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Abstract

There have been multiple published phylogenetic analyses of platyrrhine primates (New World
monkeys) using both morphological and molecular data, but relatively few that have integrated
both types of data into a total evidence approach. Here, we present phylogenetic analyses of
Recent and fossil platyrrhines, based on a total evidence dataset of 418 morphological characters
and 10.2 kilobases of DNA sequence data from 17 nuclear genes taken from previous studies,
using undated and tip-dating approaches in a Bayesian framework. We compare the results of
these analyses with molecular scaffold analyses using maximum parsimony and Bayesian
approaches, and we use a formal information theoretic approach to identify unstable taxa. After a
posteriori pruning of unstable taxa, the undated and tip-dating topologies appear congruent with
recent molecular analyses and support largely similar relationships, with strong support for
Stirtonia as a stem alouattine, Neosaimiri as a stem saimirine, Cebupithecia as a stem pitheciine,
and Lagonimico as a stem callitrichid. Both analyses find three Greater Antillean subfossil
platyrrhines (Xenothrix, Antillothrix, and Paralouatta) to form a clade that is related to
Callicebus, congruent with a single dispersal event by the ancestor of this clade to the Greater
Antilles. They also suggest that the fossil Proteropithecia may not be closely related to
pitheciines, and that all known platyrrhines older than the Middle Miocene are stem taxa.
Notably, the undated analysis found the Early Miocene Panamacebus (currently recognized as

the oldest known cebid) to be unstable, and the tip-dating analysis placed it outside crown
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Platyrrhini. Our tip-dating analysis supports a late Oligocene or earliest Miocene (20.8-27.0 Ma)

age for crown Platyrrhini, congruent with recent molecular clock analyses.
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systematics; Divergence times

1. Introduction

Today, the New World monkeys comprise >170 extant species from South and Central
America and Mexico (Mammal Diversity Database, 2020). They are classified into as many as
five families (‘IUCN/SSC Primate Specialist Group—Taxonomy,’ n.d.; Schneider and Sampaio,
2015; Mammal Diversity Database, 2020): Atelidae (howler monkeys, spider monkeys, and
relatives), Pitheciidae (titis, sakis, and uakaris), Cebidae (squirrel monkeys and capuchins),
Callitrichidae (marmosets and tamarins) and Aotidae (night or owl monkeys), with the last two
considered to be subfamilies within Cebidae in some classifications (e.g., Kay, 2015;
Rosenberger, 2020). These five families are members of the clade Platyrrhini, which among
living primates is sister to Catarrhini (apes and Old World monkeys; e.g., Perelman et al., 2011;
Springer et al., 2012; dos Reis et al., 2018). There is a fragmentary but steadily improving record
of fossil and subfossil primates from Central and South America and the Greater Antilles (Cooke
etal., 2011; Rosenberger et al., 2011; Bond et al., 2015; Kay, 2015; Bloch et al., 2016; Marivaux
etal., 2016a, b, 2020a; Halenar et al., 2017; Novo et al., 2017, 2021; Kay and Perry, 2019; Kay
et al., 2019; Rosenberger, 2020; Seiffert et al., 2020; Antoine et al., 2021; Fleagle et al., 2022),
dating from the late Eocene (Antoine et al., 2021) or early Oligocene (Campbell et al., 2021)

onwards; most of these have been confidently identified as either stem or crown platyrrhines, but



there are some notable exceptions, most obviously the parapithecid (=stem anthropoid)
Ucayalipithecus perdita (Seiffert et al., 2020).

Recent molecular studies appear to have robustly resolved most higher-level relationships
among extant platyrrhines, consistently recovering the monophyly of the five Recent families,
and placing Pitheciidae as sister to the remaining families, with Cebidae, Callitrichidae, and
Aotidae forming a clade to the exclusion of Atelidae (Perelman et al., 2011; Springer et al., 2012;
dos Reis et al., 2018). DNA sequence data is also available for the subfossil taxon Xenothrix
mcgregori from the Quaternary of Jamaica, and suggest that, among extant platyrrhine genera,
Xenothrix is most closely related to the callicebine pitheciid Cheracebus (Woods et al., 2018).
However, the precise branching relationship between Cebidae, Callitrichidae, and Aotidae
remains uncertain, even with very large molecular datasets (Schrago and Seuanez, 2019;
Vanderpool et al., 2020).

Molecular data are currently unavailable for fossil and (with the exception of Xenothrix)
subfossil members of Platyrrhini, as well as for other fossil primates more than ~2 million years
old (Welker et al., 2019, 2020); thus, inclusion of such fossil taxa in phylogenetic analyses
requires morphological data. However, published morphology-only analyses of platyrrhines
show several areas of disagreement with the current molecular consensus: for example,
unconstrained analysis of the craniodental matrix of Kay et al. (2008) failed to recover
monophyly of Cebidae or Pitheciidae, and found relationships within Callitrichidae that differ
markedly from those supported by molecular data (Kay et al., 2008, their fig. 21). Most recent
phylogenetic analyses of platyrrhines that have used morphological data have therefore enforced
a ‘molecular scaffold’ that constrains relationships among extant taxa to match the current

molecular consensus (Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a; Kay et al., 2019).



However, such molecular scaffold analyses do not allow synergistic interaction between
morphological and molecular data (Hermsen and Hendricks, 2008). Specifically, when
morphological data are analyzed with a molecular scaffold, the morphological data cannot
overturn the relationships between the taxa in the scaffold, while the positions of the taxa not in
the scaffold (which are free to move anywhere in the tree) are determined by morphological data
alone (although the molecular scaffold has an indirect effect by influencing the optimization of
the morphological character states; Hermsen and Hendricks, 2008).

An alternative is to use a total evidence approach, in which morphological and molecular
data are combined and analyzed simultaneously, without the need for topological constraints.
Because both data types have an influence on all nodes in the tree, the total evidence approach
has been argued by multiple researchers to be the most rigorous (or assumption-free) method for
combining morphological and molecular data (e.g., de Queiroz and Gatesy, 2007; Manos et al.,
2007; Déavalos et al., 2014; Darlim et al., 2022). However, total evidence analyses are
computationally much more demanding than equivalent molecular scaffold analyses (Lee and
Palci, 2015), and they require familiarity with both data types and with the methods and software
available to analyze them.

In terms of characters, modern molecular sequence datasets are typically far larger (often
by a factor of 100 or more) than taxonomically equivalent morphological datasets, and so it has
been argued that the phylogenetic signal present in the morphological data will inevitably be
overwhelmed by that in the molecular data when these datasets are combined and analyzed
simultaneously; if so, a total evidence analysis might be expected to recover the same topology
as the equivalent molecular scaffold analysis (Lee and Palci, 2015; Darlim et al., 2022).

However, it has been shown that morphological data can influence tree topology even when



combined with much larger molecular datasets (Neumann et al., 2021), and equivalent total
evidence and molecular scaffold analyses often show topological differences, particularly in
terms of the relationships of taxa unrepresented by molecular data, which include (in the absence
of ancient DNA or paleoproteomic data) all fossil taxa (Asher et al., 2005; Hermsen and
Hendricks, 2008; Chen et al., 2019). This may be due, at least in part, to the presence of
secondary signals in the morphological and/or molecular data that only emerge when analyzed
together (Gatesy et al., 1999; Hermsen and Hendricks, 2008), and so remain concealed in a
molecular scaffold analysis. More generally, even when morphological and molecular data
support very different topologies when analyzed separately, clades recovered in a total evidence
analysis are often found to receive support from both data types (e.g., Gatesy et al., 1999, 2003;
Lee and Camens, 2009), providing further justification for combining both data types and
analyzing them simultaneously.

One argument in favor of use of molecular scaffold analysis over total evidence analysis
is that the latter might be negatively impacted by the large amounts of missing data present when
some taxa are represented by morphological data only (Manos et al., 2007). However, numerous
studies suggest that large amounts of missing data are not necessarily problematic for
phylogenetic inference (Wiens and Moen, 2008; Wiens and Tiu, 2012; Mongiardino Koch et al.,
2021), including when using a total evidence approach (Wiens, 2009; Guillerme and Cooper,
2016), and total evidence analyses are often equally or better resolved than equivalent molecular
scaffold analyses (e.g., Asher et al., 2005: fig. 9; Manos et al., 2007). Some studies have
suggested that Bayesian, model-based methods—which are increasingly widely used for total
evidence analyses (e.g., Ronquist et al., 2012a; Beck and Lee, 2014; Herrera and Davalos, 2016;

Zhang et al., 2016; Lee and Yates, 2018; Beck and Taglioretti, 2020; Beck et al., 2022; Heritage



and Seiffert, 2022)—suffer specific negative impacts caused by missing data in comparison to
maximum parsimony (Goloboff and Pol, 2005; Simmons, 2014; King, 2019). However,
subsequent work suggests that, in practice, such negative impacts are unlikely to be particularly
problematic (King, 2021:289-290; Mongiardino Koch et al., 2021), and the simulation study of
Mongiardino Koch et al. (2021) found that in fact the accuracy of maximum parsimony is more
adversely affected by missing data than is Bayesian inference. In addition, it is clear that
maximum parsimony analysis of molecular sequence data can lead to the recovery of strongly
supported but incorrect topologies (Holder and Lewis, 2003; Yang and Rannala, 2012). Model-
based inference (whether in a maximum likelihood or Bayesian framework) will undoubtedly
become the standard method for analyzing total evidence datasets; such an approach will allow
the use of increasingly sophisticated, biologically more realistic models for both molecular and
morphological data, and (where relevant) fossil sampling (e.g., Wright et al., 2016; Pyron, 2017,
Andréoletti et al., 2022; Ogilvie et al., 2022).

One form of analysis that is increasingly widely used with total evidence data is ‘tip
dating’, in which the ages of the terminal taxa (i.e., tips) help determine branching pattern in
combination with the character data, in the context of a single analysis; estimates of divergence
times are also calculated (Pyron, 2011; Ronquist et al., 2012a; O’Reilly et al., 2015; Zhang et al.,
2016; Lee, 2020; King, 2021). Such analyses do not require prior assumptions regarding the
relationships of either the extant or fossil taxa included, and so they may (in principle) be
preferable to the usual approach for calibrating divergence times in molecular clock studies,
namely ‘node-dating’, which requires that the relationships of fossil taxa are assumed a priori in
order to place constraints on the ages of particular nodes (Benton et al., 2015; dos Reis et al.,

2016). Importantly, the temporal information incorporated into a tip-dating analysis directly



influences tree topology, not just divergence times, and so undated and tip-dating analyses of the
same character data can result in quite different trees (King et al., 2017; Turner et al., 2017; Lee
and Yates, 2018; Beck and Taglioretti, 2020; King and Beck, 2020; King, 2021; Heritage and
Seiffert, 2022). Whether this is a strength or a weakness of tip dating is debated (King et al.,
2017; Turner et al., 2017; Lee and Yates, 2018; King, 2021), but a recent simulation study found
that tip-dating analyses generally outperformed equivalent undated analyses, although this effect
diminished as the amount of missing data increased (Mongiardino Koch et al., 2021).

It is possible to carry out tip dating using a molecular scaffold approach, in which case
divergence times are determined solely by the morphological data (i.e., a morphological clock),
as was done by Schrago et al. (2013) for platyrrhines. However, it seems likely that simultaneous
analysis of morphological and molecular data (i.e., a total evidence clock) will result in more
accurate estimates of divergence times, because molecular data has been shown to evolve in a
much more ‘clock-like’ manner than morphological data (e.g., Beck and Lee, 2014; dos Reis et
al., 2016; Kittel et al., 2016; Klopfstein et al., 2019; Cascini et al., 2019).

