S6. 
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 We verified convergence of the MC3 search by: 1) plotting the time series of parameter 

values sampled from each chain to assess stationarity; 2) quantifying the effective sample sizes 

(ESS) for all model parameters, representing the number of independent estimates of the 

parameter values drawn from the posterior, with ESS values >200 being ideal (quantified in 

Tracer v1.6, Rambaut et al. 2014); 3) verifying the average standard deviation of split 

frequencies (ASDSF) were <0.01 and potential scale reduction factor (PSRF) values were stable 

around 1.00; and 4) examining the split frequencies among chains and generations using the 

utilities in the online application Are We There Yet (Nylander et al. 2008). For all parameters, 

independent runs had exhibited mixing and stationarity with ASDSF < 0.01 and PSRF ~1 by ~30 

million generations. ESS values combined from the two runs were > 200 for most parameters 

and the split frequencies of tree comparisons suggested trees converged between runs. We 

discarded the first 50% of generations as burn5in and summarized the posterior distribution of 

topologies as the mean clade credibility (MCC) tree (i.e., command in 

MrBayes v3.2.6). 

Fossil taxa included in phylogenetic analysis and age5range used for divergence5time 

estimation, in millions of years ago (Ma). 

33.9 41.3 1,2 

28.1 33.9 1,2

56 59.2 1,2 

37.2 48.6 1,2 

0.002149  3 

0.001  3 
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0.0014  3 

0.00484  3 

26.4  2 

50.3 55.8 1,2 

55.8 56.8 2 

0.001 3 

41.3 56 1,2 

48.6 55.8 1,2 

0.0016 3 

33.9 38 1,4 

20 22.4 1,2 

33.9 41.3 1,2 

0.001  3 

0.001  3 

0.00276  3 

0.0014  3 

0.0014  3 

5.3 11.6 2 

0.0117  3 

0.001  3 

0.00216  3 

56 58.7 1,2 

28.1 33.9 1,2 

38 47.8 2 

63.3 66 1,2 

33.9 38 1,4 

50.3 55.8 1,2 

28.1 33.9 1,4 

1: Behrensmeyer and Turner accessed 2015, 2: Hartwig 2002, 3: Godfrey et al. 2010, 4: Seiffert 

et al. 2003 

  

We investigated the congruence of phylogenetic inferences derived from the total evidence (TE) 

dataset and the separate analyses of the mtDNA, nDNA and morphological datasets, as well as 

topologies inferred by maximum likelihood and parsimony (see OSM for details). First, we 

found the best partitioning schemes for each molecular dataset separately using PartitionFinder 

(OSM Table S35S5). Unconstrained phylogenies were inferred for each dataset and the total 
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evidence dataset using two exponentially distributed priors on branch lengths, such that internal 

branches had a prior of 0.01 (shape parameter=100) and external branches had a prior of 0.1 

(shape parameter=10), since a single prior on branch lengths may be inappropriate when internal 

branches are shorter than external branches (Yang & Rannala 2005). We then used Bayesian 

concordance analysis to infer the tree that maximized the relationships in common among trees 

inferred from separate loci (BUCKy, Larget et al. 2010). The primary concordance tree (PCT) 

consisted of a reduced set of 36 extant taxa which had data in all three data types. Trees from 

each dataset and the total evidence dataset were then pruned to this 36 taxon set. 

 We compared the topological similarity of 1000 trees from the posterior distribution of 

trees from analyses of each dataset separately and the TE dataset to the PCT by computing the 

Robinson5Foulds tree distance (Robinson & Foulds 1981) using the  function in the R 

package (v0.4545, Revell 2012). For null distributions, we also generated two sets of 

1000 random trees, first simply by randomly shuffling the tip labels on the PCT 1000 times 

(using the  function in the R package , Zhang, Mi & Pei 2010), and also by 

simulating 1000 trees with 36 tips under a birth5death model (speciation=0.15, extinction=0.05 

similar to the results found from the FBD analysis described below, using the 

package in R, FitzJohn 2012), applying the tip labels from the PCT and randomly shuffling the 

tip labels again. This allowed us to investigate the differences among trees inferred from 

different datasets. We used this same methodology to compare the trees inferred from the total 

evidence dataset with all taxa using Bayesian, maximum likelihood, and parsimony techniques 

(OSM Methods). 

 To test for significant differences in the fit of the data to the different tree topology 

models, the marginal likelihood of the total evidence dataset was compared under the pruned 
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topology inferences from each separate dataset, the PCT, and the total evidence tree using 

stepping stone analyses. Topologies in the stepping stone analyses were fixed by specifying node 

constraints for the nodes from each dataset using the function in the 

R package  (Bapst 2012). Lastly, our analyses suggested two especially surprising 

results: (1) with the time5calibrated total evidence analysis and the reduced morphological 

dataset (but not the full dataset), a sister relationship between the African fossil primate 

 and the extant lemuriform , and (2) 

the extinct lemur genus was inferred to be sister to all lemuriforms after the most 

basal split of from other lineages, rather than inferred to be sister to Lemuridae, as 

was the case with ancient DNA (Orlando et al. 2008, Kistler et al. 2015). We used stepping stone 

analyses to estimate the marginal likelihood of the total evidence data with four different 

topology constraints: (1) the FBD tree inferred from the total evidence analysis with the reduced 

morphological dataset (with the + node), (2) the tree inferred from 

the total evidence analysis with the reduced morphological dataset but with 

constrained to be sister to Lemuridae, (3) enforcing a negative constraint on the + 

relationship, such that the probability of a tree containing this relationship was 0, 

and 4) the tree inferred from the total evidence analysis with the reduced morphological dataset 

and constraints based on the PCT. Further details are available in the OSM.  

