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Abstract

Bald uakaris, genus Cacajao, are Amazonian primates currently classified as one species
and four subspecies based on the patterns of pelage coloration. In this study, we test if
their current taxonomy is represented by the phylogenetic relationship of the main
lineages retrieved from molecular data. We included, for the first time, all bald uakari
taxa in a mitochondrial (cytochrome b) and genome-wide (ddRAD) phylogenetic
analyses. We also examined the pattern of pelage colouration in specimens from
zoological collections. Having determined the number of lineages using Maximum
Likelihood and the species tree using coalescent analyses, we test their divergence time
using a Bayesian approach. While the cytochrome b analysis only recovered two clades,
the ddRAD analysis supported the reciprocal monophyly of five lineages of bald uakaris,
with all clades including only individuals with distinct and exclusive diagnostic
phenotypic characters. We found that species diversification in Cacajao occurred during
the last 300 Kya and may have been influenced by the formation of rivers and flooded
forests in western Amazonia. We propose that the four bald uakari subspecies currently
recognised can be upgraded  to species level and we describe the white uakaris from

the basin of the Rio Tarauacd as a new species.

Keywords: Amazon rainforest — Neotropical primates — Phylogenetic Species Concept

— Pitheciinae — species delimitation

1. Introduction

In the last two decades, molecular analyses revolutionized the study of phylogenetics
providing a new perspective on the diversity of many groups. It has contributed to the
reassessment of taxonomical hypotheses for several taxa for which classification had been
based mostly on morphological characters (for example, Outlaw and Voelker 2006;
Sanchez-Gonzélez and Moyle, 2011; Covain et al. 2016; Byrne et al. 2016; McDonough



et al. 2022). Since the species has a pivotal role as a unit of evolution, biodiversity, and
conservation, their taxonomic status must be reviewed when new evidence becomes
available. The combination of different lines of evidence (e.g., morphology, molecular
genetics, ecology) in species delimitation — a practice that some authors refer to as
“integrative taxonomy” (Dayrat, 2005; Schlick-Steiner et al., 2010) — provides a solid

ground for taxonomic classifications.

In the case of Neotropical primates, the mammalogist Phillip Hershkovitz was
impressive in his compilation of information from zoological collections around the
world to review the taxonomic classification of several primate genera in the late 1970s,
the '80s, and early '90s using morphological data. Molecular analyses combined with
the systematic adoption of the Phylogenetic Species Concept (PSC) and new field
evidence supported taxonomic reassessments of Cacajao (Boubli et al. 2008), Cebus
(Lynch-Alfaro et al. 2012), Saguinus (Buckner et al. 2015; Rylands et al. 2016), Saimiri
(Mercés et al. 2015), Callicebus (Byrne et al. 2016). These studies updated the taxonomic
proposals of Hershkovitz, either by supporting the validity of some taxa or rejecting and

amending it by presenting new evidence and proposing new classification schemes.

One such genus was Cacajao (the uakari monkeys), which Hershkovitz (1987) based
his analysis on pelage coloration and morphometry of few available specimens,
collected by the 19th and early 20th-century naturalists. Cacajao is the largest member
of the New World primate family Pitheciidae. It is endemic to the Amazon rainforest and
comprises the black-headed uakaris and the bald uakaris; the latter having a bare, red
face, a characteristic caused by a complex vascular system in the facial skin (Mayor et
al., 2015). The black-headed uakaris occur along the north bank of the Rio Japura and in
the Rio Negro basin, north to the Rio Orinoco. The bald uakaris have an unusual
distribution of disjunct populations occurring mostly in the forests of the rios Solimdes
and Jurua in Brazil, and in the Ucayali-Javari interfluvial in Peru (Silva Jr et al., 2013; Silva

et al.,, 2021).



Hershkovitz (1987) treated the black-headed uakaris as one species with two
subspecies (Cacajao melanocephalus melanocephalus [Humboldt] in the upper Rio
Orinoco-Rio Cassiquiare basin and C. m. ouakary [Spix] in the Rio Negro-lapurd
interfluvium, extending west into Colombia), and the bald uakaris as a second species
with four subspecies (Cacajao calvus calvus, C. c. ucayali, C. c. rubicundus, and C. c.
novaesi). The black-headed uakaris were subjected to a taxonomic reappraisal by Boubli
et al. (2008). With new information from field surveys, a re-examination of voucher
specimens, and molecular phylogenetics using the mitochondrial cytochrome b gene,
Boubli et al. proposed an arrangement of three species — Cacajao melanocephalus,
Cacajao hosomi, and Cacajao ayresi. They argued that melanocephalus was the correct
epithet for the uakaris along the right bank of the Rio Negro and, contra Hershkovitz,
not ouakary, provided a new name (hosomi) for the uakaris north of the Rio Negro that
range north to the Orinoco, and described a new, evidently isolated, form (ayresi)
discovered in the basin of the Rio Araca, a north (left) bank tributary of the Rio Negro to
the east of hosomi. This proposal was contested by Ferrari et al. (2014), but see Quintela
et al. (2020) for a review of the controversy. Although the new evidence presented by
Boubli et al. (2008) stirred up discussion on the taxonomic classification of black-headed
uakaris, the phylogenetic relationships and taxonomy of bald uakaris remained

overlooked.

1.1. Taxonomic background of bald uakaris

The French naturalist Isidore Geoffroy Saint-Hilaire was the first to describe a bald
uakari, the white bald uakari Brachyurus calvus 1. Geoffroy Saint-Hilaire, 1847. The
author’s description was based on a specimen donated to the Muséum National
d'Histoire Naturelle, Paris, and the type locality was given as “Province de Pard” (I.
Geoffroy Saint-Hilaire, 1847, 1852) — a reference to the former province of Grdo-Par3,
an administrative territory from the colonial period that included today’s states of Para

and Amazonas, a vast area in the north of Brazil. Isidore Geoffroy Saint-Hilaire (1852)
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examined two other specimens with the same general characteristics of Brachyurus
calvus, but their locality was also imprecise and described as the upper Rio Amazonas,
Peru, near the town of Fonte Boa. A year after the description of the first bald uakari, I.
Geoffroy Saint-Hilaire and Deville (1848) described a second species, the red bald uakari
Brachyurus rubicundus, based on a specimen collected by Castelneau and Deville during
their expedition to South America. The type specimen was collected near the territory
of Sdo Paulo de Olivenca, “Le Brésil, Haut-Amazone, prés Saint-Paul” — a municipality in
the Amazon State. It is unclear, however, if it was collected on the right (south) or left
(north) bank of the Rio Solimdes.