Despite the seeming advantages of a total evidence approach, there have been relatively
few such analyses focusing on platyrrhine relationships. We remedy this here by combining an
existing 418-character morphological dataset specifically designed for resolving platyrrhine
phylogeny (taken from Kay et al. 2019) with 10.2 kilobases (kb) of existing DNA sequence data
from 17 nuclear loci, to formally test the relationships of extant platyrrhines and a range of fossil
relatives in a total evidence context. We present Bayesian undated analyses of the molecular and
morphological datasets individually, and we carry out Bayesian undated and tip-dating analyses
of the total evidence matrix. For the purposes of comparison with previous studies (Kay et al.,

2008, 2019; Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a), we also carry out maximum



parsimony analysis of the morphological dataset, both with and without a molecular scaffold,
and also a Bayesian analysis of the morphological dataset with a molecular scaffold. For each
analysis, we use objective information-theoretic approaches to identify unstable taxa. Most
notably, our tip-dating total evidence analysis recovers several novel relationships, which have
important implications for the age of crown Platyrrhini and for the biogeography of the group.
We also identify which currently known fossil platyrrhines are suitable for use as calibrations for
node-dating analyses. Our study provides further insight into platyrrhine phylogeny, identifying
which fossil taxa have robustly resolved relationships and which are unstable, and also provides

a new estimate of divergence times within the clade.

2. Methods
2.1.  Dataset preparation

Our molecular dataset comprises DNA sequences from 17 nuclear loci that were selected
based on their availability for our extant taxon sample and also for the Jamaican subfossil
Xenothrix (Perelman et al., 2011; Springer et al., 2012; Woods et al., 2018); these sequences
were downloaded from Genbank (https://www.ncbi.nlm.nih.gov/genbank/), aligned using
MUSCLE (Edgar, 2004) with default settings in MEGA v. 10.2.6 (Kumar et al., 2018), and
concatenated into a single file, resulting in a total of 10244 base pairs of sequence data (Table 1);
of these, 1679 (=16.4%) are variable, with 673 (=6.6%) parsimony informative and 1006
(=9.8%) autapomorphic. Our morphological dataset is that of Kay et al. (2019), which comprises
418 characters from the dentition, cranium, postcranium, and soft tissues, of which 348 (=83.3%)
are variable, with 314 (=75.1%) parsimony informative and 34 (=8.1%) autapomorphic; of these

418,175 (=41.9%) represent putative morphoclines that have been ordered here. Because



MrBayes v. 3.2.7a does not allow weighting of characters, we did not scale the weights of
ordered morphological characters according to the number of states (contra Kay et al., 2019; see
also Kay et al., 2008) but instead assigned each morphological character equal weight. The
phylogenetic analyses of Bloch et al. (2016), who used a very similar morphological dataset,
show that the major impact of equal weighting is a loss of resolution, with relationships that were
present but weakly supported in the weighted analysis collapsing in the equally weighted
analysis (compare Supplementary Figures 5 and 7 with Supplementary Figures 6 and 8 of Bloch
et al., 2016). Kay et al. (2019) scored these characters for 16 extant platyrrhine genera, 24 fossil
and subfossil primate taxa from South and Central America and the Greater Antilles, three extant
catarrhine genera (Hylobates, Miopithecus and Presbytis), and five fossil anthropoids from
Africa (Apidium, Aegyptopithecus, Catopithecus, Proteopithecus and Simonsius). To make our
total evidence dataset, the morphological and aligned molecular datasets were merged into a
single matrix. Our molecular, morphological, and total evidence matrices (including the relevant
TNT and MrBayes commands required to run each analysis, see below), can be found in

Supplementary Online Material (SOM).

2.2.  Maximum parsimony analyses

For this study, we specifically focus on the results of our total evidence analyses, for
reasons discussed in our Introduction. However, for the purposes of comparison, and because
several recent studies of platyrrhine phylogeny have used maximum parsimony (MP) analysis
with a molecular scaffold (Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a; Kay et al.,
2019), we also carried out MP analysis of the morphological dataset, with and without the use of

a molecular scaffold. We did not undertake MP analyses of our molecular or total evidence



datasets, given that model-based approaches have consistently been shown to outperform MP
when analyzing molecular sequence data (see Introduction). MrBayes v. 3.2.7a treats all cases of
polymorphism as missing data. Therefore, to maximize comparability between analyses, we also
specified polymorphisms (433 out of 11,975 total character scores, or 3.6%) as missing data in
our MP analyses. The MP analyses were implemented in TNT v. 1.5 (Goloboff et al., 2008;
Goloboff and Catalano, 2016), running on a Windows 10 PC, and comprised a ‘New
Technology’ search with Sectorial Search, Ratchet, Drift, and Tree Fusing that was run until the
same minimum tree length was found 100 times, followed by a ‘Traditional’ search with tree
bisection reconnection within the trees saved from the first search. Multiple most parsimonious
trees (where present) were summarized using strict consensus. Support values for clades present
in the strict consensus were calculated using 2000 bootstrap replicates, again with traditional
search, with the results output as absolute frequencies. Following Hillis and Bull (1993), we
considered bootstrap values >70% to represent strong support, and bootstrap values 50—69% to
represent moderate support.

Initial MP analyses of the morphological dataset without any topological constraints, and
with Proteopithecus specified as the outgroup, recovered the parapithecids Apidium and
Simonsius within crown Anthropoidea, as stem catarrhines (data not shown). However,
parapithecids are widely accepted to be stem anthropoids, and recent phylogenetic analyses of
broadscale primate relationships consistently place both Apidium and Simonsius outside crown
Anthropoidea (e.g., Jaeger et al., 2019; Morse et al., 2019; Ni et al., 2019; Seiffert et al., 2020).
The topology found here is likely because this morphological dataset was intended to resolve
relationships within Platyrrhini, and taxa (e.g., Qatrania) and characters relevant to resolving the

relationships of parapithecids have not been included (see comments by Kay et al., 2008:350).
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The Kay et al. (2019) dataset includes two South American taxa with uncertain relationships to
Platyrrhini, namely Perupithecus and Parvimico (Bond et al., 2015; Kay et al., 2019; Wisniewski
et al., 2022). To ensure correct character polarities at the base of the tree, which should help
place Perupithecus and Parvimico, we therefore applied a topological constraint that forced
Proteopithecus, Apidium, and Simonsius to fall outside a clade comprising our remaining taxa.
For the tip-dating analysis of our total evidence dataset, we calibrated the ages of crown
Catarrhini (=Hylobates + Miopithecus + Presbytis) and crown Cercopithecidae (=Miopithecus +
Presbytis), which required that these clades were constrained as monophyletic (see below); to
maximize comparability between analyses, we also specified these two constraints in our
maximum parsimony analysis, but we note that, in any case, both clades were recovered with
strong (>85%) bootstrap support when topological constraints were not applied (data not shown).
We do not present support values for the three constrained clades in any of our analyses because
their monophyly was enforced a priori, and hence support values for these clades are
meaningless.

The MP analysis with a molecular scaffold enforced the same backbone constraint used
by Kay et al. (2019), but with Proteopithecus, Apidium, and Simonsius added at the base, for the
reasons explained above. Support values for clades present in the strict consensus from this
analysis were again calculated using 2000 bootstrap replicates with traditional search, with the
results output as absolute frequencies, and with bootstrap values >70% considered as strong

support, and bootstrap values 50-69% as moderate support.

2.3.  Bayesian analyses
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All our Bayesian phylogenetic analyses were carried out using MrBayes v. 3.2.7a
(Huelsenbeck and Ronquist, 2001; Ronquist et al., 2012b), running on the JASMIN, the UK's
collaborative data analysis environment (https://jasmin.ac.uk; Lawrence et al., 2013). Although
our focus is undated and tip-dating analysis of the total evidence dataset, we also carried out
Bayesian undated analyses of the morphological and molecular datasets individually, and also a
Bayesian undated analysis of the morphological dataset with a molecular scaffold, to compare
topologies and assess relative phylogenetic signal between the two datasets, and to allow
comparison with our MP analyses (see above) and with previous phylogenetic analyses of
platyrrhines, most of which have used MP analysis of morphological data with a molecular
scaffold (Kay et al., 2008, 2019; Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a).

For the molecular dataset, PartitionFinder v. 2.2 (Lanfear et al., 2017) was first used to
identify an appropriate partitioning scheme (with the alignment initially partitioned by gene) and
substitution model for each partition, with possible models restricted to only those implemented
by MrBayes; model variants that combine a gamma distribution to model rate heterogeneity
between sites with a proportion of invariant sites were not considered, following the
recommendations of Stamatakis (2014). The PartitionFinder analysis used the ‘greedy algorithm’
and assumed linked branch lengths, and the Bayesian Information Criterion (BIC) was used for
model selection. The best fitting partitioning scheme and set of substitution models are shown in
Table 1. Because we did not consider models that combine a gamma distribution and a
proportion of invariant sites, we increased the number of gamma rate categories from the
MrBayes default of four to eight.

Given the comparatively large number of autapomorphies (34 out of 348 variable

characters = 9.8%) in the morphological dataset (which may be particularly important for tip-
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dating; Lee, 2020), we assigned it the Lewis (2001) Mk substitution model with the assumption
that variable characters have been scored, i.e. the Mkv variant (the 70 constant characters were
therefore ignored in the analysis), with an eight category lognormal distribution to model rate

heterogeneity between sites (Harrison and Larsson, 2015).

<TABLE 1 ABOUT HERE>

For undated analysis of the molecular dataset, we did not assume any topological
constraints, and we assumed linked branch lengths between all partitions. MrBayes settings for
this analysis comprised two independent runs of four Markov Chain Monte Carlo (MCMC)
chains (one 'cold', three 'heated', with default heating parameters), run for 5 x 10° generations
and sampling trees and other parameters every 5000 generations. Use of Tracer v. 1.7 (Rambaut
et al., 2018) indicated that stationarity and convergence between runs was achieved within 5 x
10° generations; based on this, the first 10% of sampled trees were excluded (leaving 900 post-
burnin trees for each run). The post-burnin trees were summarized in MrBayes using 50%
majority rule consensus (following the recommendations of O’Reilly and Donoghue, 2018).
Support values were calculated as Bayesian posterior probabilities (BPPs); we consider BPP 0.5—
0.74 as weak support, 0.75-0.94 as moderate support, and 0.95-1.00 as strong support (Alfaro et
al., 2003).

In all our Bayesian morphological and total evidence analyses, we forced Proteopithecus,
Apidium, and Simonsius to fall outside a clade comprising our remaining taxa, and we enforced

monophyly of crown Catarrhini and crown Cercopithecidae, the same as in our MP analyses (see
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above). For our morphological analysis with a molecular scaffold, we enforced the same
backbone constraint used by Kay et al. (2019), but with Proteopithecus, Apidium, and Simonsius
added at the base, again the same as in the equivalent MP analysis (see above).

MrBayes settings for the undated morphological analysis, with and without a molecular
scaffold, were the same as for the undated molecular analysis. Stationarity and convergence
between runs were achieved within 5 x 10° generations; based on this, the first 10% of sampled
trees were excluded (leaving 900 post-burnin trees for each run), and the post-burnin trees were
summarized as above. For undated analysis of the total evidence dataset, we unlinked branch
lengths between the morphological and molecular partitions, because these partitions should be
expected to show very different relative branch lengths (which are proportional to the estimated
amount of change per character; Barba-Montoya et al., 2021; Mather et al., 2021), but linked
them between molecular partitions (as in the undated molecular analysis). MrBayes settings for
these analyses were the same as for the undated morphological and molecular analyses, except
that it was run for 10 x 10° generations. Stationarity and convergence between runs were
achieved within 5 x 10° generations; based on this, the first 50% of sampled trees were excluded
(leaving 1000 post-burnin trees for each run), and the post-burnin trees were summarized as
above.