To further investigate the surprising sister relationship between  

and , we mapped synapomorphies on the most parsimonious trees 

that included the + sister relationship. To further validate the 

inferences of synapomorphies from the parsimony analysis, we found the posterior probabilities 
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of character state estimates at the + node for the characters found to 

be synapomorphies. We used MrBayes to estimate the ancestral states of each morphological 

character at the node by constraining that node, using the command for the morphological 

partition and setting to ‘yes’. We then ran two MCMC searches for 10 million 

generations, sampling every 1000 generations, discarded the first 50% as burnin, and combined 

the post5burnin generations.  

 Additional methods and results, as well as input data matrices and code to run analyses, 

and output trees are available in the OSM files archived in the Dryad Digital Repository 

(http://datadryad.org/review?doi=doi:10.5061/dryad.51f00), trees and data matrices are archived 

in TreeBASE (www.treebase.org, ref. # 17704), and the morphological data are available in 

MorphoBank (www.morphobank.org, project P2167).  

RESULTS 

The relaxed5clock model with the highest marginal likelihood was the TK02 model, with the 

Bayes factors in support of the TK02 model >2X10
23

, indicating there was strong evidence for 

the TK02 model being a better fit to the data than other models (Table 2). For all model 

comparisons, the differences between models were always greater than the differences between 

runs within analyses (1510 log likelihood units difference between runs within analyses 

compared to >50 log likelihood units difference between model comparisons). We therefore 

chose the TK02 model for divergence time analyses. 

 b
y
 L

ilian
a D

av
alo

s o
n
 A

p
ril 2

5
, 2

0
1
6

h
ttp

://sy
sb

io
.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



20 

 

Posterior estimates of model parameters, such as substitution rates for molecular and 

morphological partitions and base frequencies, were consistent across analyses. The 95% HPD of 

substitution rates for the molecular partitions were 0.3550.38 substitutions/site/Ma for the slow5

evolving partition (nuclear genes, 1
st
 and 2

nd
 codon positions of , 2

nd
 and 3

rd
 codon 

positions of ), and 3.9954.24 sub./site/Ma for the fast5evolving partition 

(3
rd

 codon position of , 1
st
 codon position of ). The 

morphological partition substitution rate was intermediate, at 2.2252.63 sub./character/Ma.  

The mean TK02 variance parameter of 0.2 (95% HPD 0.0850.38) and the clock rate parameter of 

1.2X10
52

 (8X10
53

51.2X10
52

) indicated low rates of change across the tree. The net speciation rate 

estimate from the FBD analysis was 0.06 species/Ma (0.0350.11), the relative extinction fraction 

(extinction / speciation) was 0.75 (0.4050.96), and the relative fossilization rate was 0.09 (0.0045

0.33). 

The data under the FBD model had a higher mean marginal likelihood (589950.87) than 

under the TD model (589984.41), and the difference between models (33.54 log likelihood units) 

gives a Bayes factor of 3.68X10
14

, suggesting the FBD is a better fit to the data than the TD 

(following Kass and Raftery 1995). The MCC trees generated from the TD and FBD analyses 

differed in the topology inferred for some fossil taxa, and those nodes had low posterior 

probabilities (Table 3, Fig. 3, OSM Fig. S154, File S759, File S16519, TreeBASE submission # 

17704). Especially significant are the placements of the fossil taxa and 

. Both taxa were suggested to be stem strepsirrhines in previous studies 

(e.g., Seiffert et al. 2003) but here we inferred to be sister to in the FBD 

analyses with the full morphological dataset (Fig. 3), and sister to in the FBD 
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analyses with the reduced dataset and in all TD analyses (OSM Fig. S254). was a 

stem strepsirrhine in the FBD analysis with the full morphological dataset (Fig. 3), while it was a 

stem lorisiform with the reduced morphological dataset and in the TD analyses (OSM Fig. S254).  

Marginal likelihood of each clock model for divergence5time estimation, calculated as 

the mean of the summed marginal likelihoods across 50 steps of a stepping5stone analysis. Each 

model was compared to the model with the lowest marginal likelihood (Thorne5Kishino 2002, 

TK02) with Bayes factors (TK02 likelihood alternate model likelihood). The TK02 model 

had the highest marginal likelihood, exceeding the next5best model (CPP) by ~54 log likelihood 

units and Bayes factor ~2X10
23

, indicating strong support for the TK02 model over other 

models. 

TK02
a 

589920.95 5 

CPP
b 

589974.63 2.1X10
23

 

IGR
c 

590030.54 3.93X10
47

 

Strict
d 

590134.51 5.77X10
92

 
a
 Thorne5Kishino 2002, 

b
 Compound Poisson Process, 

c
 Inverse Gamma Rate, 

d
 strict molecular 

clock. 