Thomas (1928) examined three red uakaris newly collected during the Godman-
Thomas Expedition to the Peruvian forests and identified a singular pattern of pelage
coloration when compared to the two species described in Brazil (Brachyurus calvus and
Brachyurus rubicundus). The author suggested that the red uakaris from Brazil and Peru
would have a zone of intergradation:

“The discovery of a member of the remarkable genus Cacajao on the Ucayali is of
much interest, as the genus had been supposed to have a very restricted distribution in
the Teffe-Tonantins region of the Middle Amazon, while the Ucayali is a very long way
further up the river. The character of the country is, however, of a sufficiently uniform
nature to make it not improbable that examples of the red Uacari will be found in the
intervening districts, and | therefore do not distinguish this animal as a separate
species.” (Thomas, 1928: 253)

The consistency in pelage coloration in the Peruvian uakaris and the supposed
existence of an intergradation zone between rubicundus and ucayalii did, however,
motivate Thomas (1928) to describe them as a new subspecies: Cacajao rubicundus
ucayalii Thomas, 1928. According to the author, the Peruvian uakaris presented a
“general coloration as in true rubicundus, but the nape instead of being whitish or pale

yellowish is bright chestnut-red like the rest of the body” (Thomas, 1928: 252).



Hershkovitz adopted a polytypic species framework, using the subspecies rank —
even though he did not specify this as such (Groves, 2014) — to propose that the bald
uakaris be classified as one species, Cacajao calvus, with four subspecies:

1)  Cacajao c. calvus (l. Geoffroy Saint-Hilaire, 1847)
2)  Cacajao c. rubicundus (1. Geoffroy Saint-Hilaire and Deville, 1848)
3) Cacajao c. ucayalii (Thomas, 1928)

4)  Cacajao c. novaesi Hershkovitz, 1987

1.2. Conflicting molecular and morphological information

Boubli and Ditchfield (2000) were the first to use molecular data to shed light on the
phylogenetic relationships of the uakaris. They tried to determine the time of divergence
among all Pitheciinae to better understand the origin of the adaptation of bald uakaris
to flooded forests. They retrieved approximately 10.5 million years for the split between
the genus Pithecia and the clade composed of Chiropotes/Cacajao, 2.5 million years for
the divergence of Pithecia albicans and P. monachus, 9 million years for the split
between Chiropotes and Cacajao, and 5 million years for the split between C. calvus and
C. melanocephalus.

Figueiredo (2006), investigated the phylogenetics of uakaris using the cytochrome b
gene and mostly museum samples. In a follow-up publication, Figueiredo-Ready et al.
(2013) concluded that the four subspecies of bald uakaris are grouped into just two
lineages that diverged approximately at 4 million years ago (Mya). In their analysis, the
white bald uakaris C. c. calvus (from the Mamiraua Sustainable Development Reserve,
Mamiraud SDR) grouped with red bald uakaris — C. c. rubicundus and C. c. ucayalii —in a
well-defined clade, comprising individuals distributed on the north bank of the Solimdes
and the Ucayali-Javari interfluvium, while the white bald uakaris from the Rio Tarauaca
and the orange-buff uakari, C. c. novaesi, are grouped in another well-defined clade. The
populations of white bald uakaris, C. c. calvus, from the Mamiraud SDR, north bank of

Rio Solimdes, would, therefore, be phylogenetically closer to the red bald C. c.
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rubicundus and C. c. ucayalii than to the population of white uakaris found in the Rio
Tarauaca basin, way to the south (see Sampaio et al., 2018). The authors concluded,
therefore, that the molecular phylogeny contradicts the traditional taxonomic
arrangement by Hershkovitz (1987) since the phylogenetic relationship found is
“consistent with the geographic distribution but not morphological patterns”
(Figueiredo-Ready et al., 2013: 26).

Although the authors urged caution that their analyses included only a few museum
samples from few localities and, thus, their interpretations should be considered
preliminary, their conclusions could also have been affected by their misidentification
of two samples as “Cacajao calvus novaesi” (INPA5241 and UFPA-Ccnl). The first,
INPA5241 in the mammal collection of Instituto Nacional de Pesquisas da Amazobnia
(INPA), is an immature male white uakari (Cacajao sp.) from the right bank of Rio
Tarauacd. This region is near to where Silva-Junior and Martins (1999) reported an
isolated population of white uakaris in the upper Rio Tarauaca basin. For the second
sample, UFPA-Ccnl of the Federal University of Para, neither skull nor skin is available
in any scientific collection. Figueiredo-Ready et al. (2013) assumed, therefore, that this
sample would be of C. c. novaesi, based on the locality assigned — left bank of Rio Juru3,
near the town of Carauari. In this region, however, only white uakaris (C. c. calvus) are
confirmed and more than 350 km to the north of the known range of C. c. novaesi (see
Silva et al., 2021).

In our study, we carried out the first comprehensive molecular and morphological
investigation of bald uakaris, including samples of the four subspecies (sensu
Hershkovitz, 1987), and from most of the localities where bald uakaris occur in Brazil
besides one locality in Peru. We examined the patterns of pelage coloration of museum
voucher specimens — including those collected after Hershkovitz (1987). In an updated
dataset from previous publications (Boubli et al., 2008; Figueiredo-Ready et al., 2013),
we used the cytochrome b gene, including all available sequences from GenBank and
newly generated ones. We then generated the first genomic dataset for Cacajao (Double

Digest Restriction Associated DNA — ddRADseq, Peterson et al., 2012) and applied
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different parameter settings for locus and single nucleotide polymorphism (SNP)
recovery to build a consensus phylogenomic tree for Cacajao, tested two models of
species delimitation, and estimated the divergence time of the main lineages identified
here. With our results, we propose a new taxonomy for bald-headed uakaris and
describe the white uakaris from the Tarauaca-Pauini interfluve as a new species based

on morphological analyses and robust genomic data.