For the tip-dating analysis of the total evidence dataset, branch lengths were linked across
morphological and molecular partitions to produce a single set of branch lengths that were
proportional to time. We assigned a fixed age of 0 Ma to all of our extant taxa. For our fossil and
subfossil taxa, we assigned ages based on the recent literature; in all cases, we have based these
on radiometric and/or magnetostratigraphic dates, even when these provide only relatively loose

age constraints (Table 2), as we consider that these are likely to be more reliable than those based
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on biostratigraphy (see e.g., Kay et al., 1999). In most cases, we assigned a uniform age prior
corresponding to the entire possible age range of the specimens used for scoring purposes
(following Puschel et al., 2020). However, we assigned a fixed age of 33.4 Ma to Catopithecus
and Proteopithecus, all specimens of which are from Quarry L-41 of the Jebel Qatrani Formation
in the Fayum Depression of Egypt, which has been assigned an age of 33.4 Ma by Van
Couvering and Delson (2020). A full justification of the assigned ages for all of our fossil and
subfossil taxa is given in Table 2. We assigned age constraints on two internal nodes based on
calibrations suggested by de Vries and Beck (2021): specifically, we enforced a uniform
constraint on the age of crown Catarrhini with a hard minimum bound of 25.193 Ma and a hard
maximum bound of 33.4 Ma, and an offset exponential constraint on the age of crown
Cercopithecidae with a hard minimum bound of 12.47 Ma and a soft maximum bound of 25.235
Ma (see de Vries and Beck, 2021, for full details). Following Sallam and Seiffert (2020), we also
calibrated the age of the root as a truncated normal prior with a minimum of 33.401 Ma (which is
only slightly older than the oldest taxa in our dataset, namely Catopithecus and Proteopithecus—
see above), a mean age that is 0.1 Ma older than the age of our oldest fossil taxa (i.e., 33.5 Ma),

and a standard deviation of 1.0 Ma.

<TABLE 2 ABOUT HERE>

We applied a single independent gamma rates (IGR) clock model to the entire molecular

partition, and a separate IGR model to the morphological partition, with the prior on the clock

rate specified using the custom R script of Gunnell et al. (2018), and the prior on the variance left

as the MrBayes default. For the tree model, we assumed the fossilized birth-death (FBD) process
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(Stadler, 2010; Gavryushkina et al., 2014; Heath and Huelsenbeck, 2014), allowing for sampled
ancestors, and with diversity sampling assumed (Zhang et al., 2016). Because our focus is
Platyrrhini, and our taxa are genus-level (with one possible exception, ‘Aotus’ dindensis, which
nevertheless does not form a clade with extant Aotus in several recent phylogenetic analyses, and
has been argued to be conspecific with Mohanamico hershkovitzi, hence our use of quotation
marks; Kay, 2015; Marivaux et al., 2016a; Kay et al., 2019; but see Ni et al., 2019), we assumed
a sampling probability of 0.727, corresponding to the inclusion of 16 of the 22 extant platyrrhine
genera currently recognized. Priors on speciation, extinction, and sampling were left as the
MrBayes defaults.

Settings for the MrBayes runs were the same as for the previous analyses, except that the
analysis was run for 40 x 10° generations. Stationarity and convergence between runs were
achieved within 4 x 10° generations; based on this, the first 10% of sampled trees were excluded
(leaving 7200 post-burnin trees for each run). The post-burnin trees were initially summarized in
MrBayes using 50% majority rule consensus. However, lack of resolution in a dated tree implies
simultaneous diversification (a 'hard' polytomy) rather than phylogenetic uncertainty, and can
result in misleading inferences regarding divergence times (M.S.Y. Lee, pers. comm., 2021). We
therefore also calculated a consensus that retained clades if they were present in less than 50% of
the post-burnin trees provided that they were compatible with the 50% majority rule consensus
topology (using the ‘contype=allcompat' command in MrBayes). A BPP <0.5 (which applies to
those clades present in the "allcompat’ consensus but not the 50% majority rule consensus) was
considered very weak support. Selected estimates of divergence times in the tip-dating analysis

are given in Table 4.
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2.3. Identification of unstable taxa using Rogue

We used the R package Rogue v. 2.1.0 (Smith, 2022) to objectively identify unstable taxa
from all our analyses, based on the most parsimonious trees from each MP analysis, and
the post-burnin trees from each Bayesian analysis. In each case, we used the 'splitwise
phylogenetic information content' criterion recommended by Smith (2021) to identify the most
unstable taxa. For our MP analyses, we specified a threshold of 100, corresponding to the strict
consensus, whereas for our Bayesian analyses we specified a threshold of 50, corresponding to
the 50% majority rule consensus, reflecting the different types of consensuses we used to
summarize the trees from these analyses. We then pruned the unstable taxa identified by Rogue
using the 'drop.tip' function in the R package ape v. 5.6 (Paradis and Schliep, 2019). The pruned
most parsimonious trees from the MP analyses were then summarized in TNT, again using strict
consensus, and the pruned post-burnin trees from the Bayesian analyses were summarized in
MrBayes, again using 50% majority rule consensus, except for the tip-dating analysis, for which
we used the ‘allcompat' majority rule consensus (see above). The trees from all our analyses

(both before and after pruning of unstable taxa identified by Rogue) can be found in SOM.

3. Results
3.1. Undated Bayesian analysis of the molecular dataset

Undated Bayesian analysis of the molecular dataset results in a fully resolved 50%
majority rule consensus, with BPPs of 1.00 for most nodes (Fig. 1), indicating the presence of
strong phylogenetic signal. This is confirmed by the fact that no taxa were identified as unstable

by Rogue (Table 3).
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<FIGURE 1 ABOUT HERE>

Within Platyrrhini, Pitheciidae (including the Greater Antillean subfossil Xenothrix) is
sister to the remaining families, and Aotidae, Cebidae, and Callitrichidae form a clade to the
exclusion of Atelidae. In terms of interfamilial relationships, only the branching relationship
between Aotidae (=Aotus), Cebidae, and Callitrichidae is not robustly resolved, with weak
support (BPP = 0.53) for Aotidae as sister to Callitrichidae. All intrafamilial relationships are
also strongly supported, except that Ateles + Brachyteles receives only moderate support (BPP =
0.83); there is thus strong support for a sister relationship between Callicebus and Xenothrix, and
for monophyly of the subfamilies Atelinae (= Ateles + Brachyteles + Lagothrix) and Pitheciinae

(= Cacajao + Chiropotes + Pithecia).

3.2.  Maximum parsimony and undated Bayesian analysis of the morphological dataset

In contrast to the molecular analysis, analysis of the morphological dataset using both MP
and undated Bayesian analysis results in much less well-resolved topologies. The MP topology
(strict consensus of four shortest trees, each of 1829 steps; Fig. 2) is more resolved than the
Bayesian topology (Fig. 3A), but this additional resolution is mainly due to the presence of
clades that are weakly supported, as indicated by bootstrap values <50% (see Brown et al., 2017,
O’Reilly et al., 2018). The MP topology places Parvimico sister to Catopithecus within
Catarrhini, and Perupithecus sister to all other platyrrhines, whereas the Bayesian analysis places
both these taxa in a polytomy at the base of crown Anthropoidea. Both analyses place Branisella
as sister to the remaining platyrrhines, which comprise a single, largely unresolved clade in the

Bayesian analysis, but in the MP analysis there is additional resolution, with the fossil taxa
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Dolichocebus, Mazzonicebus + Soriacebus + Canaanimico, and Homunculus + Carlocebus
forming successively closer sister taxa to a clade that includes all the modern genera.
Relationships between the modern families are not resolved in either analysis, but both recover
monophyly of crown Atelidae, crown Pitheciinae, crown Callitrichidae, crown Callitrichidae +
Lagonimico, Cebus + Acrecebus, ‘Aotus’ dindensis + Mohanamico, and Saimiri + Neosaimiri;
most of these clades receive moderate or strong support in the Bayesian analysis, but not in the
MP analysis, in which only four platyrrhine clades (Homunculus + Carlocebus, Callithrix +
Cebuella, Cacajao + Chiropotes, and Cacajao + Chiropotes + Pithecia) receive bootstrap
support of >50%.

Despite the lack of resolution in the strict consensus, no taxa were identified as unstable
by Rogue in the MP analysis of the morphological dataset. By contrast, Rogue identified seven
taxa as unstable in the equivalent Bayesian analysis (Table 3); six of these are fossil taxa that are
amongst the most incomplete in the morphological dataset, but the second most unstable taxon,
the subfossil Xenothrix, is scored for nearly half of the morphological characters (Table 3),
suggesting that conflicting phylogenetic signals are the cause of its instability, rather than lack of

information.

<FIGURE 2 ABOUT HERE>
<FIGURE 3 ABOUT HERE>

<TABLE 3 ABOUT HERE>

After a posteriori pruning of these seven unstable taxa, the 50% majority rule consensus

from the Bayesian analysis is (as expected) better resolved, and clades that were already present
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before pruning now receive higher support (Fig. 3B). There is now a distinct, strongly supported
crown platyrrhine clade that is sister to a moderately supported clade that comprises the fossil
taxa Dolichocebus, Mazzonicebus + Soriacebus+Canaanimico, and Homunculus + Carlocebus.
Within crown Platyrrhini, there is now some interfamilial resolution, but this shows several areas
of conflict with the molecular topology (Fig. 1). Most obviously, Pitheciinae (including
Cebupithecia and Nuciruptor as stem taxa) is in a weakly supported clade with Atelidae and
Cebus + Acrecebus, and hence neither Pitheciidae nor Cebidae are monophyletic. Comparing the
Bayesian analysis after deletion of the seven rogue taxa with the MP analysis, there are a few
topological differences worth noting: the MP analysis placed Panamacebus in a clade with
crown Callitrichidae, Lagonimico, ‘Aotus’ dindensis, and Mohanamico, whereas Panamacebus
was unstable in the Bayesian analysis; the Bayesian analysis strongly supported Antillothrix +
Paralouatta, whereas the relationship between these two taxa was unresolved in the MP analysis;
and the Bayesian analysis placed the fossil Dolichocebus, Mazzonicebus + Soriacebus +
Canaanimico, and Homunculus + Carlocebus in a clade, sister to crown Platyrrhini, whereas

these fossil taxa were paraphyletic with respect to crown platyrrhines in the MP analysis.

3.3.  Molecular scaffold analysis of the morphological dataset using maximum parsimony and
Bayesian inference

Maximum parsimony analysis of the morphological dataset with the constraint of Kay et
al. (2019) enforced as a molecular scaffold recovered three shortest trees (length = 1877 steps),
resulting in a nearly fully resolved strict consensus (Fig. 4A); the sole lack of resolution concerns
the position of Cebupithecia. However, the equivalent Bayesian analysis results in a highly

unresolved 50% majority rule consensus (Fig. 5A), with a large polytomy that includes all our
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platyrrhine taxa except Branisella. Perhaps unsurprisingly, only one taxon is identified as
unstable by Rogue in the MP molecular scaffold analysis (Cebupithecia), whereas five were

found to be unstable for the equivalent Bayesian analysis (Table 3).