  We investigated the congruence of tree topologies inferred from the mtDNA, nDNA and 

morphological datasets separately (OSM Figs S65S8, Files S105S12) using a Bayesian 

concordance analysis (BUCKy). Nodes in the 365taxon primary concordance tree (PCT, OSM 

Fig S9, File S13) were supported by concordance factors (CFs) between 0.292 and 1 (median = 

0.669), which can be interpreted as the mean proportion of data types for which the same nodes 

were inferred. CFs in the PCT suggest that 35% of nodes were congruent among all data types, 

while 56% of nodes were congruent among two data types, and 0.09% of nodes were found in 

only one data type, on average.  
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 We compared the PCT to the posterior distribution of trees inferred from analysis of the 

total evidence dataset (TE), mtDNA, nDNA, and morphological data using Robinson5Foulds 

distances (OSM Figure S10, Table S6). Trees inferred from morphology alone had the greatest 

distance from the PCT (mean distance=40.75, SE=0.08), indicating the morphological trees were 

least congruent with the PCT. Trees inferred from the TE had the lowest distance from the PCT 

(mean=6.04, SE=0.05), followed closely by trees from the mtDNA (mean=7.56, SE=0.04), and 

the trees inferred from the nDNA had intermediate distance values (mean=20.89, SE=0.04, OSM 

Table S6). All trees inferred from data were closer to the PCT than random trees (mean=65568, 

OSM Figure S10, Table S6).  

 Topology tests were conducted by comparing the marginal likelihood of the full total 

evidence dataset with the 36 taxa under topology constraints to match the TE, PCT, mtDNA, 

nDNA and morphology trees. The marginal likelihood of the data was higher with nodes 

constrained to match the PCT tree than under topologies inferred from the TE and trees from 

each dataset separately (Bayes factors=6.66 for the PCT tree compared to TE and >10
19

 

compared to alternate topologies, OSM Table S8a). This result suggests that the PCT is a better 

fit to the data than trees inferred under each dataset separately or all data combined for this 

subsample of 36 taxa. When comparing the data for the full taxon set, however, we found that 

enforcing nodes inferred from the FBD analysis with reduced morphological characters is a 

better fit than alternatives (Bayes factors > 1X10
90

 for the FBD tree compared to alternate 

topologies, OSM Table S8b). These topology tests lend strong support for the relationships 

inferred from the concatenated dataset over alternatives including constraints based on the 

primary concordance among data types.  
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The divergence times estimated from the TD analyses were older than those estimated 

from FBD (Fig. 4, Table 4), and the TD dates were older than previously inferred using node 

dating (Table 5). The results of the FBD analysis with wide and fixed date priors were 

comparable, with a mean difference in the median estimates of 0.53 Ma, and the 95% HPD range 

was 1 Ma wider on average with fixed dates compared to HPDs estimated using age distributions 

(OSM Fig. S5). 
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Summary of the phylogenetic placement of taxa in this study compared to previous hypothesized topologies. Results from 

different analytical techniques are as follows: TD: tip5dating method, FBD 1: fossilized birth5death process with the full 421 character 

morphological dataset, FBD 2: FBD analysis with the reduced 369 character dataset.  

Stem primates, 

Plesiadapiforms: 

, 

, Outside crown 

primates 1 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Early primates: 

Adapiformes 2 Sister to Adapiformes Sister to Adapiformes Sister to Adapiformes 

Omomyiformes, 

Sister to Tarsiidae 3 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Problematic, 

possibly 

Omomyiformes, 

Sister to 

Anthropoidea 2,4 Sister to Adapiformes 

Sister to Crown 

Primates Sister to Adapiformes 

Adapiformes Sister to 

Strepsirrhini, 

Sister to Haplorhini 5 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Sister to Crown 

Primates 

Sister to Strepsirrhini 

(Stem Strepsirrhini), 

sister to Lorisiformes 

(Crown 

Strepsirrhini) 658 

Sister to Lorisiformes 

(Crown Strepsirrhini) Sister to Strepsirrhini  

Sister to Lorisiformes 

(Crown Strepsirrhini) 
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Sister to 

 

(Lemuriformes), 

Lorisiformes, Stem 

Strepsirrhini, 

unresolved 8511 

Sister to 

(Lemuriformes) Sister to  

Sister to 

(Lemuriformes) 

Crown Lorisiformes, 

stem galagid 12 Sister to Galagidae Sister to Galagidae Sister to Galagidae 

Crown Lorisiformes, 

stem galagid 12 

Sister to 

(crown Galagidae) 

Sister to 

(crown Galagidae) 

Sister to 

(crown Galagidae) 

Sister to 

(crown Lorisidae) 12 

Sister to 

(crown Lorisidae) 

Sister to 

(crown Lorisidae) 

Sister to 

(crown Lorisidae) 

Crown Galagidae 11 Sister to Lorisiformes Sister to Lorisiformes  Sister to Lorisiformes  

Crown Lorisidae 11 Sister to Lorisiformes Sister to Lorisiformes  Sister to Lorisiformes  

Lorisidae / Galagidae Paraphyletic, 

monophyletic 

13, 

14 Monophyletic Monophyletic Monophyletic 

Sister to 

15 

Sister to Sister to 

 