2. Material & Methods

2.1. Sample set and Laboratory procedures

We used dried flesh adhering to skulls and skins collected from museum voucher
specimens, along with fresh tissue and faeces collected during field surveys carried out
by different teams during various mammal inventories in the Amazon rainforest. The
cytochrome b dataset included 73 (50 newly generated in this study) sequences of all
known Cacajao taxa (sensu Hershkovitz, 1987 and Boubli et al., 2008) as follows: C. c.
calvus (N=6), C. c. rubicundus (N=8), C. c. ucayalii (N=14), C. c. novaesi (N=5), Cacajao
ayresi (N=5), Cacajao hosomi (N=7), and Cacajao melanocephalus (N=18). We also
included samples of the white uakaris, Cacajao sp. (N=10), from the rios Tarauacd and
Pauini (Table S1). We included bearded sakis, Chiropotes sagulatus (N=1) as an outgroup
for the maximum likelihood inference. Pithecia irrorata (N=1) and two titi monkeys —
Plecturocebus cupreus (N=1) and Cheracebus purinus (N=1) — were also used as

outgroups for the divergence time estimate (Table S1).

DNA was extracted using the standard phenol-chloroform extraction protocol
(Sambrook et al., 1989). The concentration of the extracted DNA was quantified using a
Nanodrop 2000 spectrophotometer (Thermo Scientific). After extraction, the genomic
DNA was used as a template for polymerase chain reaction (PCR) to amplify the
complete cytochrome b gene (forward primer: 5'-GCACAACCTACAGCACCACTA-3’;
reverse primer: 5-CAGCTTTGGGTGTTGAYGGTRGAA-3’). Each PCR had a final volume of



25 ul and contained 100 ng of DNA, 2.5 pl of 10X reaction buffer, 0.5 mM of each primer,
0.03 U/ul MyTag™ HS DNA Polymerase (Bioline), 1.5 mM MgCl, 0.1 mg/ul Bovine Serum
Albumin and 1.25 mM of each dNTP. The amplification cycles were carried out under
the following conditions: initial denaturation at 95 °C for 5 min; followed by 35 cycles of
denaturing at 94 °C for 1 min, primer annealing of 60 °C for 1 min, and extension at 72
°C for 1 min; a final extension was carried out at 72 °C for 5 min. We analysed the PCR
products on 1.5 % agarose gels, and purification and sequencing were performed

bidirectionally (Macrogen Inc., Amsterdam).

We also used a subset of 47 samples that were sequenced using the double digest
restriction-site-associated DNA sequencing protocol (ddRADseq) (Peterson et al., 2012).
For the ddRADseq analyses, we included sequences for the same taxa as in the
cytochrome b analyses, but in a smaller dataset: Cacajao ayresi (N=5), Cacajao hosomi
(N=2), Cacajao melanocephalus (N=10), C. c. calvus (N=8), Cacajao sp. (N=7), C. c.
rubicundus (N=6), C. c. ucayalii (N=2), and C. c. novaesi (N=5). We used the same
outgroup in the ddRADseq and cytochrome b analyses. The sample set used in the
ddRADseq analysis is geographically well-distributed and covers most of the localities
where uakaris are known to occur in the Brazilian Amazon (Table S1; Silva et al., 2021;).
Library preparation and sequencing were conducted by the LEGAL lab team

(https://www.evoamazon.net/) in Manaus, Brazil. The ddRADseq protocol was adapted

to allow simultaneous digestion and adapter ligation, and data were generated on the

lonTorrent PGM (https://github.com/legallLab/protocols-scripts). In brief, 200 ng of

genomic DNA was digested with Sdal and Csp6l restriction enzymes (ThermoFisher), and
the lonTorrent P and A adapters were ligated to the digested fragments, all in one step.
The fragments were enriched via PCR; the A adapter contains a unique molecular
barcode for the identification of individuals and is a divergent “Y” adapter to ensure that
only fragments with one P1 and one A adapter are enriched. DNA fragments in the range
of 320 to 400 bp were selected using the Pippin Prep (Sage Science), owing to the ability
of the lonTorrent PGM to sequence fragments up to 400 bp. The ddRADseq library was
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sequenced on an lon Torrent PGM (ThermoFisher) using the 400-bp PGl 318 lon PGM
sequencing kit following the manufacturer’s recommendations. Permits to conduct
fieldwork and sample collections were provided by the Brazilian Ministry of the
Environment agencies — Chico Mendes Institute for Biodiversity Conservation (ICMBio)
(SISBio 55777-2,42111-1, 42111-2, 42111-3) and Brazilian Institute of Environment and
Renewable Natural Resources IBAMA (License N° 005/2005 — CGFAU/LIC).

2.2. Molecular Analysis

We used Geneious Pro 4.8.5 for the cytochrome b sequence editing and assembly.
For the alignment we used the Mafft online server (Katoh and Standley, 2013; Katoh et
al., 2017) under the iterative refinement option (FFT-NS-i Standard), which is known to
effectively improve the alignment accuracy for a small number of sequences (Katoh et
al., 2002, 2017).

The quality of the raw ddRAD sequences was assessed using FastQC v.0.11.8
(Andrews, 2018) and, trimmed, reads to 250bp using the “process_ratags” component
as implemented in the program STACKS v.2.4 (Catchen et al., 2011, 2013; Rochette et
al., 2019), and keeping only those reads with PHRED scores > 30 for the subsequent
analyses. We used the iPYRAD pipeline (Eaton and Overcast, 2020) to select our ddRAD
loci and SNPs from the “de-novo” and “reference” assemblies. We used the  available
genome of Pithecia pithecia (GenBank: PVIPO0000000.1) as the reference assembly.
Aiming to maximize the loci and SNP recovery in iPYRAD, and test if different parameters
settings influence the phylogenetic inference, we combined two key parameters in the
iPYRAD pipeline: “cluster threshold” (0.85, 0.90), and “minimum samples per locus” (3,
24 and 36, which represents, approximately 5%, 50%, and 75% of the total samples). The
“cluster_threshold” parameter specifies the level of similarity for two sequences to be
considered as homologous (Eaton, 2014). If this value is set too high, any polymorphism
will hamper homologous sequences to cluster, but if the value is set too low, non-
homologous sequences will cluster together (Eaton, 2014; Valencia et al., 2018). The

second parameter, “min_samples_locus”, specifies the minimum number of samples
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required to retain a locus in the final dataset. If this value is set too high, the number of
loci will decrease, as loci from divergent sequences probably will not be shared.
However, if set too low any locus present in a few samples will be retained and the final
matrix will contain a higher number of missing data, which can be computationally
infeasible to analyse.