<FIGURE 4 ABOUT HERE>

<FIGURE 5 ABOUT HERE>

After deletion of these unstable taxa, the MP (Fig. 4B) and Bayesian (Fig. 5B) molecular
scaffold topologies are largely similar. For example, both analyses agree in placing Stirtonia
sister to Alouatta, within crown Atelidae; Neosaimiri and Panamacebus within crown Cebidae,
in a clade with Saimiri to the exclusion of Cebus; and Lagonimico and ‘Aotus’ dindensis +
Mohanamico as successive sister taxa to crown Callitrichidae; Nuciruptor as a stem pitheciine;
and Dolichocebus, Mazzonicebus + Soriacebus + Canaanimico, and Homunculus + Carlocebus
all fall outside crown Platyrrhini.

However, there are a few notable differences between the MP and Bayesian analyses
despite the use of an identical molecular scaffold. For example, the MP analysis placed
Parvimico sister to Catopithecus (as in the unconstrained MP analysis), whereas the Bayesian
analysis found Parvimico to be unstable (as in the unconstrained Bayesian analysis). In the
Bayesian analysis Xenothrix, Antillothrix, and Paralouatta collectively formed a Greater
Antillean clade, sister to Callicebus (note that Xenothrix was constrained to form a clade with
Callicebus in the molecular scaffold, following Woods et al., 2019). By contrast, in the MP
analysis, Antillothrix + Paralouatta was sister to Atelidae. In the MP analysis, Proteropithecia

formed a clade with Mazzonicebus, Soriacebus, and Canaanimico, Tremacebus was sister to
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Aotidae + Cebidae + Callitrichidae within crown Platyrrhini, and Acrecebus was sister to
Callicebus, whereas in the Bayesian analysis Proteropithecia, Tremacebus, and Acrecebus were
all unstable. The MP analysis found Cebupithecia to be unstable, whereas the Bayesian analysis
placed Cebupithecia as a stem pitheciine, sister to Nuciruptor. Perhaps most striking, the MP
analysis placed Perupithecus within crown Callitrichidae, sister to Leontopithecus, whereas

Perupithecus was unstable in the Bayesian analysis.

3.4.  Bayesian undated total evidence analysis

Bayesian undated analysis of the total evidence dataset results in a relatively unresolved
50% majority rule consensus (Fig. 6A), with a large polytomy comprising all of the American
taxa, except Parvimico, which was placed deeper within the tree. Given the very strong,
consistent phylogenetic signal present in the molecular data (Fig. 1), and the relatively
weak/conflicting morphological signal (Figs. 2 and 3), this lack of resolution is almost certainly
due to instability in the relationships of the fossil and subfossil taxa, which are represented by

morphological data only (with the exception of Xenothrix).

<FIGURE 6 ABOUT HERE>

Only a few relationships received moderate or strong support, namely crown Atelidae
and all relationships within that clade (including the fossil Stirtonia as sister to Alouatta), crown
Pitheciidae, Callithrix + Cebuella, Callithrix + Cebuella + Callimico, ‘Aotus’ dindensis +
Mohanamico, Soriacebus + Canaanimico, and Homunculus + Carlocebus. Interestingly,

Perupithecus was placed with crown callitrichids, although this relationship was weakly
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supported. Indeed, Rogue identified Perupithecus as unstable, together with five other taxa, all
fossil and all highly incomplete: Parvimico, Chilecebus, Acrecebus, Tremacebus, and
Panamacebus (Table 3). The 50% majority rule consensus that results after pruning of these
unstable taxa is shown in Figure 6B: a number of other clades now receive moderate to strong
support, including Aotus + Callitrichidae + Cebidae, Callitrichidae (including the stem taxon
Lagonimico), crown Callitrichidae (i.e., excluding Lagonimico), Cebidae, and Saimiri +
Neosaimiri. Other relationships that still receive only weak support, but are nevertheless worth
noting, include Nuciruptor and Cebupithecia as stem pitheciines, a Greater Antillean clade
comprising subfossil taxa Xenothrix, Antillothrix, and Paralouatta, with Callicebus sister to this,
and Proteropithecia in a clade with Mazzonicebus, Soriacebus, and Canaanimico. Even after
pruning of unstable taxa, the 50% majority consensus does not recover a clearly distinct crown
platyrrhine clade; instead, there is a large polytomy that includes all platyrrhines except

Branisella.

3.5.  Bayesian tip-dating total evidence analysis

Tip-dating Bayesian analysis of the total evidence dataset likewise resulted in a largely
unresolved 50% majority rule consensus (Fig. 7A), again probably due to the destabilizing
effects of including fossil taxa (note that both phylogenies shown in Figure 7 are more resolved
‘allcompat’ consensus trees, to allow easier interpretation of divergence dates; branches that are
collapsed in the 50% majority rule consensus are indicated with dotted lines). There is a large
polytomy comprising all of the American taxa, except Parvimico and Perupithecus, which

branched deeper within the tree
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<FIGURE 7 ABOUT HERE>

Several of the clades that receive moderate or strong support (BPP > 0.75) in the undated
total evidence analysis receive similar support in the tip-dating analysis, including Atelidae and
all relationships within that clade (once again with Stirtonia sister to Alouatta), crown
Pitheciidae, ‘Aotus’ dindensis + Mohanamico, and Homunculus + Carlocebus. However, some
clades that are not strongly supported in the undated analysis receive moderate to strong support
in the tip-dating analysis, including a clade comprising the fossil taxa Cebupithecia, Nuciruptor
and extant pitheciines, a clade comprising the fossil Lagonimico and extant callitrichids, Saimiri
as sister to Neosaimiri, and Antillothrix sister to Paralouatta. In contrast to the undated analysis,
in which Perupithecus was placed with crown callitrichids, the dated analysis placed
Perupithecus as a basal stem platyrrhine, with only Parvimico found to branch deeper.

Six taxa were again identified as unstable by Rogue, of which four were fossil taxa that
were also unstable in the undated analysis: Perupithecus, Chilecebus, Acrecebus, and
Tremacebus. However, Parvimico and Panamacebus were not found to be unstable in the dated
analysis, whereas two different taxa—the fossil Proteropithecia and the extant Aotus—were. As
expected, the 50% majority rule consensus is once again better resolved after pruning these
unstable taxa (Fig. 7B). Parvimico is now weakly supported as the earliest diverging member of
Platyrrhini (note that the older Perupithecus was pruned as unstable), and there is now weak
support for a clade comprising the Early Miocene taxa Mazzonicebus, Soriacebus, Canaanimico,
Dolichocebus, Homunculus, and Carlocebus. There is now also moderate support for a distinct
crown platyrrhine clade that excludes all the pre-Laventan (Middle Miocene) taxa. Within this

crown clade, there is a basal trichotomy comprising Atelidae, Pitheciidae, and Cebidae +
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Callitrichidae (note that Aotus has been pruned as an unstable taxon, and so is no longer present).
Interestingly, Panamacebus (which was described as a cebid by Bloch et al., 2016, and which
was unstable in the undated analysis) is placed outside crown Platyrrhini, and is weakly
supported as its sister taxon.

Focusing now on divergence times (see Table 4), the oldest split within total-clade
Platyrrhini found here is between the Early Miocene fossil Parvimico and the remaining taxa,
with a median estimated age of 34.0 Ma and 95% highest posterior density (HPD) of 31.8-36.2
Ma. The age of crown Platyrrhini is dated to the late Oligocene or Early Miocene (median
estimate = 24.0 Ma; 95% HPD = 20.8-27.0 Ma). The divergence between Callicebus and the
Greater Antillean clade is dated to the Early-to-Middle Miocene (median estimate = 16.8 Ma;
95% HPD = 12.0-21.4 Ma). The first divergence within the Greater Antillean clade itself (the
split between Xenothrix and Antillothrix + Paralouatta) has important biogeographical
implications, as it provides a potential minimum age for dispersal from the mainland; however,
this divergence is only weakly constrained to some point from the Middle Miocene to the
Pliocene here (median estimate = 9.3 Ma; 95% HPD = 3.4-16.1 Ma). Selected estimated
divergence times are summarized in Table 4. Among the fossil taxa, the very short temporal
branch (0.02 Ma) leading to Stirtonia in both analyses is congruent with its being ancestral to the
extant Alouatta, but there are no other plausible ancestor-descendant relationships among our

fossil taxa.

<TABLE 4 ABOUT HERE>

4. Discussion
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Our unconstrained analyses of the Kay et al. (2019) morphological matrix, using both MP
and Bayesian approaches, confirm that, when analyzed alone, this dataset fails to recover several
clades within Platyrrhini that are robustly supported by molecular data; these clades include the
families Cebidae and Pitheciidae, and also Callitrichidae + Cebidae + Aotidae, which is a feature
of all recent molecular phylogenies of Platyrrhini. Kay et al. (2008) and Bloch et al. (2016)
found similar results with unconstrained MP analyses of earlier versions of this dataset. For this
reason, most recent phylogenetic analyses of platyrrhine relationships using morphological data
have employed a molecular scaffold (Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a; Kay
etal., 2019).

However, we note here that our MP molecular scaffold analysis recovered positions for
several fossil taxa that appear anomalous. Acrecebus was described as a cebid by Kay and
Cozzuol (2006), and has been consistently recovered within Cebidae in previous phylogenetic
analyses (Kay, 2015; Bloch et al., 2016; Marivaux et al., 2016a; Kay et al., 2019), but our MP
molecular scaffold analysis placed it as sister to Callicebus. Perupithecus is the oldest American
taxon included in our taxon set, and has been placed outside crown Platyrrhini in previous
phylogenetic analyses (Bond et al., 2015; Kay et al., 2019), but our MP molecular scaffold
placed it sister to the extant callitrichid Leontopithecus. Finally, Cebupithecia shares numerous
distinctive apomorphies with living pitheciines (Kay et al., 2013; Rosenberger, 2020), and it has
been consistently identified as pitheciine in recent phylogenetic analyses (Kay, 2015; Bloch et
al., 2016; Marivaux et al., 2016a; Kay et al., 2019; Ni et al., 2019), but it was found to be
unstable (although still within a clade that also includes living pitheciids, the fossil pitheciine
Nuciruptor, and the Greater Antillean subfossil Xenothrix) in our MP molecular scaffold

analysis.
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These results may be due, at least in part, to the fact that we did not scale the weights of
the ordered characters in the morphological matrix, and we also treated polymorphisms (3.6% of
the total character scores; see Methods) as missing data; in both cases, this was to ensure
comparability with our Bayesian analyses because MrBayes v. 3.2.7a does not allow character
scaling, and always treats polymorphisms as missing data. This is unlike most previous
molecular scaffold analyses that have used versions of this dataset (Kay, 2015; Bloch et al.,
2016; Marivaux et al., 2016a; Kay et al., 2019). However, we note that the equivalent Bayesian
analysis did not support these anomalous relationships: Acrecebus and Perupithecus were both
found to be unstable and Cebupithecia was placed as a stem pitheciine as expected.