Sister to 

 

Sister to 

Lepilemuridae 

Sister to Lemuridae 

165

18 

Sister to all lemurs Sister to all lemurs 

 

Sister to all lemurs 

 

Archaeolemuridae Sister to 

Palaeopropithecidae 

+ Indriidae 

15, 

175

19 

Sister to 

Palaeopropithecidae + 

Indriidae 

Sister to 

Palaeopropithecidae + 

Indriidae 

Sister to 

Palaeopropithecidae + 

Indriidae 

Palaeopropithecidae 

Sister to Indriidae 

15, 

175

19 

Indriidae paraphyletic 

with sister to 

Palaeopropithecidae 

Indriidae paraphyletic 

with sister to 

Palaeopropithecidae 

Indriidae paraphyletic 

with sister to 

Palaeopropithecidae 

Sister to 

Lemuridae 

15, 

17 

Sister to 

Lemuridae 

Sister to 

Lemuridae 

Sister to 

Lemuridae 

paraphyletic, 

sister to 20 

monophyletic, 

sister to other 

monophyletic, 

sister to other 

monophyletic, 

sister to other 
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Cheirogaleidae,  

Lepilemuridae 

215

23 

Sister to 

Cheirogaleidae 

Sister to 

Cheirogaleidae

Sister to 

Cheirogaleidae 

1: Bloch et al. 2007; 2: Hartwig 2002; 3: Beard 2008; 4: Ni et al. 2013; 5: Gebo 2002; 6: Marivaux et al. 2013; 7: Seiffert 2012; 8: 

Pattinson et al. 2015; 9: Godinot 2005; 10: Simons & Rasmussen 1994; 11: Seiffert et al. 2003; 12: Seiffert et al. 2005; 13: Yoder et 

al. 2001; 14: Masters et al. 2005; 15:  Godfrey et al. 2010; 16: Tattersall & Schwartz 1974; 17: Kistler et al. 2015; 18: Karanth et al. 

2005; 19: Jungers et al. 1991; 20: Pastorini 2000; 21: Tattersall & Schwartz 1991; 22: Horvath et al. 2008; 23: Springer et al. 2012 

 

 

 

 

 by Liliana Davalos on April 25, 2016 http://sysbio.oxfordjournals.org/ Downloaded from 



27 

 

. Comparison of the differences in age estimates for 21 nodes in the phylogenies among 

dating techniques and datasets. “Full” refers to the complete 421 character morphological data 

matrix, and “reduced” refers to the subset of 369 characters that were found to be independent 

based on the Gower dissimilarity of state changes among species. Mean difference of age 

estimates in millions of years ago.  

FBD full vs FBD reduced 52.55 

FBD full vs TD full 512.10 

FBD reduced vs TD reduced 59.48 

TD full vs TD reduced 0.07 

We investigated the evolution of morphological characters, focusing on the node that 

supports the relationship between and to assess what characters 

support this node in the reduced morphological dataset. The node was present in 36% (20 / 55) of 

most parsimonious trees (OSM Fig S12, File S15). Across the 20 trees, we found that the 

synapomorphies linking these taxa included simplification of the lower molar structures (OSM 

Table S9). This included lower first and second molar cristid obliqua that terminate at the base of 

the trigonid, lower second molar trigonids and talonids of approximately equal height, weak or 

rounded cristid obliqua, lower third molars slightly shorter than second molars, and no 

hypoconulid on the lower third molar (see OSM Table S9). We found that these character states 

had high posterior probabilities (>0.80) for ancestral estimates at the + 

node (OSM Table S9), indicating that the parsimony5based synapomorphies are 

supported in a probabilistic modelling framework. Characters supporting as a 

strepsirrhine include mesiodistally compressed lower canines, high crowned and procumbent 
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lower canines, lower third premolar mesial roots lateral to the distal roots, two lower third 

premolar roots, and no cristid obliqua on the lower fourth premolar (OSM Table S9). It is 

important to note that lacks a toothcomb (procumbent, laterally compressed 

anterior lower dentition used primarily for grooming fur), which is one synapomorphy of 

strepsirrhines. 

DISCUSSION 

 This study sought to compare two new methods of inferring phylogeny and divergence 

times with living and extinct taxa, and to infer the phylogeny and divergence times of primates, 

focusing on lemurs and their close relatives, lorisiforms. The results revealed striking differences 

in the divergence time estimates and substantially different statistical support for the two models. 

The new phylogenies we inferred for lemurs are the most taxonomically complete to date, 

including representatives of every genus of extant and extinct lemurs as well as inferring the 

positions of these taxa with strong support. We inferred the split between Haplorhini and 

Strepsirrhini to be post5Cretaceous, albeit with highest probability density including up to 70Ma, 

instead of the pre5Cretaceous5Paleogene dates usually inferred from molecular data. Further, we 

inferred divergence times for lemurs that are more recent than previously estimated from 

molecular data only. The divergence of the families was concentrated around the Eocene5

Oligocene boundary, a geological time period associated with major faunal turnover in many 

primate clades (Seiffert 2007). These results have implications for the drivers of diversification 

in primates, especially extant and extinct lemurs. 