iPYRAD generates a set of output files that can be used for downstream analyses
(Eaton and Overcast, 2020). We used the concatenated matrix of loci (.phy file)
generated for each assembly method mentioned above to infer the phylogenetic
relationship of uakaris. We inferred the phylogeny using a maximum likelihood approach
in the program IQTree v.1.6.12 (Nguyen et al., 2015) as implemented in the W-IQ-Tree

(http://igtree.cibiv.univie.ac.at/, Trifinopoulos et al., 2016). The best substitution model

was selected using the ModelFinder algorithm (Kalyaanamoorthy et al., 2017),
implemented in IQTree. We used the ultrafast bootstrap approach (UFBoot) (Hoang et
al., 2018; Minh et al., 2013) with 1,000 bootstrap pseudo-replicates to assess branch
support. After assessing the iPYRAD assembly method and parameter settings that
retrieved a higher overall bootstrap support value in the phylogenetic inference, we
chose the output files from the assembly method with the higher number of loci and
SNPs but with no more than approximately 50% of missing data in the concatenated
matrix of loci to conduct all subsequent analyses.

We inferred a quartet-based species tree using Tetrad 0.9.13 as implemented in the

ipyrad-analysis toolkit (see https://ipyrad.readthedocs.io/). Tetrad is a species tree

inference method using the full SNP alignment for each sampled quartet of taxa under

the coalescent model based on the SVDQuartets algorithm (https://github.com/eaton-

lab/tetrad; see also Chifman and Kubatko, 2014). Tetrad was run with 27,206 SNPs, of
which 3,433 were unlinked, which retrieved 178,365 possible quartets among the 47
samples (all Cacajao lineages, and two Chiropotes as outgroup). To assess node support,
we ran 100 non-parametric bootstrap replicates.

For species delimitation, we used a reduced dataset that included two individuals

per bald uakari lineage (total 10 individuals) and one C. melanocephalus as outgroup in
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an SNP matrix of 10,062 SNPs (3,392 unique biallelic SNPs) with less than 8% of missing

data to apply the package SNAPP (Bryant et al., 2012) as implemented in Beast 2.6.4

(Bouckaert et al., 2019). SNAPP is a Bayesian multispecies coalescent method for species

tree estimation and species delimitation from biallelic markers (Bryant et al., 2012) and

it has been used in analysis with RADseq (Nieto-Montes de Oca et al., 2017; Rancilhac

et al., 2019; Poelstra et al., 2021). We ran the analyses for 1 million generations after a

burn-in of 100,000 generations, sampling every 500 generations. Specifically, we tested

if the main lineages retrieved in the phylogenetic inference could be delimited according
to the marginal likelihood estimation (MLE) of the following species delimitation model
considered here:

e Model 0 (Merge). Two species: C. calvus (including both lineages of white uakaris,
i.e., C. calvus and Cacajao sp.) and C. rubicundus (including the three lineages of red
bald uakaris, i.e., C. rubicundus, C. ucayalii, and C. novaesi)

e Model 1 (Split). Five species: C. calvus, Cacajao sp., C. rubicundus, C. ucayalii, C.
novaesi
The stepping-stone sampling approach was used for the marginal-likelihood

estimation (MLE) (Xie et al., 2011) with 20 steps. To evaluate the models, we used a

Bayes Factor framework (Kass and Raftery, 1995) calculated as 2*(InLspiit — INLverge). A

negative Bayes factor value indicates support to model 0 (merge) while a positive value

indicates support in favour of model 1 (split), and a Bayes factor greater than six as a

strong support to a species delimitation model (Kass and Raftery, 1995).

Finally, we employed Beast 2.6.4 (Bouckaert et al., 2019) to estimate the divergence
time between each Cacajao lineage from the cytochrome b and ddRADseq phylogenetic
inferences. In the ddRADseq analysis, we used the reference assembly with
approximately 20% missing data. We used the same parameters and outgroup to
estimate the divergence time in both datasets (cytochrome b and ddRADseq). The
molecular clock was set as a lognormal relaxed clock, in which the substitution rates in
each branch are independently estimated under a lognormal distribution (Drummond

et al., 2006). We used the Coalescent Bayesian Skyline prior (Gernhard et al., 2008) as
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a tree model. In simulation studies, this model has performed well to estimate
divergence time in datasets with intra and interspecific samples (Ritchie et al. 2017;
Mello et al. 2021). To calibrate the tree, we used the age estimated for the fossil genus
Proteropithecia, the oldest known pitheciin fossil (Kay et al., 1998), timing the
divergence between Callicebinae/Pitheciinae. We used a log-normal distribution with
an offset of 13.72 (hard minimum), a mean of 1.19, and a standard deviation of 0.8,
placing the soft maximum of 26 Ma at the 95% quantile of the prior distribution. We ran
the Markov chain for 50,000,000 generations, sampling every 10,000 steps, and visually
assessed the convergence, performance, and burn-in using Tracer 1.7.1 (Rambaut et al.,
2018).
2.3. Taxonomic reassessment

For the taxonomic classification of bald uakaris, we first assessed if the clusters
retrieved from the molecular analysis included only individuals with the same pattern of
pelage coloration and geographically structured; looking, therefore, for consistency
between molecular, morphological, and geographic information. We examined 101
voucher specimens from six scientific collections (see Supplementary Material -
Appendix ). We followed the diagnostic characters used by Hershkovitz (1987) to assess
the pattern of pelage coloration in each population of bald uakaris. We then provide a
taxonomic account with a review of the general characters, type series and type
localities, and geographic distribution of each species considered here. For the
synonymy, we provide the first use of the name, aiming to clarify misidentifications in
the literature (Supplementary Material - Appendix ll). This list, therefore, is not
exhaustive but aims to rectify any possible errors in the literature and support the
species list in the management plans of protected areas of the states of Amazonas and
Acre. Hershkovitz (1987) provided a historical perspective of the names used before the

1980s.