There is an ongoing debate as to whether MP or model-based approaches, either with or
without the incorporation of temporal information via tip dating, are more appropriate for
analyzing morphological data, and whether currently used models of discrete morphological
character evolution (the Markov or Mk model of Lewis, 2001, and variants) are biologically
realistic (e.g., Goloboff and Pol, 2005; Huelsenbeck et al., 2011; Lee and Worthy, 2012; Xu and
Pol, 2013; Simmons, 2014; Wright and Hillis, 2014; Goloboff et al., 2018a, 2018b, 2019; Turner
etal., 2017; O’Reilly et al., 2016, 2018a, 2018b; King, 2019, 2021; Puttick et al., 2019; Smith,
2019; Mongiardino Koch et al., 2021; Pugh, 2022). Although our study considered only a single
morphological dataset, we note that, with a molecular scaffold enforced, Bayesian analysis
appeared to recover relationships that are overall in better agreement with other recent published
studies regarding the affinities of fossil platyrrhines than did the equivalent MP analysis. This is
in contrast to Pugh’s (2022) recent study of the phylogeny of Miocene hominoids, which found
that MP resulted in topologies that appeared more plausible (based on current evidence) than did

Bayesian analysis, including when a molecular scaffold was enforced. Pugh (2022:11-14)
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discussed possible reasons for the differences between the two methods, and we agree that this
issue requires further investigation, considering multiple morphological datasets. Regardless, we
consider total evidence analysis (where feasible) to be preferable to molecular scaffold analysis,
for the reasons outlined in our Introduction, and so we focus on previous total evidence analyses
of Platyrrhini and our own total evidence results for the remainder of this section. We
nevertheless note that the relationships of several fossil taxa are the same between our molecular
scaffold and total evidence analyses, namely Lagonimico, Mohanamico and ‘Aotus’ dindensis as
stem callitrichids, Neosaimiri as a saimirine, Stirtonia as an allouatine, and Nuciruptor as a
pitheciine.

Schrago et al. (2013) presented a total evidence analysis of Platyrrhini, and used a novel
approach to infer divergence dates by first carrying out an undated total evidence analysis, and
then performing a relaxed clock analysis of morphological data only on the total evidence
topology, with age estimates from a separate molecular clock analysis used as node age priors.
However, this approach lacks a key aspect of tip-dating, namely that the stratigraphic ages of the
fossil terminals can influence their phylogenetic position (Bapst et al., 2016; Turner et al., 2017,
Lee and Yates, 2018; Beck and Taglioretti, 2020; King and Beck, 2020; Beck et al., 2021; King,
2021). The morphological clock analysis of Schrago et al. (2013) also assumed a Yule prior on
tree shape, which has been shown to lead, in at least some cases, to unrealistically ancient
divergence dates (Condamine et al., 2015), although we note that the dates calculated by Schrago
et al. (2013) in this analysis are in fact largely congruent with those presented here (Table 4).
The sampling of fossil platyrrhines by Schrago et al. (2013) was also relatively restricted, and
lacked a number of taxa that have been consistently associated with crown lineages, such as the

Stirtonia, Cebupithecia, Neosaimiri, and Lagonimico (Kay, 2015). Indeed, only one fossil taxon
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(Proteropithecia) fell within crown Platyrrhini (as a stem pitheciine) in the analysis of Schrago et
al. (2013), and so the results of this analysis are of limited use in identifying robust fossil
calibrations for divergences among crown platyrrhines. In addition, our own results raise
questions about whether Proteropithecia is indeed a pitheciine (discussed in more detail below).

Silvestro et al. (2019) carried out a tip-dating analysis of platyrrhines that included 34
fossil taxa, using the FBD model, but the fossil taxa were not represented by character data and
their relationships were constrained a priori (living taxa were represented by combined nuclear
and mitochondrial sequence data only); thus, their phylogenetic position was not free to vary,
and could not be informed by morphological data. Perhaps most significantly, Silvestro et al.
(2019) assumed the 'Long Lineage' hypothesis, which considers that pre-Laventan platyrrhines
from Patagonia are members of the crown clade (Rosenberger et al., 2009; Rosenberger, 2010,
2011, 2019; Rosenberger and Tejedor, 2013) when constraining the relationships of their fossil
taxa; the 'Long Lineage' hypothesis is not supported by our analyses (see below).

Published total evidence tip-dating analyses of broad primate phylogeny, meanwhile,
have typically included a relatively limited sampling of platyrrhines (e.g., Gunnell et al., 2018;
Seiffert et al., 2020). An exception is that of Ni et al. (2019, their fig. S1), which included a
relatively dense sampling of fossil platyrrhines as well as other primates, and which used a
similar approach to that used here (specifically, the FBD tree model in combination with the IGR
clock model, as implemented in MrBayes), but with a different dataset (1186 morphological
characters from the dentition, cranium, postcranium and soft tissues; 658 SINE and LINE
insertion characters) that was focused on relationships within Haplorhini as a whole. However,
of the 11 fossil platyrrhines included by Ni et al. (2019), only two fell within crown Platyrrhini

in their analysis: ‘Aotus’ dindensis as sister to the extant Aotus azarae, and Mohanamico

29



hershkovitzi as a stem callitrichid. Several other recent analyses (Kay, 2015; Bloch et al., 2016;
Marivaux et al., 2016a; Kay et al., 2019) have failed to support ‘A.” dindensis as an aotid, and
Kay (2015) suggested that it may in fact be the same taxon as M. hershkovitzi. These recent
analyses have also placed two fossil taxa that Ni et al. (2019) found to be stem platyrrhines—
namely Stirtonia and Neosaimiri—within crown Platyrrhini (Kay, 2015; Bloch et al., 2016;
Marivaux et al., 2016a; Kay et al., 2019). Like Schrago et al. (2013), Ni et al. (2019) did not
include several other fossil taxa that have been suggested to fall within crown Platyrrhini,
namely Proteropithecia, Nuciruptor, and Lagonimico (Kay, 2015). We also note that Ni et al.
(2019) incorrectly assigned an age of 0 Ma to the Miocene Cebupithecia, which may have
influenced their results.

The analyses we present here should therefore be of interest because they are the first to
include a diverse sampling of fossil platyrrhines, including putative members of many crown
lineages, in a true total evidence approach. As such, they should help identify robust calibrations
within crown Platyrrhini for use in molecular clock analyses, as well as provide their own
estimates of platyrrhine relationships and divergence times.

Focusing first on the living taxa, relationships among extant taxa within the families
Callitrichidae, Atelidae and Pitheciidae recovered in our total evidence analyses are congruent
with recent molecular analyses (Perelman et al., 2011; Springer et al., 2012; Buckner et al., 2015;
dos Reis et al., 2018; Garbino and Martins-Junior, 2018). However, whereas our molecular data
robustly supports an interfamilial topology that agrees with other recent molecular analyses - in
which Pitheciidae is the first family to diverge, and Callitrichidae, Aotidae and Cebidae form a

clade to the exclusion of Atelidae (Perelman et al., 2011; Springer et al., 2012; dos Reis et al.,
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2018) -, relationships between the extant families are weakly supported in our undated and tip-
dating total evidence analyses, even after deleting unstable taxa.

In terms of relationships among our non-living taxa, perhaps the most significant aspect
of both analyses is the fact that all American primate taxa older than the Laventan (Middle
Miocene) present in our analyses fall outside crown Platyrrhini. Of particular interest are the
positions of Panamacebus and Proteropithecia. The Early Miocene (21.1-18.748 Ma)
Panamacebus was originally described as a cebid by Bloch et al. (2016), and has been recovered
within crown Cebidae in several published phylogenetic analyses that have used a molecular
scaffold approach (Bloch et al., 2016; Marivaux et al., 2016a; Kay et al., 2019). We also found
Panamacebus to fall within crown Cebidae in our MP and Bayesian scaffold analyses. In our
undated total evidence analysis, however, Panamacebus was found to be an unstable 'rogue’
taxon, and did not form a clade with the extant cebids Cebus and Saimiri; instead, it was part of a
large polytomy. In our tip-dating analysis, meanwhile, Panamacebus was placed as sister to
(rather than within) crown Platyrrhini after deleting unstable taxa, and there was moderate
support (BPP = 0.76) for this crown platyrrhine clade that excludes Panamacebus. Thus, the
additional information provided by the age of Panamacebus is sufficient to combine with the
relatively weak morphological signal for its affinities and place it outside crown Platyrrhini in
our tip-dating analysis. The results of this analysis, therefore, do not support Panamacebus as a
cebid, or a crown-platyrrhine, in contrast to previous results; based on current evidence, we
suggest that Panamacebus should not be used to calibrate divergences within crown Platyrrhini.

Proteropithecia is from the Collon Curad Formation of Patagonia, and its age is poorly
constrained to between 19.76 and 10.4 Ma (Lopez et al., 2019; Niviere et al., 2019; see Table 2);

it may therefore in fact postdate the Laventan (which is ~13.8-11.8 Ma; Prevosti and Forasiepi,
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2018). Our MP molecular scaffold and undated Bayesian total evidence analyses placed
Proteropithecia in a clade with three late Oligocene-Early Miocene fossil taxa (Mazzonicebus,
Soriacebus, and Canaanimico), not with extant pitheciines, whereas the equivalent tip-dating
analysis (and also the morphological and Bayesian molecular scaffold analyses) found it to be an
unstable taxon. This is the opposite situation to Panamacebus: the additional information
provided by the age of Proteropithecia is sufficient to make its overall position more uncertain
than when determined by morphological data alone. Regardless, our analyses do not support
Proteropithecia as a fossil pitheciine. To our knowledge, the pitheciine status of Proteropithecia
has been uncontroversial (Kay et al., 2013; Rosenberger and Tejedor, 2013; Kay, 2015; Tejedor
and Novo, 2016; Rosenberger, 2020), although Kay et al. (1998a) identified some notable dental
differences between Proteropithecia and living pitheciines in their original description of this
taxon. We did not attempt a detailed reassessment of the affinities of Proteropithecia, but merely
note that our results raise the possibility that this taxon may be a stem platyrrhine convergent on
pitheciines (as has also been proposed for Soriacebus; Kay, 1990, 2010, 2015; Kay et al., 2013).
If so, this would remove the last direct biogeographical link between the Miocene platyrrhines
from Patagonia (all of which would therefore seem to be stem taxa) and crown Platyrrhini, the
known fossil record of which is confined to northern South America.

Our total evidence analyses do not support the 'Long Lineage' hypothesis (Rosenberger et
al., 2009; Rosenberger, 2010, 2011, 2019; Rosenberger and Tejedor, 2013), which posits that the
pre-Laventan taxa are early members of crown platyrrhine lineages. This is a similar result to
previous studies that have analyzed versions of the morphological matrix used here (Kay, 2015;
Bloch et al., 2016; Marivaux et al., 2016a; Kay et al., 2019), except that Bloch et al. (2016),

Marivaux et al. (2016) and Kay et al. (2019) all found the Early Miocene Panamacebus to be a
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cebid, as did our MP and Bayesian molecular scaffold analyses. By contrast, our total evidence
analyses do not support any fossil taxon older than the Middle Miocene as a crown platyrrhine,
with the oldest crown forms (the crown atelid Stirtonia and the stem callitrichid Lagonimico)
having a maximum age of 13.608 Ma (Table 2). However, our estimated age for crown
Platyrrhini (median date = 24.0 Ma; 95% HPD = 20.8-27.0 Ma) suggests that crown platyrrhines
should be present in the Early Miocene and possibly late Oligocene. Given the position of
Miocene platyrrhines from Patagonia as stem taxa, it seems likely that continuing fieldwork in
Amazonia (Marivaux et al., 2016a, 2016b, 2020a; Kay et al., 2019; Seiffert et al., 2020; Antoine
et al., 2021) and elsewhere in northern South America will have the greatest chance of finding
fossil evidence of the earliest stages of the crown platyrrhine radiation.