 The divergence dates for lemurs using TD were ~9512 My older than those inferred from 

FBD, on average. While previous node5calibrated estimates of lemur origins suggested the most 
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recent common ancestors (MRCAs) of all lemurs occurred 41575 Ma, we estimated the MRCA 

of lemuriforms to exist 58572 Ma using TD, and 40556 Ma from FBD (Table 5). Node5calibrated 

molecular phylogenies dated the subsequent divergence of lemur families to ~30540 Ma, and the 

relationships among families were unresolved (Yoder and Yang 2004; Horvath et al. 2008; 

Chatterjee et al. 2009; Perelman et al. 2011). Our TD analyses suggested the divergences among 

families occurred ~50562 Ma, while the FBD analysis inferred divergence times ~34549MA 

(Table 5). Our comparison of the marginal likelihoods for these models suggested that the FBD 

was a better fit to our data than the TD (Bayes factor > 10
4
). The non5overlapping divergence 

time estimates suggest there are some major differences in the way that time is modelled by these 

methods.  

 Recent studies using the TD method have also recovered earlier dates than those inferred 

using node dating (Ronquist et al. 2012a; Slater et al. 2012; Wood et al. 2012; Slater and Harmon 

2013; Beck and Lee 2014). One possible explanation is that the TD method may overestimate 

divergence times because the Markov5  model of discrete morphological evolution may 

underestimate the morphological rate of change (Beck and Lee 2014). We found that the 

morphological substitution rate was intermediate between the slowest and fastest evolving 

molecular partitions. If there is character state saturation in the morphological data, the same 

character states will appear in different species through homoplasy, leading to underestimated 

rates of morphological substitution (Wagner 2000), and in turn to overestimated dates.  

 In conjunction with the potential issues related to estimating rates of morphological 

evolution, the branching process prior in the TD analysis assumes a uniform prior distribution on 

branching events, in contrast to the birth5death prior in the FBD (Zhang et al. 2015). The choice 

of the branching prior in divergence time estimation is not trivial, and a birth5death prior is more 
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appropriate than a pure5birth prior when extinction is non5zero (Condamine et al. 2015). If the 

TD method is biased by an underestimated morphological substitution rate and the probability of 

branching is assumed to be equal through time, then the TD methodology may be prone to 

pushing nodes deep into the past because the posterior probabilities on node ages are 

inadequately constrained and sensitive to the time prior. As pointed out by one reviewer of this 

article, this may result from too much flexibility in the model with the uniform branching prior 

because node ages are not constrained as they are in node calibration. In contrast, the FBD 

analysis assumes a birth5death prior for the branching process, such that the probability of a 

branching event is conditional on the parameterization of the inferred speciation and extinction 

rates of the tree. This constraint on the branching process means that nodes cannot be pushed too 

deep in the phylogeny if extinction rates are inferred to be greater than zero because a phylogeny 

with deep nodes and long external branches indicates low extinction (Pybus and Harvey 2000). 

 Lastly, the uncertainty in placing fossils on the tree given their patchy and sometimes 

uninformative character data compounds the uncertainty in branching times and substitution 

rates. For example, the positions of some fossils breaking up long branches of the tree may draw 

nodes deeper into the past than if no fossils were considered. The placement of  as 

sister to all non5aye5aye lemurs certainly changes our interpretations of crown ages. These 

methodological considerations may explain the earlier divergence times inferred using TD 

compared to FBD and previous node5dating techniques.  

We argue that the benefits conferred by the ability to place important extinct taxa (e.g., 

extinct lemurs) outweigh the 

disadvantages of the artifacts that drive the differences between TD and FBD, especially in 

comparison to node5based divergence times from extant5only datasets. Previous molecular 
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analyses could not include calibration information for stem taxa like plesiadapiforms, adapiforms 

or , despite the importance of these fossil taxa in the evolution of primates. Further, 

the lack of fossils limited node5calibrated molecular analyses of lemurs. The divergence times of 

extinct and extant lemurs were recently inferred from mitochondrial genomes and the results 

were similar to those we report, with the exception of the position and divergence time of 

 (Kistler et al. 2015) as discussed below. Mitochondrial genomes are known to 

evolve faster than nuclear genomes, leading to saturation and bias in divergence times towards 

the calibration points; divergences that are older than calibration points are underestimated and 

younger divergences are overestimated (Arbogast et al. 2002; Zheng et al. 2011). The four node 

calibrations used previously (Kistler et al. 2015) were based on fairly recent divergences in the 

Haplorhini (human5chimp ~ 558 Ma, baboons ~ 153.5 Ma), and two older calibrations (apes5Old 

World Monkeys ~ 21534 Ma, Lorisiformes ~ 37 Ma). If divergence times previously derived 

from mitochondrial DNA sequences were biased towards calibration points, then the inferred 

divergences of lemurs should be close to those calibrations, which they are (Table 4). We 

included the mitochondrial sequences from previous studies, and combined them with 

morphological data that are most likely coded by multiple nuclear loci. In addition, with our 

calibrations based on 33 fossils actually in the tree, spread across the chronology of early to 

recent primate diversification, it is expected that lineage divergence times should be earlier and 

spread more evenly through time than observed in the mitochondrial node5dating divergence 

time estimates, which is the case in our results. 