3. Results

3.1. Molecular Analysis
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In total, we obtained 1092 bp for the cytochrome b dataset. In the phylogenetic
inference using cytochrome b, bald uakaris are well separated from black-headed
uakaris, as found in previous studies (Boubli and Dietchfield, 2000; Figueiredo-Ready et
al., 2013). In black-headed uakaris, the primary split occurs between species from the
north and south bank of Rio Negro. Accordingly, C. melanocephalus is in one clade, and
C. ayresi and C. hosomi are sister species, each one in well-defined clades (Fig. 1). Two
clades were also recovered for bald uakaris. The first solely consists of the white uakaris
(C. c. calvus and Cacajao sp.), and the second clade includes all red bald uakaris (C. c.
rubicundus, C. c. ucayalii, and C. c. novaesi) (Fig. 1).

In the ddRADseq analysis, the use of the reference mapped data resulted in higher
SNP and locus recovery when compared to the de novo assembly (Table 1). In both
assembly methods, the higher the values of “min_samples_locus”, the lower the
number of SNPs and loci recovered and the lower the percentage of missing data in the
final matrices (Table 1). The two values of “cluster_threshold” tested retrieved a similar
number of SNPs and loci, with the 0.90 threshold recovering a slightly higher number
(Table 1). This affects the phylogenomic analysis only when using the more stringent
parameters —probably by removing polymorphic and informative loci (Crotti et al., 2019;
Huang and Lacey Knowles, 2016). The global bootstrap support in our phylogenetic
inferences is, therefore, higher for those trees with more permissive “minimum samples
per locus”. Considering, therefore, the parameters tested here, the main impact in the
phylogenetic inference is identified in the most restrictive values of
“min_samples_locus”, which influence the tree resolution when using only the loci
present in > 75% of the samples (Supporting Information, Figs. S1 — S9).

The ddRAD phylogenetic inference is effective in recovering the relationships within
the red and the white uakaris. Five clades were recovered — two of white uakaris (C. c.
calvus and Cacajao sp.), and three of red uakaris (C. c. rubicundus, C. c. ucayalii, and C.
c¢. novaesi) (Fig. 2). The white uakaris (C. c. calvus) from the Rio Solim&es basin —i.e.,

from the Mamiraua SDR and from the right bank of the lower Rio Jutai — form a clade
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that is clearly separated from the white uakaris (Cacajao sp.) from the rios Tarauaca and
Pauini. This separation is found in all analyses and with 100% bootstrap support.

The red uakaris are organized into three main clades, with C. c. novaesi as sister
group to C. c. rubicundus and C. c. ucayalii, with 100% of bootstrap support. Cacajao c.
ucayalii is a sister to C. c. rubicundus, although we only got two samples of C. c. ucayalii
for the genomic analysis from a single locality (Serra do Divisor National Park, Brazil).
This relationship is consistent with what has been found for black-headed uakaris: the
individuals from the south bank of the Rio Negro (C. melanocephalus) are grouped in
one clade, while the individuals from the north bank are grouped into two,
corresponding to C. hosomi and C. ayresi (sensu Boubli et al., 2008). The topology of the
quartet-based species tree was consistent with the concatenated maximum-likelihood
tree: five lineages of bald uakaris and three lineages of black-headed uakaris. These
lineages are defined here with 100% bootstrap support, except for the position of C. c.
ucayalii (62%) which shows some variation over the bootstrap replication (Fig. 3). In the
SNAPP Bayes factor analysis, the alternative model 1 (split) is the one with the highest
marginal-likelihood score and a decisive Bayes factor, supporting, therefore, five species
of bald uakaris (Table S2).

We recovered similar divergence times in both datasets. From the ddRADseq
dataset, Pitheciinae — Cacajao, Chiropotes, and Pithecia — diverged from Callicebinae —
Plecturocebus, Cheracebus, and Callicebus —in the Early Miocene, about 17.01 Mya (95%
HPD: 13.98-22.03) (Fig. 4, Table 2, Suppporting Information, Fig. S10). The divergence
time between Pithecia and Chiropotes/Cacajao was in the Mid-Miocene, about 10.12
Mya (95% HPD: 6.37-14.49 Mya), and the split between Chiropotes and Cacajao
occurred in the Early Pliocene, about 5.1 Mya (95% HPD: 2.91-7.68 Mya). Black-headed
and bald uakaris diverged about 1.13 Mya (95% HPD: 0.67—1.72 Mya). The black-headed
uakaris from the north (C. ayresi and C. hosomi) and south bank of Rio Negro (C.
melanocephalus) diverged about 0.48 Mya (95% HPD: 0.27-0.78 Mya) and the former
separated about 0.20 Mya (95% HPD: 0.11-0.29 Mya). The splits between the bald

uakaris are on a similar time scale. White (calvus and Cacajao sp.) and red (rubicundus,
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ucayalii and novaesi) uakaris diverged about 0.46 Mya (95% HPD: 0.29-0.7 Mya).
Cacajao c. novaesi diverged from C. c. rubicundus + C. c. ucayalii about 0.31 Mya (95%
HPD: 0.18-0.44 Mya), while the latter two splits about 0.26 Mya (95% HPD: 0.16—0.38
Mya). Cacajao c. calvus and Cacajao sp. separated about 0.31 Mya (95% HPD: 0.20-0.43
Mya).

We also dated the phylogeny using the cytochrome b dataset and recovered similar
divergence times between the following clades: Pitheciinae and Callicebinae (17.18
Mya, 95% HPD: 14.01-22.48); Pithecia and the clade that includes Chiropotes and
Cacajao (9.73 Mya, 95% HPD: 6.26—14.09 Mya); and between Chiropotes and Cacajao
(5.74 Mya, 95% HPD: 3.34-8.45 Mya) (Table 2, Supporting Information, Fig. S10). The
divergence time between black-headed and bald uakaris is estimated at 2.38 Mya (95%
HPD: 1.3-3.58 Mya). Black-headed uakaris from the north (C. ayresi and C. hosomi) and
south bank of Rio Negro (C. melanocephalus) diverged about 0.99 Mya (95% HPD: 0.5—
1.56 Mya), while white uakaris (calvus and Cacajao sp.) diverged from red uakaris
(rubicundus, ucayalii and novaesi) about 0.91 Mya (95% HPD: 0.5-1.42 Mya). While we
estimated the divergence time between C. ayresi and C. hosomi (0.17 Mya, 95% HPD:
0.07-0.31 Mya), we have no resolution within the clades of red and white uakaris in

the cytochrome b time-tree (Table 2, Supporting Information, Fig. S10).