Another notable aspect of both of our undated and tip-dating total evidence analyses is
recovery of a clade comprising the three Greater Antillean subfossil taxa Xenothrix, Antillothrix,
and Paralouatta, which is sister to Callicebus. This clade was also found by Marivaux et al.
(2016a), but not by Kay (2015) or Kay et al. (2019), even though we used the latter’s
morphological matrix here; however, all of these previous studies were based on parsimony
analysis of a morphological matrix with a molecular scaffold enforced, which precludes
synergistic interactions between morphological and molecular data and which does not take into
account temporal information. Indeed, our own MP molecular scaffold analysis also did not
recover a Greater Antillean clade, although our Bayesian molecular scaffold analysis did. The
Greater Antillean clade received only weak support in our total evidence analyses, even after a
posteriori pruning of unstable taxa. Nevertheless, it is of interest because it implies that the
presence of these genera in the Greater Antilles may be the result of a single dispersal event. It is

worth noting that recent molecular studies have found that the Greater Antillean radiations of
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solenodonotan ‘insectivores’ (Brace et al., 2016; Buckley et al., 2020) and caviomorph rodents
(Woods et al., 2018) appear to be the result of single dispersal events.

However, of the three Greater Antillean taxa, DNA sequence data are currently only
available for Xenothrix (Woods et al., 2018); molecular data (e.g., ancient DNA or protein
sequences) from Antillothrix, Paralouatta, and also Insulacebus (not included here; Cooke et al.,
2011), will be needed to rigorously test monophyly of the Greater Antillean clade. In addition,
we included only a single extant callicebine (Callicebus), whereas Woods et al. (2018) included
multiple representatives of all three extant callicebine genera (Callicebus, Cheracebus, and
Plecturocebus), and found Xenothrix to be sister to Cheracebus; addition of Cheracebus and
Plecturocebus to the matrix used here would allow further testing of this hypothesis. We note,
however, that the divergence dates presented here are still congruent with monophyly of the
Greater Antillean clade when combined with those of Woods et al. (2018): specifically, Woods
et al. (2018) estimated that Xenothrix diverged from Cheracebus 10.8 Ma (95% HPD =5.2-14.9
Ma), and we estimate the age of the common ancestor of the Greater Antillean taxa to be
younger than this (median date = 9.3 Ma; 95% HPD = 3.4-16.1 Ma).

Finally, we note that MacPhee et al. (2003) described an isolated platyrrhine astragalus
from the Domo de Zaza locality in Cuba, that they considered to be closely related to the Cuban
subfossil Paralouatta varonai and which they named Paralouatta marianae. MacPhee et al.
(2003) concluded that Domo de Zaza is most likely Early Miocene (Burdigalian, 20.44-15.97
Ma; Cohen et al., 2013; updated), although radiometric dating with strontium isotopes was
inconclusive. If a Burdigalian age for P. marianae is correct, then it suggests that our estimated

age for the Greater Antillean clade is too young (if P. varanaoi and P. marianae are indeed
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closely related), or it indicates at least one other dispersal event by platyrrhines to the Greater
Antilles.

Based on the results of our molecular scaffold and total evidence analyses, the following
four South American fossil primate taxa can be identified as representing robust calibrations for
informing the minimum bound on divergences within Platyrrhini: Stirtonia, which is strongly
supported as a stem alouattine, and so provides a minimum bound on age of the Alouattinae-
Atelinae split of 13.363 Ma; Neosaimiri, which is strongly supported as a stem saimirine, and so
provides a minimum bound on the age of the Cebinae-Saimirinae split of 12.272 Ma;
Cebupithecia, which is strongly supported as a pitheciine, and so provides a minimum bound on
the age of Pitheciinae-Callicebinae split of 13.032 Ma; and Lagonimico, which is strongly
supported as a stem callitrichid, and so provides a minimum bound on the divergence of
Callitrichidae from its sister family (which varies depending on the precise relationship of
Aotidae to Callitrichidae and Cebidae) of 13.183 Ma. We note here, however, that the tip-dating
total evidence analysis of Ni et al. (2019) suggests a very different set of relationships, with
Stirtonia and Neosaimiri both placed outside crown Platyrrhini (Cebupithecia and Lagonimico
were not included in Ni et al.’s, 2019 analysis).

Studies suggest that accurate estimates of divergence times under the FBD model require
dense sampling of fossil taxa (Klopfstein et al., 2019; O’Reilly and Donoghue, 2019). The
morphological dataset we used here, namely that of Kay et al. (2019), includes most named
South American primate genera (note that Szalatavus, Killikaike, and Laventiana have been
argued to be synonyms of Branisella, Homunculus, and Neosaimiri respectively; Kay, 2015), but
this is a reflection of the overall paucity of the known fossil record (although this continues to

improve thanks to ongoing, extensive efforts by a number of different research teams; Marivaux
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etal., 2016a, 2016b, 2020a; Novo et al., 2017, 2021; Kay et al., 2019; Seiffert et al., 2020;
Antoine et al., 2021). However, this dataset includes a limited selection of fossil catarrhines and
stem anthropoids, some of which (e.g., Talahpithecus, Proteopithecus, and oligopithecids) may
be of particular relevance for understanding the origin of platyrrhines, including the timing of
their arrival in South America (Bond et al., 2015). For this reason, the divergence times
estimated in our total evidence tip-dating analyses should be treated with caution. Nevertheless,
our tip-dating analysis suggests that platyrrhines arrived in South America between after 37.1 Ma
and before 31.8 Ma, based on the maximum estimate for the Platyrrhini-Catarrhini split (95%
HPD: 37.1-33.9 Ma) and the minimum estimate for the divergence of the earliest diverging stem
platyrrhine in our dataset, Parvimico (95% HPD: 36.2-31.8 Ma; note that Perupithecus was
found to be unstable). Notably, this is very similar to Seiffert et al.’s (2020) estimate for the
timing of dispersal of a second South American primate taxon, the parapithecid Ucayalipithecus,
namely 35.1-31.7 Ma, which these authors noted coincides with a major drop in global sea levels
(Miller et al., 2008).

Our late Oligocene-Early Miocene estimate for the age of crown Platyrrhini is similar to
estimates from several previous molecular clock analyses (Perelman et al., 2011; Springer et al.,
2012; dos Reis et al., 2018; Woods et al., 2018; Wang et al., 2019), as well as from the novel
two-stage molecular and morphological clock analysis of Schrago et al. (2013), and from the
total evidence tip-dating analysis of Ni et al. (2019). It is worth noting that this is similar to the
crown age of another major clade of predominantly South and Central American mammals,
namely the marsupial family Didelphidae (opossums), as estimated by some molecular clock

(node-dating) analyses (Jansa et al., 2014)—although others suggest a somewhat earlier age
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(Steiner et al., 2005; Meredith et al., 2011; Mitchell et al., 2014; Vilela et al., 2015)—and also by
total evidence tip-dating analyses (Beck and Taglioretti, 2020; Beck et al., 2021).

Node-dated molecular clock estimates for the age of crown Caviomorpha are markedly
older, typically mid-to-late Eocene or earliest Oligocene (Sallam et al., 2009; Rowe et al., 2010:
table 1; Meredith et al., 2011; Upham and Patterson, 2012, 2015; Voloch et al., 2013; Alvarez et
al., 2017; Woods et al., 2021). Several of these studies (Voloch et al., 2013; Upham and
Patterson, 2015; Alvarez et al., 2017) have calibrated the deepest divergences within crown
Caviomorpha based on fossil taxa from Contamana in Peru, which have been dated to the middle
Eocene (~41 Ma) and include taxa that have been referred to the caviomorph crown clade by
some authors; specifically, Eobranisamys javierpradoi and Eospina sp. from Contamana were
identified as early members of Cavioidea and Octodontoidea respectively by Antoine et al.
(2012) and Boivin et al. (2017). However, the reported age of Contamana has been questioned
(Campbell et al., 2021), and, in any case, the recent phylogenetic study of Boivin et al. (2019)
suggests that all of the Contamana rodents (including Eobranisamys and Eospina) fall outside
the crown Caviomorpha. Definitive crown caviomorphs have been reported from the Tinguiririca
fauna of Chile (Bertrand et al., 2012), and are estimated to be 37.5-31.5 Ma based on
radiometric dating (Wyss et al., 1990, 1993; Flynn et al., 2003; Bertrand et al., 2012). Given the
ongoing controversy regarding the ages of Paleogene sites in Peruvian Amazonia (Campbell et
al., 2021), the Tinguirirican fossils are arguably the oldest securely dated crown caviomorphs,
and they indicate that crown Caviomorpha had begun to diversify by the earliest Oligocene at the
latest (see also Marivaux et al., 2020b). Campbell et al. (2021, their fig. S7) presented a
morphological tip-dating analysis of Caviomorpha using the matrix of Marivaux et al. (2020b;

which is modified from that of Boivin et al., 2019) in which the ages of fossil taxa from localities
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that they considered to be of controversial age (at Santa Rosa, Shapaja, and Contamana;
Campbell et al., 2021) were allowed to vary between 56 and 0 Ma. In this analysis, the median
estimate for the age of crown Caviomorpha was 40.2 Ma, with a 95% HPD of 43.5-37.5 Ma.
Collectively, then, current evidence suggests that crown Caviomorpha is at least 10 million years
older than crown Platyrrhini.

The tip-dating analysis of Campbell et al. (2021) suggests that the dispersal of
Caviomorpha to South America occurred after 44.5 Ma but before 37.5 Ma. This is close to, but
does not overlap with, our composite estimate for the timing of dispersal of platyrrhines (37.2—
30.9 Ma), or Seiffert et al.’s (2020) estimate for the dispersal of the parapithecid lineage
represented by Ucayalipithecus (35.1-31.7 Ma). However, the accuracy of divergence dates
estimated by tip-dating approaches needs further exploration (Beck and Lee, 2014; Drummond
and Stadler, 2016; Puttick et al., 2016; Ronquist et al., 2016; Parins-Fukuchi and Brown, 2017;
Luo et al., 2019; King and Beck, 2020; Plschel et al., 2020; Simdes et al., 2020), and some
molecular clock studies have suggested that the dispersals of platyrrhines and caviomorphs could
have been coincident in time (Poux et al., 2006; Loss-Oliveira et al., 2012).

As noted above, monophyly of the Greater Antillean genera Xenothrix, Antillothrix, and
Paralouatta raises the possibility that they may be the result of a single dispersal event from the
South American mainland; if so, our divergence estimates permit a wide range of ages for this
event, spanning from the earliest Miocene to the Late Pliocene (21.4-3.4 Ma). Although poorly
constrained, this nevertheless overlaps with the inferred timing of dispersal of caviomorph
rodents to Caribbean landmasses based on the molecular clock (node-dating) analysis of Woods
et al. (2021), which is 21.7-7.1 Ma. These estimates are therefore permissive of synchronous

dispersals by platyrrhines and caviomorphs from mainland South America to the Greater
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Antilles. However, the presence of a platyrrhine (Paralouatta marianae) in the Early Miocene of
Cuba (MacPhee et al., 2003) discussed above, and also chinchilloid caviomorphs (Borikenomys
praecursor and a second, indeterminate taxon) in the early Oligocene of Puerto Rico (Marivaux
et al., 2020b), suggest that there have in fact been multiple dispersals by both platyrrhines and
caviomorphs, and hence a complex biogeographic history for the Greater Antillean members of

these clades.