 Support for the phylogenetic placement of possible stem and early crown primate fossil 

taxa was weak, and this was expected given that many taxa had high proportions of missing data, 
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few synapomorphic characters linking them with extant lineages, and autapomorphic character 

states that make their derived morphology difficult to place (e.g., some 

adapiforms). Including them in these analyses allowed us to place the taxa in the tree with 

empirical data and the temporal occurrence information of the fossils calibrated the speciation 

and extinction rates of the tree. This is the first study that could use the temporal information of 

possible stem primates such as plesiadapiforms, particularly the oldest known fossils, in 

estimates of divergence times. While previous studies have calibrated the root of crown primates 

based on the oldest known crown fossils (e.g., Wilkinson et al. 2011), placing those fossils on the 

tree and inferring their stem ages is unique to this study. Some inferred relationships were 

unexpected and most likely due to the paucity of fossils in this sample compared to previous 

studies focused on fossils (e.g., Seiffert et al. 2010). For example, some fossil clades which are 

considered to be crown clades sister to Haplorhini (Omomyiformes such as and 

, Hartwig 2002; Beard 2008, or sister to Anthropoidea, Ni et al. 2013) 

and Strepsirrhini (Adapiformes sister to Strepsirrhini, Seiffert et al. 2009) were inferred to be 

outside crown primates (Table 3). The underrepresentation of omomyiform and adapiform 

species in the present sample precludes conclusions regarding relationships for those taxa. Other 

fossils were well supported, firmly anchoring the topology and divergence times for catarrhines 

( ) and platyrrhines ( ). The plesiadapiforms, which are accepted to be 

outside crown primates (Bloch et al. 2007), were well supported as sister to the other lineages. 

The occurrence of Plesiadapiformes and early primate taxa in the Paleocene/Eocene and their 

placement at the base of the tree calibrates the total tree depth to ~75 Ma, and key divergences 

among crown primate lineages occurred after the Cretaceous5Paleogene boundary.  

 b
y
 L

ilian
a D

av
alo

s o
n
 A

p
ril 2

5
, 2

0
1
6

h
ttp

://sy
sb

io
.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



33 

 

 The divergence times we estimated with the FBD model for the deepest nodes are 

generally more recent than previously suggested using molecular data for only extant taxa. Total 

evidence dating techniques do not assume that fossil species represent minimum ages for the 

MRCAs of living taxa, as node dating does. Rather, the extinct taxa share a common ancestor 

with sister lineages sometime before their appearance in the fossil record (Ronquist et al. 2012a). 

Fossil taxa represent a minimum bound for a node, but the maximum bound may be much earlier 

than allowed by most hard prior distributions used to date. Our results suggest the divergence of 

crown Haplorhini and Strepsirrhini ~54570 Ma, with a rapid subsequent divergence among 

lineages during the Paleocene and Eocene. These dates are more concordant with the fossil 

record than the deep Cretaceous estimates found by some molecular studies (Horvath et al. 2008; 

Wilkinson et al. 2010; Perelman et al. 2011).  
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. Comparison of divergence time estimates at key nodes in the phylogeny, in millions of years ago. The results of this study 

using the fossilized birth5death process and combined data are compared to those published previously using node dating and 

molecular data.  

Haplorhini/ 

Strepsirrhini 

64 (48,70) 68 (60,76) 85* (77,90) 5 87 (76, 99)  68 (63,71) 67 (64,73) 

Crown Strepsirrhini 61 (56,67) 59 (52,66) 69 (61,75) 75 (67,84) 69 (59,77) 54 (53,55) 52 (48,56) 

Lorises + Galagos 38 (32,39) 38* (37,41) 39* (38,42) 39* (37,42) 40* (35,46) 35* (31,37) 38 (37,39) 

Lemuriformes 55 (49,61) 50 (42,57) 62 (58,73) 66 (55,75) 59 (39,77) 50 (49,51) 46 (41,51) 

Lemurs (

)

42 (34,50) 31 (27,35) 42 (35,50) 39 (33,46) 39 (26,50) 32 (27,37) 32 (29,34) 

Archaeolemuridae 28 (21,35) 24 (20,28) 5 5 5 5 5 

Palaeopropithecidae 23 (17,29) 21 (17,24) 5 5 5 5 5 

Indriidae 23 (17,28) 17 (14,20) 39 36 17 (10,26) 18 (12,26) 21 (17,25) 

Lemuridae 26 (19,33) 19 (16,22) 32 (26,39) 23 (19,29) 26 (16,37) 21 (15,26) 21 (18,25) 

Lepilemuridae 16 (12,22) 12 (9,15) 37538 32 (26,38) 12 (6,17) 9 (6,13) 16 (13,19) 

Cheirogaleidae 31 (24,39) 25 (21,30) 29 (23,36) 23 (19,28) 25 (15,35) 22 (17,27) 24 (20,27) 

* Node used as calibration point in previous studies. 

 

 by Liliana Davalos on April 25, 2016 http://sysbio.oxfordjournals.org/ Downloaded from 
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 The origin of strepsirrhines is still poorly understood. The djebelemurid clade of northern 

Africa is the oldest stem strepsirrhine in this analysis at 45549 Ma (Seiffert 2012; Marivaux et al. 