3.2. Taxonomic implications

In his taxonomic revision of Cacajao, Hershkovitz (1987) suggested a zone of
intergradation between calvus and rubicundus based on the pelage coloration of the
reddish uakaris from the Auati-Parana (a parand is a channel) in the west portion of
Mamiraud SDR.

“A total of 8 specimens from Auati-Parand range in coloration from nearly uniformly
reddish orange except for pale buffy nuchal whorl and small of back, to pale orange or
buffy on entire dorsum as in extremely saturate samples of C. c. calvus.” (Hershkovitz,

1987: 37).
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“Another seeming anomaly is that the Auati-Parana rubicundus are widely separated
from their nearest relatives in the area between the lower Rio I¢d and Solimdes. Until
the problem can be resolved, perhaps by closer scrutiny of available data or possibly
with more material, the Auati-Parana series is regarded as intermediate between calvus
and rubicundus but with the Auati-Parana region tentatively excluded from the range of
either subspecies.” (Hershkovitz, 1987: 36).

Indeed, a contact zone between C. c. calvus and C. c. rubicundus was reported in the
Aiupid channel, a south bank tributary of the Auati-Parana (Vieira et al., 2008), but
unfortunately, we did not get any samples from this area to include in the ddRADseq
analysis to investigate gene flow between C. calvus and C. rubicundus. The only C.
rubicundus sequences from Auati-Parand channel were retrieved from GenBank
(FJ531652 and FJ531653; see also Figueiredo-Ready et al., 2013) and were used in our
cytochrome b tree. These sequences were extracted from museum skins.

Contrary to what Thomas (1928) suggested, however, contact zones between
reddish uakaris were never reported. Cacajao c. rubicundus has a disjunct distribution
occurring in three areas in the flooded forests of the Solimdes basin: 1) the Auati-Parana
channel; 2) the left bank of the Rio Jutai; and 3) the Jacurapa channel, near the mouth
of Rio I¢a (Silva et al., 2021). These areas are well separated from where C. c. novaesi
and C. c. ucayalii occur (Silva et al., 2021).

Therefore, we found that the four subspecies considered by Hershkovitz (1987) are
monophyletic, geographically well-separated and include only individuals with
consistent patterns of pelage coloration considered to be diagnostic for each of them.
When Hershkovitz (1987) reviewed the taxonomic classification of Cacajao, he did not
have available specimens from the rios Tarauaca, Pauini and Jurupari (Silva-Janior and
Martins 1999; Sampaio et al., 2018; Silva et al., 2021). Our genomic analyses consistently
revealed that the white uakaris from these areas are an independent lineage separated
from the white uakaris of the Rio Jutai and the Mamiraua SDR. Under the Phylogenetic
Species Concept (PSC) (monophyly + diagnosability, see Mayden et al., 1997; Groves,

2012), the bald uakaris can be classified at the species level and we suggest here this
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classification scheme since, in our view, it better represents the diversity of Cacajao (Fig.

5). We, therefore, suggest the following taxonomic arrangement for bald uakaris:

3.2.1. Cacajao calvus (1. Geoffroy Saint-Hilaire, 1847) — White Bald Uakari

Brachyurus calvus: C. R. Acad. Sci. Paris, 24: 576.

Holotype

The holotype is an adult male, mounted, and stored in the mammal collection of the
Muséum national d’Histoire naturelle, Paris — Catalogue number MNHN-ZM-MO-1847-
1667a (Fig. 6).

Type locality

The precise location is unknown. The holotype was a donation by M. d’ Alcantara Lisboa
in 1807, and the origin of this specimen was considered as “Pard” (I. Geoffroy Saint-
Hilaire, 1851: 57). Castelnau and Deville sent four other specimens that were mentioned
in 1. Geoffroy Saint-Hilaire (1852): “C'est du Para, comme je I' ai dit plus haut, qu' est
venu le type de cette espéce. Les individus que le Muséum a regus, quelques mois plus
tard, de MM. de Castelnau et Deville, viennent du Pérou, Haut-Amazone, environs de
Fonteboa. Malgré la différence des localités, les mémes caractéres se retrouvent presque
exactement chez tous.” (l. Geoffroy Saint-Hilaire, 1852: 564). Translation: “It is Parg, as |
said above, that the type of this species has come. The individuals which the Museum
received a few months later from MM. de Castelnau and Deville, come from Peru, upper
Amazon, near Fonte Boa. In spite of the difference of the localities, the same characters
are found almost exactly in all.” (I. Geoffroy Saint-Hilaire, 1852: 564).

Hershkovitz (1987) restricted the type locality: “‘Para’ where the species does not
occur; the Castelnau Expedition specimens recorded by I. Geoffroy (1852: 560) are from
the vicinity of Fonte Boa but must have originated on the left bank of the Solimdes
opposite Fonte Boa. This has generally been regarded as the type locality and is here so

restricted.” (Hershkovitz, 1987: 44).
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The Mamiraua SDR falls within this region, on the north bank of the Solimdes, near
the Parana do Maiana, opposite the town of Fonte Boa, where indeed white uakaris
occur (Ayres, 1986; Cardoso et al., 2014; Silva et al., 2021). Two considerations are
important here. First, there is no evidence for the occurrence of uakaris on the south
bank of the Solimdes near the mouth of the Rio Jurua. Surveys have been conducted in
that region, but uakaris were never reported (for example, Cardoso et al., 2014; Silva et
al., 2021). The holotype, therefore, was probably collected on the left (north) bank of
Solimdes, as Hershkovitz (1987) suggested, in the Parana do Maiana channel. Second,
we include in the molecular analysis samples from Mamiraua SDR and analyse the
MUZUSP and MNRJ series of skins from the Auati-Parana and Parand do Maiana,
therefore, nearby the type locality.

General characters

Two populations were examined here and considered as C. calvus. The variation in the
overall pelage coloration is geographically consistent in both populations. The series
from the north bank of the Rio Solimdes includes the specimens from the mouth of the
Japurd and the Auati-Parana channel in the Mamiraud SDR. The males from the
Mamiraud SDR have a yellowish and greyish white pattern on the nape, dorsum, and
sides of the trunk due to the presence of yellowish hairs with a blackish terminal portion
or the presence of some sparse greyish hairs (Supporting Information, Fig. S11). This
characteristic of the dorsum contrasts with the orange or golden orange pattern of the
ventral region, especially on the chest and limbs (Supporting Information, Fig. S11).
Some adult females from the Auati-Parand have the same contrast, while others have a
more uniform buffy yellowish or whitish pattern on the dorsum (Supporting
Information, Fig. S12). The beard is dark reddish-brown in both males and females.