5. Conclusions

The results presented here provide a new perspective on our current understanding of
platyrrhine phylogeny. Specifically, our use of total evidence analysis, together with a formal
information theoretic approach for identifying unstable taxa, has helped clarify which fossil taxa
can be robustly placed within specific platyrrhine clades, and which are of more uncertain
affinities. By contrast, molecular scaffold analysis using MP (but not Bayesian inference)
resulted in a number of anomalous relationships. The differences between our undated and tip-
dating total evidence analyses also reveal the impact that temporal information can have on
phylogenetic inference, and we recommend that, where feasible, researchers explore both
approaches, particularly as tip dating allows for the inference of divergence times between taxa.
Total evidence analysis represents a powerful and flexible (albeit computationally more
intensive) alternative phylogenetic approach to molecular scaffold analysis, and it will
undoubtedly become more widely used in phylogenetic analyses of primate clades that include
both extant and fossil representatives, particularly as the methods and models used to implement

it become more sophisticated and biologically realistic.
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Figure legends

Figure 1. 50% majority rule consensus of post-burn-in trees that results from undated Bayesian
analysis of the molecular sequence dataset (17 nuclear loci, 10.2 kb) using MrBayes v. 3.2.7a.

Support values at nodes are Bayesian posterior probabilities.

Figure 2. Strict consensus of four most parsimonious trees (length = 1829 steps) from maximum
parsimony analysis of the morphological dataset (418 characters) using TNT v. 1.5. Support
values at nodes are bootstrap values (based on 2000 replicates); nodes without support values

were constrained to be monophyletic a priori (see Methods for further details).

Figure 3. Results from undated Bayesian analysis of the morphological dataset (418 characters)
using MrBayes v. 3.2.7a. A) 50% majority rule consensus of post-burn-in trees with all taxa
included. B) 50% majority rule consensus of post-burn-in trees after a posteriori pruning of
unstable taxa (indicated by * in A) identified by Rogue v. 2.1.0 (see Table 3). Support values at
nodes are Bayesian posterior probabilities; nodes without support values were constrained to be

monophyletic a priori (see Methods for further details).

Figure 4. Results from maximum parsimony analysis of the morphological dataset (418
characters) with the molecular scaffold of Kay et al. (2019) enforced as a backbone constraint,
using TNT v. 1.5. A) Strict consensus of three most parsimonious trees (length = 1877 steps)
with all taxa included. B) Strict consensus of three most parsimonious trees (length = 1877 steps)
after a posteriori pruning of a single unstable taxon (Cebupithecia, indicated by * in A) identified
by Rogue v. 2.1.0 (see Table 3). Support values at nodes are bootstrap values (based on 2000
replicates); nodes without support values were constrained to be monophyletic a priori (see

Methods for further details).
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Figure 5. Results from undated Bayesian analysis of the morphological dataset (418 characters)
with the molecular scaffold of Kay et al. (2019) enforced as a backbone constraint, using
MrBayes v. 3.2.7a. A) 50% majority rule consensus of post-burn-in trees with all taxa included.
B) 50% majority rule consensus of post-burn-in trees after a posteriori pruning of unstable taxa
(indicated by * in A) identified by Rogue v. 2.1.0 (see Table 3). Support values at nodes are
Bayesian posterior probabilities; nodes without support values were constrained to be

monophyletic a priori (see Methods for further details).

Figure 6. Results from undated Bayesian analysis of the total evidence dataset using MrBayes v.
3.2.7a. A) 50% majority rule consensus of post-burn-in trees including all taxa. B) 50% majority
rule consensus of post-burn-in trees after a posteriori pruning of unstable taxa (indicated by * in
A) identified by Rogue v. 2.1.0. Support values at nodes are Bayesian posterior probabilities;
nodes without support values were constrained to be monophyletic a priori (see Methods for

further details).

Figure 7. Results from tip-dating Bayesian analysis of the total evidence dataset using MrBayes
v. 3.2.7a. A) ‘Allcompat’ majority rule consensus of post-burn-in trees including all taxa. B)
‘Allocompat’ majority rule consensus of post-burn-in trees after a posteriori pruning of unstable
taxa (indicated by * in A) identified by Rogue v. 2.1.0. Support values at nodes are Bayesian
posterior probabilities (BPPs); nodes without support values were constrained to be
monophyletic a priori (see Methods for further details), or have BPP of <0.5. Branches
represented by dotted lines lead to nodes with BPPs of <0.5, and so collapse in a 50% majority
rule consensus. Divergence dates are median posterior estimates, and blue bars are 95% highest
posterior density intervals. Eo. = Eocene, Ol. = Oligocene, P. = Pliocene, Pa. = Paleogene, Pl. =

Pleistocene + Holocene, Q. = Quaternary.
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Table 1

Molecular partitioning scheme for total evidence tip-dating analyses in MrBayes v. 3.2.7a based on PartitionFinder v. 2.2 output. Partitions were

identified using the Bayesian Information Criterion for model selection and assuming linked branch lengths.

Partitions Nuclear loci Model?
ADORAZ3 (412 bp), CREM (419 bp), RPGRIP1 (677 bp), RAG1 (1071 K80+ G
1 (3307 bp)
bp), FAM123B (728 bp)
2 (3465 bp) MBD5 (553 bp), RAG2 (502 bp), APP (647 bp), SGMS1 (580 bp), HKY + G
P MAPKAP1 (644 bp), NEGR1 (539 bp)
3 (1105 bp) FES (431 bp), DENND5A (674 bp) K80 + G

4 (2367 bp)  DMRT1 (522 bp), NPAS3 (596 bp), ERC2 (713 bp), FOXG1 (536 bp)  GTR+G

bp = base pairs.

&G = gamma distribution to model rate heterogeneity between sites; GTR = General Time Reversible model, which assumes unequal base
frequencies, and separate rate parameters for all six substitution types; HKY = Hasegawa et al. (1985) model, which assumes unequal base
frequencies, and separate rate parameters for transitions and transversions; K80 = Kimura (1980) model (also known as K2P), which assumes

equal base frequencies, and separate rate parameters for transitions and transversions.
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Table 2

Age priors of fossil taxa used in the total evidence tip-dating analysis presented in this study (see Figure 7). All extant taxa were given a fixed
age prior of 0 Ma. As recommended by Puschel et al. (2020), age priors for fossil taxa were based on the total age range of the specimen(s) used
for scoring the morphological matrix of Kay et al. (2019; see also Kay, 2015), which we used as the source of our morphological data (see

Methods for full details).

Fossil taxon Age prior (uniform, Justification

unless otherwise noted)

Paralouatta 0-1.29 Ma Described as late Quaternary based on associated fauna (Rivero and
Arredondo, 1991). We use the second half of the Quaternary (Cohen et al.,

2013) for this age prior.

Xenothrix 0.001443-0.001511 Ma  Radiometric date reported by Cooke et al. (2017).

Antillothrix 0.003715-1.43 Ma The maximum bound is the maximum U-Pb date (1.32 +/- 0.11 Ma)

reported by Rosenberger et al. (2015). The minimum bound is the minimum



Acrecebus

4.741-9.0 Ma

14C date (3850 +/- 135 BP) reported by Rimoli (1977; see also Rosenberger

etal., 2015).

Recent age estimates for the Huayquerian SALMA include 9.0-5.28 Ma
(see Prevosti and Forasiepi, 2018, table 1.1) and 9.0-6.8 Ma (Gasparini et
al., 2021). However, Prevosti et al. (2021) reported a 40Ar/39Ar date from
the lower 'lIrenean’ fauna at Quequén Salado River—which shows
similarities to Huayquerian faunas—of 5.17 +/- 0.08 Ma, i.e., younger than
previously proposed minimum bounds for the Huayquerian. We therefore
use a more conservative minimum bound of 4.741 Ma based on the median
maximum age of the Monte Hermoso fauna (Prevosti et al., 2021), which is
the type fauna of the Montehermosan SALMA that follows the

Huayquerian.



Proteropithecia

10.4-19.76 Ma

Known specimens of this taxon are derived from within and above the
Pilcaniyeu Ignimbritic Member in the Coll6n Cura Formation (Kay et al.,
1998a). Potassium-Argon dates ranging from 13.8 to 16.0 Ma (Marshall et
al., 1977; Bondesio et al., 1980; Mazzoni and Benvenuto, 1990; Kay et al.,
1998a) have been reported for the Pilcaniyeu Ignimbritic Member, as has an
OArP°Ar date of 15.7 Ma (Madden et al., 1997; Kay et al., 1998a), later
adjusted to 15.9 Ma (Kay and Perry, 2019). However, the reliability of
these dates, at least some of which are based on whole-rock samples, was
questioned by Niviere et al. (2019). We therefore take a more conservative
approach here. The minimum bound for this age prior is based on a 10.6 +/-
0.2 Ma U-Pb date from the overlying Caleufu Formation (L6pez et al.,
2019); the maximum bound is based on a 19.04 +/- 0.72 Ma date from
OAr/°Ar biotite dating of the basal ignimbrite in the Collon Cura
Formation (Niviere et al., 2019). This age range encompasses, but is

broader than, the previously reported K-Ar and “°Ar/*°Ar dates.



Neosaimiri 12.272-13.183 Ma The type specimen of this taxon is from the Monkey Beds at La Venta,
which correspond to the normal interval of Chron C5AA (Flynn et al.,
1997; Kay and Madden, 1997). This interval spans from 13.183 to 13.032
Ma (Raffi et al., 2020). Neosaimiri specimens described by Rosenberger et
al. (1991) and Takai (1994), which were also used by Kay et al. (2019) for
scoring of this taxon, are from the Masato site in the "lowest part of the
Tatacoa Red Member” (Takai, 1994: p. 331). According to Villarroael et al.
(1996), the Tatacoa Red Member is equivalent to the El Cardon Red Beds.
Magnetostratigraphic information (Flynn et al., 1997; Madden et al., 1997;
Anderson et al., 2016; Montes et al., 2021) indicates that the El Cardon Red
Beds are younger than the top of Chron C5Ar.2n (=12.829 Ma; Raffi et al.,
2020) but older than the top of Chron C5An.2n (=12.272 Ma; Raffi et al.,
2020). Therefore, the composite age range for this taxon is 12.272-13.183

Ma.



Nuciruptor 12.272-12.829 Ma Specimens used to score this taxon for the morphological matrix used here
are from the El Cardon Red Beds at La Venta (Kay, 2015).
Magnetostratigraphic information (Flynn et al., 1997; Madden et al., 1997;
Anderson et al., 2016; Montes et al., 2021) indicates that the EI Cardon Red
Beds are younger than the top of Chron C5Ar.2n (=12.829 Ma; Raffi et al.,
2020) but older than the top of Chron C5An.2n (=12.272 Ma; Raffi et al.,

2020).

'Aotus' dindensis 13.032-13.183 Ma Specimens used to score this taxon for the morphological matrix used here
are from the Monkey Beds at La Venta (Kay, 2015). The Monkey Beds
correspond to the normal interval of Chron C5AA (Flynn et al., 1997; Kay
and Madden, 1997), which spans from 13.183 to 13.032 Ma (Raffi et al.,

2020).

Cebupithecia 13.032-13.183 Ma Specimens used to score this taxon for the morphological matrix used here

are from the Monkey Beds at La Venta (Kay, 2015). The Monkey Beds



Mohanamico

Stirtonia spp.

13.032-13.183 Ma

13.032-13.608 Ma

correspond to the normal interval of Chron C5AA (Flynn et al., 1997; Kay
and Madden, 1997), which spans from 13.183 to 13.032 Ma (Raffi et al.,

2020).

Specimens used to score this taxon for the morphological matrix used here
are from the Monkey Beds at La Venta (Kay, 2015). The Monkey Beds
correspond to the normal interval of Chron C5AA (Flynn et al., 1997; Kay
and Madden, 1997), which spans from 13.183 to 13.032 Ma (Raffi et al.,

2020).