2013). Djebelemurid fossils have not been informative for studies using node dating because 

they cannot be assigned to any node in extant5only phylogenies. In the FBD analysis with the full 

morphological dataset, was found to be sister to all other strepsirrhines (a stem 

strepsirrhine), while analyses with the reduced morphological dataset suggested was 

sister to Lorisiformes, and thus a crown strepsirrhine (similar to Pattinson et al. 2015). 

lacks a toothcomb, the synapomorphy that unites crown strepsirrhines (Seiffert 

2012). Thus, either the toothcomb evolved once after the divergence of from the 

crown strepsirrhine lineage as suggested by the FBD analysis with the full dataset, or it evolved 

with crown strepsirrhines and was independently lost in . While the toothcomb is a 

defining crown strepsirrhine synapomorphy, it has been lost, presumably independently, in 

several lemur lineages including and some extinct giant lemurs including 

and . The hypothesis that was a stem strepsirrhine is 

most likely better supported, given the results of previous studies with greater sampling of stem 

strepsirrhine fossils (e.g., Seiffert et al. 2003).  

 One surprising result in this study was the placement of as sister to 

in the FBD analysis with the reduced morphological dataset and the TD analyses 

with both full and reduced datasets. is an African Eocene fossil with a unique 

suite of derived and plesiomorphic characters that has made inferring its phylogenetic position 

relative to other primates difficult.  has been hypothesized to be an early 

anthropoid (Simons 1992), a lorisiform (Rasmussen & Nekaris 1998), or, more commonly, a 

stem strepsirrhine (Simons & Rasmussen 1994; Seiffert et al. 2003, reviewed in Seiffert 2012). 

 b
y
 L

ilian
a D

av
alo

s o
n
 A

p
ril 2

5
, 2

0
1
6

h
ttp

://sy
sb

io
.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



36 

 

Recent total evidence analyses using partitioned Bayesian analysis with extensive fossil 

sampling found to be unresolved (Pattinson et al. 2015). The 

+ relationship has been suggested before (Godinot 2005), and many 

of our analyses support this sister relationship. The synapomorphic characters linking 

and include simplification of molar features compared to other taxa 

in the analyses. Simplifications of the molars may be convergent adaptations to food items that 

are structurally defended but processed with the anterior teeth. The chisel5like incisors of 

are used to bore holes in tree bark and seeds, but the food items obtained require 

little physical processing by the posterior teeth (insect larvae, soft inner flesh of seeds, Sterling 

1994). A similar adaptive function may explain the enlarged canines of . The lack 

of other, non5functionally related synapomorphies indicates that the inferred relationship 

between and may be the result of convergent evolution, rather than 

common descent. The biogeographic implications of this result are of great importance to 

understanding lemuriform origins. The presence of a lemuriform primate in Africa after the split 

of the most basal lineages would suggest either a single origin of lemurs and a back5dispersal of 

to Africa, or two independent dispersals to Madagascar. Further, if 

is accepted to be a lemuriform, it is the first and only true fossil lemuriform. This result is 

controversial in view of the strongly supported single5origins hypothesis from molecular and 

total evidence analyses (e.g., Yoder et al. 1996). Further validation is necessary to confirm the 

placement of this taxon by including more complete character sampling (both taxa were sampled 

for ~60% of characters, mostly dental) and more stem strepsirrhines such as anchomomyine taxa.  

 There were discrepancies among topologies inferred with the full and reduced 

morphological matrices. The morphological characters were variable in all analyses and included 
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autapomorphic characters. In the reduced dataset, characters were culled based on an objective 

approach that tracks co5distributed state changes among characters. Using the Gower 

dissimilarity of character state changes among taxa, characters were omitted if, for example, 

character Y always changed from state 0 to state 1 when character X changed from 0 to 1 in all 

taxa. This situation supports non5independence of characters X and Y, and we removed one 

character of each pair. If taxa change positions in analyses of the full and reduced matrices, 

support for those taxa in the analysis of the full matrix may be biased by effectively up5

weighting correlated characters. This had the biggest effect on fossils, and one explanation is that 

these taxa had few synapomorphic characters to link them with strong support to other lineages 

so removing correlated characters left too few characters to secure their positions. Also, the 

characters were taken from previous studies that sought to identify those characters which most 

strongly distinguished major clades, such as Haplorhini / Strepsirrhini, such that many of these 

characters have only a single transition. Some examples include: (1) allantois development is 

rudimentary in all haplorhines while all strepsirrhines have large, vesicular structures; (2) 

primordial amniotic cavity present in haplorhines and absent in strepsirrhines; (3) retinal fovea 

found in haplorhines and not strepsirrhines. Lastly, this analysis is dataset5dependent; there are 

taxa not included in the present matrix that may break up the 1:1 state change pattern and future 

analyses with greater taxonomic sampling of intermediate fossil forms will likely change which 

characters are considered correlated.  