Although in our analyses the white uakaris from the Rio Jutai (right bank) are nested
in the clade of C. calvus, we identified a remarkable greyish pattern in the nape, dorsum,
and sides of the trunk contrasting to the whitish (or yellowish-white) in some individuals.
This aspect is due to the higher frequency of hairs entirely greyish or blackish

interspersed with whitish hairs (but not orange as in the Mamiraua SDR series) with the
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terminal portion blackish or greyish (Supporting Information, Fig. S13). The specimens
from the Rio Jutai series have the ventral region and the inner parts of the limbs with
whitish or yellowish-orange hairs (Supporting Information, Fig. S13).

Geographic distribution

Cacajao calvus occurs in two isolated areas: 1) the Mamiraua SDR — limited by the rios
Solimdes and Japurd, and by the Auati-Parana channel to the west; 2) on the left bank
of the middle Rio Jurua, throughout the right bank of the Rio Riozinho and the lower Rio
Jutai (Fig. 7) (see also Silva et al., 2021).

3.2.2. Cacajao rubicundus (1. Geoffroy Saint-Hilaire and Deville, 1848) — Red Bald
Uakari

Brachyurus rubicundus: C. R. Acad. Sci. Paris, 27: 498.

Type series of Cacajao rubicundus

When |. Geoffroy Saint-Hilaire and Deville (1848) reported the new species of uakari,
Brachyurus rubicundus, they did not attribute a holotype. In his 1852 publication, I.
Geoffroy Saint-Hilaire gave a more detailed descriptions of both B. calvus and B.
rubicundus and mentioned that the specimens were sent to the Muséum National

d’Histoire Naturelle, Paris (NMNH-Paris), by Castelnau and Deville in 1847:

“C'est en mars 1847 que ce don précieux nous a été fait, et, en avril, que j' ai fait
connaitre le Brachyurus calvus. J' étais loin alors de me douter que, dans la méme année,
le Muséum allait recevoir, par MM. de Castelnau et Deville, une belle suite d' individus
de cette espéce, et, avec eux, plusieurs représentants d' une espéce voisine, plus curieuse,
ou, pour mieux dire, plus étrange encore, celle qui va étre décrite ci-apres sous le nom de
Brachyurus rubicundus.” (l. Geoffroy Saint Hilaire, 1852: 561). Translation: “It was in
March 1847 that this precious gift was sent to us, and in April, that | reported the
Brachyurus calvus. | was far from suspecting that in the same year the museum would

receive, from MM. de Castelnau and Deville, a succession of individuals of this species
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and, with them, several representatives of a sister species, which will be described
hereinafter under the name of Brachyurus rubicundus.” (l. Geoffroy Saint Hilaire, 1852:

561).

Hershkovitz (1987) reported on the two males and three females sent to the NMNH-
Paris by Castelnau and Deville that are considered syntypes. The lectotype is a mounted,
adult male (Catalogue number MNHN-ZM-2005-898), collected in the Village de Saint-

Paul, Brazil (Sdo Paulo de Olivenca, Brazil) (Fig. 8).

Type locality

Isidore Geoffroy Saint-Hilaire and Deville (1948: 498) indicated Sao Paulo de Olivenga,
state of Amazonas, as the origin of the specimens used to describe C. rubicundus: “Du
Brésil, village de Saint-Paul”. Some years later, . Geoffroy Saint-Hilaire (1852: 567)
provided more details on the occurrence of C. rubicundus, according to what had been
reported by Castelnau:

“Ainsi, I" espéce a poils roux habite assez communément les bois qui s' étendent en
face d' Olivenga, et ne parait pas dépasser le Putumayo.” Translation: “Thus, the species
with red hair inhabits the forests, which extend from opposite Olivenca and does not
seem to pass the Putumayo.” (I. Geoffroy Saint-Hilaire, 1852: 567). Based on these
reports and new field evidence (Silva et al., 2021), we restrict the type locality to the
flooded forest of the Jacurapa channel, north (left) bank of Rio SolimG&es, opposite Sdo
Paulo de Olivenc¢a, Amazonas, Brazil.

General characters

We identified three patterns of pelage coloration in C. rubicundus, which are consistent
with the geographic distribution of each population. The individuals from the type
locality (north bank of Rio Solimdes, flooded forests of Jacurapa channel) have a nape
with whitish hairs contrasting with the reddish-orange of the mid-back, rump, and sides
of the trunk and limbs. In some individuals, the whitish hairs of the nape are gradually
replaced by light orange hairs in the mantle (Supporting Information, Fig. S14).

Specimens from the Rio Jutai (left bank) have whitish hairs on the nape extending to the
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mantle that is gradually replaced by the reddish-chestnut hairs of the saddle while the
pattern of the mid-back, rump, and sides of the trunk and limbs is entirely reddish-
chestnut (Supporting Information, Fig. S15). The overall pattern of these individuals is
reddish-chestnut that differs from the reddish-orange of the series from the Jacurapa
channel. The specimens of the Auati-Parana have a similar reddish-chestnut colouring
to those of the series from the Rio Jutai on the sides of the trunk and limbs, but with an
evident whitish or pale buffy colour throughout the dorsum, from the nape to the tail in
the male and to the saddle in the one female examined (Supporting Information, Fig.
S16). The arms, legs, and sides of the trunk in the adult males are reddish-chestnut
interspersed with hairs entirely yellowish or with the basal portion reddish-orange,
becoming more whitish-yellow in the terminal and subterminal portions (Supporting

Information, Fig. S16).
Geographic distribution

Cacajao rubicundus is restricted to three disjunct populations in the middle Rio
Solimdes: 1) the flooded forests delimited by the Jacurapa channel and Rio Solimdes
(the type locality); 2) the left bank of the Rio Jutai, a south bank tributary of Rio Solimdes;
and 3) along the Auati-Parand, which connects the rios Solimdes and Japura (Fig. 7) (see

also Silva et al., 2021).

3.2.3. Cacajao ucayalii Thomas, 1928 — Ucayali Bald Uakari

Cacajao rubicundus ucayalii: Ann. Mag. Nat. Hist. ser. 10, 2: 252.