The older species used by Kay (2015) for scoring purposes, namely
Stirtonia victoriae, is from Duke Locality 28 at La Venta, within the Cerro
Gordo Beds of the La Victoria Formation, which lies within Chron C5ABn
(Flynn et al., 1997; Madden et al., 1997; Anderson et al., 2016; Montes et
al., 2021); this spans from 13.608-13.363 Ma (Raffi et al., 2020), with the

latter date providing our minimum bound. The younger species used by



Kay (2015) for scoring purposes, namely Stirtonia tatacoensis, is from the
Monkey Beds and Fish Beds, which are older than the minimum age of
Chron C5AAnN (Flynn et al., 1997; Madden et al., 1997; Anderson et al.,

2016; Montes et al., 2021), which is 13.032 Ma (Raffi et al., 2020).

Lagonimico 13.183-13.608 Ma Date for Duke/INGEOMINAS locality 90, source of the holotype of

Lagonimico conclucatus (de Vries and Beck, 2021%; Montes et al., 2021).

Homunculus spp. 16.29-17.668 Ma All of the Homunculus specimens appear to be from Santacrucian sites on
the Atlantic coastal plain (see Appendix 16.1 of Kay et al., 2012), which
Perkins et al. (2012) dated to 18-16 Ma. More recently, Trayler et al.
(2021) presented a revised age model for six Santa Cruz localities on the
Atlantic coastal plain; this indicates a minimum bound of 16.55-0.26
(=16.29) Ma and a maximum bound of 17.613 + 0.055 (=17.668) Ma, based
on the 95% highest posterior interval for their summed probability

distribution likelihood model (Trayler et al., 2021, table 2).



Parvimico 16.4-19.6 Ma Radiometric date reported by Kay et al. (2019).

Carlocebus spp. 16.761-18.01 Ma Carlocebus spp. are from the Pinturas Formation, which is overlain by the
Toba Blanca tuff (Perkins et al., 2012). According to Trayler et al. (2020,
table 2), the 95% highest density interval model age of the Toba Blanca tuff
is 16.806 + 0.039/- 0.045 Ma, which provides a minimum bound of 16.761
Ma. Perkins et al. (2012) gave a date from near the base of the formation at
the Estancia EI Carmen is 17.99 +/- 0.02 Ma, which we use as a maximum

of 18.01 Ma.

Soriacebus spp. 16.761-18.01 Ma Soriacebus is from the Pinturas Formation, which is overlain by the Toba
Blanca tuff (Perkins et al., 2012). According to Trayler et al. (2020, table
2), the 95% highest density interval model age of the Toba Blanca tuff is
16.806 + 0.039/- 0.045 Ma, which provides a minimum bound of 16.761
Ma. Perkins et al. (2012) gave a date from near the base of the formation at

the Estancia El Carmen is 17.99 +/- 0.02 Ma, which we use as a maximum



Panamacebus

Chilecebus

Mazzonicebus

18.636-21.1 Ma

19.82-20.36 Ma

19.979-21.130 Ma

of 18.01 Ma.

The overlying Centenario Fauna is within C5Er (MacFadden et al., 2014),
which is 18.636-18.497 Ma according to Raffi et al. (2020); 18.636 Ma is
therefore the minimum bound for this age prior. The maximum bound is the
maximum age of the radiometric date underlying the fossil deposit, as

presented by Bloch et al. (2016).

Radiometric date reported by Flynn et al. (1995).

Material came from the Colhue-Huapi West locality, the Lower Fossil Zone
(LFZ) of the Colhue-Huapi Member, Sarmiento Formation at Gran
Barranca (Kay, 2010). The LFZ corresponds to Chron C6An.1n according
to Ré et al. (2010), which is 20.182-19.979 Ma (Raffi et al., 2020).
However, according to Dunn et al. (2013), the LFZ spans C6AN.2r to

C6AN.2n, which is 21.130 to 20.448 Ma following Gradstein et al. (2012).



We use the maximum possible age range for this age estimate here.

Dolichocebus 20.1-21.0 Ma Material comes from the Trelew Member of the Sarmiento Formation
which belongs to the Colhuehuapian SALMA (Kay et al., 2008). We follow

the age estimate for the Colhuehuapian SALMA of Dunn et al. (2013).

Tremacebus 20.1-21.0 Ma Materials come from Colhuehuapian aged deposits at approximately 12 km
southwest of Cerro Sacanana, in north central Chubut (Hershkovitz, 1974).
We follow the age estimate for the Colhuehuapian SALMA of Dunn et al.

(2013).

Canaanimico 23-26.63 Ma The minimum bound is provided by the minimum age of the Deseadan
SALMA (Dunn et al., 2013). The maximum bound is based on the

underlying, dated tuff that is ~5m below the fossils (Marivaux et al., 2016).

Branisella 25.264-25.304 Ma Kay et al. (1998b) correlated the 'Branisella Zone/Level' (=Unit 5) at Salla

to C8n.Ir; according to Speijer et al. (2020), this is 25.304-25.264 Ma.



Perupithecus

Aegyptopithecus

Apidium

29.52-29.68 Ma

28.2-33.4 Ma

28.2-33.4 Ma

Radiometric date reported by Campbell et al. (2021).

Most specimens of the only known species of Aegyptopithecus,
Aegyptopithecus zeuxi, appear to be from 'Quarry M', which is one of the
youngest sites in the Gebel Qatrani Formation (Seiffert, 2006, 2010;
Seiffert et al., 2010). However, A. zeuxi has also been reported from the
older 'Quarry I' (Seiffert et al., 2010), which has been estimated to be 29.8—
30.0 Ma (Gunnell et al., 2010, table 7.1; Gunnell, 2010, table 30.1), and the
age of the Gebel Qatrani Formation itself is somewhat controversial (see
Van Couvering and Delson, 2020). Thus, we assign an age representing the
entirety of the 'Qatranian’ (sensu Van Couvering and Delson, 2020), which

is 33.4-28.2 Ma.

Apidium spp. are known from multiple quarries in the Gebel Qatrani
Formation (Seiffert et al., 2010). We therefore assign an age representing

the entirety of the 'Qatranian’ (sensu VVan Couvering and Delson, 2020),



Simonsius

Catopithecus

28.2-33.4 Ma

33.4 Ma (fixed)

which is 33.4-28.2 Ma.

Similar to Aegyptopithecus, Simonsius (=Parapithecus) grangeri is known
from Quarry M and Quarry I in the Gebel Qatrani Formation (Seiffert et al.,
2010). We therefore assign an age representing the entirety of the
'Qatranian’ (sensu Van Couvering and Delson, 2020), which is 33.4-28.2

Ma.

This taxon is from Quarry L-41 in the Fayum Depression, Egypt. The age
of this site has been subject to different interpretations (Gingerich, 1993;
Seiffert, 2006, 2010; Van Couvering and Delson, 2020). It was most
recently reviewed by Van Couvering and Delson (2020: p. 12), who stated
that “the reversed polarity of the uppermost Qasr el-Sagha and that of the
lowermost Gebel Qatrani (Rasmussen et al., 1992) could be a composite of
the C15r reversal below and the C13r reversal above the Eocene-Oligocene

boundary”, and assigned an age of 33.4 Ma to this site, in contrast to the



slightly older (~34 Ma) age preferred by Seiffert (2006, 2010). We follow
Van Couvering and Delson’s (2020) proposed age, which we use as a fixed
age estimate for this site, but note that the site may be slightly older than

this, as argued by Seiffert (2006, 2010).

Proteopithecus 33.4 Ma (fixed) This taxon is from Quarry L-41 in the Fayum Depression, Egypt. We
follow Van Couvering and Delson’s (2020) proposed age of 33.4 Ma,
which we use as a fixed age estimate for this site, but we note that this site

may be slightly older (~34 Ma; Seiffert, 2006, 2010).
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Table 3

Taxa identified as unstable in each phylogenetic analysis, based on the 'splitwise phylogenetic information content’ with a threshold of 50

(corresponding to a 50% majority rule consensus), as implemented by the R package Rogue v. 2.1.0. Taxa are ranked from most unstable to least

unstable. Percentage completeness for the morphological dataset, and corresponding rank of completeness (out of a total of 48 taxa) are given in

Morphology with
molecular scaffold,

Bayesian

Total evidence,

Bayesian undated

Total evidence, Bayesian

tip dating

parentheses.
Molecular, Morphology, Morphology, Morphology with
Bayesian undated MP Bayesian undated molecular scaffold, MP
1. Proteropithecia (14.8% 1. Cebupithecia (51.4%
(None) (None)

complete; 44/48) complete; 30/48)
2. Xenothrix (43.5%
complete; 34/48)
3. Tremacebus (21.3%
complete; 42/48)
4. Perupithecus (9.3%

complete; 48/48)

1. Chilecebus (21.1%
complete; 43/48)
2. Perupithecus (9.3%
complete; 47/48)
3. Proteropithecia (14.8%
complete; 44/48)
4. Tremacebus (21.3%;

42/48)

1. Perupithecus (9.3%
complete; 47/48)
2. Parvimico (9.1%
complete; 48/48)
3. Chilecebus (21.1%
complete; 43/48)
4. Acrecebus (9.6%

complete; 46/48)

1. Proteropithecia (14.8%
complete; 44/48)
2. Tremacebus (21.3%
complete; 42/48)
3. Acrecebus (9.6%
complete; 46/48)
4. Perupithecus (9.3%

complete; 47/48)



5. Parvimico (9.1% 5. Acrecebus (9.6% 5. Tremacebus (21.3% 5. Aotus (91.1%

complete; 46/48) complete; 42/48) complete; 3/48)

complete; 48/48)
6. Panamacebus (22.0% 6. Chilecebus (21.1%

6. Chilecebus (21.1%

complete; 43/48) complete; 41/48) complete; 43/48)

7. Panamacebus (22.0%
complete; 41/48)

MP = maximum parsimony.



Table 4

Divergence dates estimated for selected clades in our total evidence tip-dating analysis, prior to pruning of unstable taxa (see Fig. 4A). Values are
median posterior estimates, followed by 95% highest posterior density intervals in parentheses.

Clade Split Estimated divergence time (Ma)
Crown Anthropoidea Catarrhini-Platyrrhini 35.4 (33.9-37.1)
Crown Platyrrhini Pitheciidae-(Aotidae + Atelidae + Callitrichidae + Cebidae) 24.0 (20.8-27.0)
Crown Pitheciidae Pitheciinae-Callicebinae 21.4 (18.0-24.6)
Crown Pitheciinae Pithecia-(Chiropotes + Cacajao) 9.8 (6.0-13.6)
Callicebus + Greater Antillean platyrrhines Callicebus-(Xenothrix + Antillothrix + Paralouatta) 16.8 (12.0-21.4)
Greater Antillean platyrrhines Xenothrix-(Antillothrix + Paralouatta) 9.3(3.4-16.1)
Atelidae + Aotidae + Callitrichidae + Cebidae Atelidae-(Aotidae + Callitrichidae + Cebidae) 22.7 (19.7-25.7)
Crown Atelidae Alouattinae-Atelinae 15.7 (13.5-18.6)
Crown Atelinae Lagothrix-(Brachyteles + Ateles) 9.2 (5.9-12.9)
Saguinus-(Leontopithecus + Cebuella + Callithrix +
Crown Callitrichidae 11.6 (8.4-14.9)
Callimico)

Crown Cebidae Cebinae-Saimirinae 16.4 (14.0-19.2)