 Total evidence analyses can test the assumption that the placement of fossil taxa in the 

phylogeny corresponds to nodes linking extant taxa. An especially important example of fossils 

representing minimum age bounds in this dataset concerns the MRCA of Lorisiformes, which 
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was previously calibrated to approximately 37 Ma based on and  

(Seiffert et al. 2003; Pozzi et al. 2014a). In our analyses, the relationships of these fossils and 

their MRCAs with crown sister lineages were inferred jointly, and the results showed these 

fossils shared a common ancestor with crown lorisiforms ~35556 Ma. We inferred the MRCA of 

crown Lorisiformes ~31539 Ma, concordant with estimates from node calibration. By including 

these fossils in this study, their placement in the tree was inferred empirically and the divergence 

times for lorisiforms was estimated from the data, rather than calibrated . Before the 

discovery of and , the MRCA of Lorisiformes was inferred to exist ~40 

Ma based on calibrations from non5strepsirrhine primates (Yang & Yoder 2003), further 

validating the Eocene origins of the clade.  

 This study is the first to infer the position of nearly all subfossil lemurs and their 

divergence times jointly from empirical analysis of combined data. The strepsirrhine phylogenies 

were generally well supported, especially at key nodes within Lemuriformes which have been 

contentious until now. Many extinct species were placed with moderate to strong support, 

corroborating inferences from both morphological affinities (e.g., Jungers et al. 1991; Jungers et 

al. 1997) and ancient DNA (Karanth et al. 2005; Orlando et al. 2008), especially 

Archaeolemuridae, Palaeopropithecidae, . One exception was 

the paraphyly of Indriidae; while Indriidae was previously hypothesized to be sister to 

Palaeopropithecidae, here we inferred that  was sister to a clade consisting of 

Palaeopropithecidae and + , but with low posterior probability. The 

relationships among indriid genera have always been contentious, and new data are needed to 

resolve this issue. For example, there are no nuclear loci available for , and the recent 
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recovery of ancient nuclear DNA from holds promise for acquiring those data for 

other subfossil taxa as well (Perry et al. 2015).  

 Another unique finding in this study was the placement of  as sister to all 

lemurs other than , a hypothesis that conflicts with its morphological similarities to 

Lepilemuridae (e.g. Tattersall and Schwartz 1974), and the sister relationship to Lemuridae 

found with ancient mitochondrial DNA. This result was surprising, given that we included the 

published molecular data that had recovered the +Lemuridae relationship (Kistler et 

al. 2015). These differences may be related to different data partitioning schemes between 

studies; previous studies had applied a single molecular model to the entire mitochondrial 

genome or partitioned the genome by codon position (Kistler et al. 2015), instead of partitions 

based on the best subset of substitution rate categories as in this study. The specification of 

molecular models in phylogenetic inference is an important yet often overlooked issue, and 

misspecification of the molecular partitions and models can lead to poor inferences (Brown and 

Lemmon 2007, Lanfear et al. 2012). In this study, the best partitioning scheme of the multi5gene 

alignment included a fast5evolving partition ( third codon position and 

first codon position), and a slow5evolving partition (all other loci together). 

With this partitioning scheme, the position of we inferred was more strongly 

supported by the data than the alternative +Lemuridae relationship (OSM Table S8). 

These differences in molecular evolution and partitioning scheme between previous studies and 

this study may account for the discrepancies in fossil placement observed.   

Ours are among the most complete phylogenetic inferences for lemurs to date. Accurate 

and complete dated phylogenies are necessary for testing hypotheses about lineage and character 

evolution (Felsenstein 1985; Nunn 2011). Our time5tree inferences have important implications 
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for the diversification dynamics in this biologically diverse and endangered primate group. For 

example, the tree shape and balance is indicative of the tempo of diversification and possible 

shifts in diversification rate through time (Pybus and Harvey 2000; Rabosky 2014). Including 

fossil species in phylogeny5based inferences of lineage diversification rates is at the forefront of 

macroevolution (Pyron and Burbrink 2012; Silvestro et al. 2014). With increasing availability of 

molecular and morphological data, paleontological databases, and innovative models of 

divergence times and character evolution, researchers in phylogenetic systematics and 

macroevolution are primed to clarify the structure and the ages of the tree of life.  
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Simplified phylogeny of study taxa illustrating the systematics referred to in the text 

and the relationships of fossil taxa (indicated with crosses). Taxa for which morphological data 

were available are depicted with crossbones, and taxa for which molecular data were available 

are depicted with a double helix.  

Schematic of the study workflow illustrating data used, data processing procedures, 

and analytical techniques.  

Time5calibrated maximum clade credibility phylogeny inferred from a total evidence 

dataset (421 morphological, 5767 protein5coding molecular characters) using the fossilized birth5

death process model. Node supports are illustrated with color coding. The time scale is in 

millions of years ago. The family names are given with illustrations of representative taxa. 

Representatives of the extinct subfossils are shown for each family. Illustrations of extant taxa by 

S. Nash in Schwitzer et al. 2013, extinct subfossils are by S. Nash in Mittermeier et al. 2010.  

Comparison of divergence5time estimates from two techniques used in this study, the 

Tip5Dating (TD) and the Fossilized Birth5Death Process (FBD) methods, and the full and 

reduced morphological data matrix for each technique. Circles indicate the median age estimate 

and bars encompass the 95% highest probability distribution (HPD), in millions of years ago. 
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Nodes are referred to by taxonomic names as in Figures 1 and 3. The two techniques differ in the 

divergence time estimates for key nodes in the phylogeny, with the TD method estimating ages 

that are ~9512 million years older than the FBD method, on average. 
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