Holotype

Adult male, skin and skull, collected on 29 October 1927 and kept in the British Museum
(Natural History), London (number 1928.5.2.41) (Napier, 1976).

Type locality

Cerro Azul, Contamana, Peru (Thomas, 1928), altitude about 609.6 m (2000 ft) a.s.l.

General characters
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An overall reddish-chestnut or reddish-orange without the contrasting whitish or
yellowish coloration of the dorsum, as found in C. rubicundus and C. novaesi. Hershkovitz
(1987) mentioned a “north-to-south bleaching gradient” in the Peruvian bald uakaris.
Although we identified some differences in the overall tone of reddish coat colour
between the populations, we did not identify this north-south cline variation in the
specimens we examined. Kalinowski’s series from the FMNH, for example, was collected
along the Rio Javari-Mirim (Loreto District in Peru) and presents an overall reddish-
chestnut pelage coloration with some dark-reddish or blackish hairs on the limbs and
dorsal surface of the tail (Supporting Information, Fig. S17). The series from the MPEG
(collected along the Rio Amazonas, right bank, opposite the mouth of the Rio Napo),
however, presents a lighter tone with an overall reddish-orange and some yellowish
hairs on the dorsum (Supporting Information, Fig. S18). The adult males also present a
lighter tone of reddish-orange on the dorsum, which is more evident in juveniles
(Supporting Information, Fig. S18).

Geographic distribution

Cacajao ucayalii occurs mainly in the Ucayali-Javari interfluve (Fig. 7), with isolated
populations reported beyond this area (Vermeer et al., 2013). This taxon was confirmed

in Brazil only along the Rio Moa, Serra do Divisor National Park (SDNP) (Silva et al., 2021).

3.2.4. Cacajao novaesi Hershkovitz, 1987 — Novaes’ Bald Uakari

Cacajao calvus novaesi: Am. J. Primatol. 12: 27.

Holotype

Adult male, skin and skull, Royal Natural History Museum, Stockholm, catalogue number
612508 (see also Hershkovitz, 1987, for the type series).

Type locality

Santo Antonio, Rio Eiru, Amazonas, Brazil.
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General Characters

Overall coloration is reddish-orange or reddish-chestnut in some individuals with the
contrasting colour of the dorsum, from the nape to the rump or tail. The whitish and
yellowish pattern of the dorsum is gradually replaced by light orange hairs on the saddle,
limbs, and flanks. The arms and legs are reddish-orange, interspersed with entirely
yellowish hairs or with the basal portion reddish-orange and yellowish in the terminal
portion (Supporting Information, Fig. S19).

Geographic distribution

Cacajao novaesi is confirmed only in the Gregério and Tarauacd interfluve. The southern

limit of its occurrence is unknown (Fig. 7) (Silva et al., 2021).

3.2.5. Cacajao amuna sp. n.

Holotype

IDSMO03676, field number FES095, skin, skull, skeleton, adult male in the Mammal
collection of the Mamiraua Institute for Sustainable Development, Amazonas, Brazil (Fig.
9A), collected by Felipe Ennes Silva on 25 January 2017.

Type locality

Lago ltucuma3, seasonally flooded forest (vdrzea) of the right bank of the lower Rio
Tarauac3, a right-bank tributary of the Rio Jurug, state of Amazonas, Brazil (6°56'06" S,
69°44'16" W).

Description

Most of the hairs of the dorsum are entirely white or whitish, with a few having a greyish
terminal portion or entirely greyish. This characteristic gives a light greyish white
appearance throughout the dorsum, which contrasts slightly with the nape and the
posterior portion of the tail where the hairs are entirely white. The flanks have hairs that
are entirely white or whitish with the terminal portion greyish. The sparse hairs on the

chest and belly are whitish. The arms are yellowish-white, paler on the forearms. The
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legs are whitish on the external surface, but cream-coloured on the internal. The tail is

whitish on the upper surface but cream-coloured underneath. The hands and feet have

short orange hairs interspersed with greyish white hairs. The beard is reddish-orange

and the face essentially bare.

Paratypes

INPA7276, field number RS063, skin, skull, skeleton, adult male collected by Ricardo
Sampaio in February 2014 in a flooded forest along the Rio Moaco, a right-bank
tributary of the Rio Pauini, state of Amazonas, Brazil (8°02'02" S, 69°14'53" W).
Mammal collection of the Instituto Nacional de Pesquisas da Amazo6nia (INPA),
Manaus, Brazil (Fig. 9B).

INPA7280, field number RS064, skin, skull, skeleton, adult female collected by
Ricardo Sampaio in February 2014 in a flooded forest along the Rio Moaco, a right-
bank tributary of the Rio Pauini, state of Amazonas, Brazil (7°36'21.27" S,
69°07'55.35" W). Mammal collection of the Instituto Nacional de Pesquisas da
Amazoénia (INPA), Manaus, Brazil (Fig. 9C).

IDSMO03668, field number FES064, skin, skull, skeleton, adult female collected by
Felipe Ennes Silva on 19 January 2017 in a flooded forest of the right bank of the Rio
Tarauaca, lgarapé Grande, near the community of S0 Romao, state of Amazonas,
Brazil (6°40'14" S, 69°40'02" W). Mammal collection of the Mamirauad Institute for
Sustainable Development, Brazil (Fig. 9D).

IDSMO03674, field number FESO70, skin, skull, skeleton, adult female collected by
Felipe Ennes Silva on 28 January 2017 in a flooded forest on the right bank of the
Rio Tarauaca, lgarapé Grande, near the community of Sdo Romdo , state of
Amazonas, Brazil (6°40'14" S, 69°40'02" W). Mammal collection of the Mamiraua
Institute for Sustainable Development, Brazil (Fig. 9E).

IDSMO03671, field number FESO71, skin, skull, skeleton, subadult female collected by
Felipe Ennes Silva on 28 January 2017 in a flooded forest on the right bank of the

Rio Tarauacd, Igarapé Grande, nearby the community of S3o Romao, state of
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Amazonas, Brazil (6°40'14" S, 69°40'02" W). Mammal collection of the Mamiraua

Institute for Sustainable Development, Brazil (Fig. 9F).
Description of the paratypes
The type series of Cacajao amuna sp. n. is composed of the holotype and five paratypes.
There is minor intraspecific variation in the paratypes, but each differs consistently from
all other Cacajao species. The paratype male INPA7276 has a whiter dorsum due to the
fewer greyish hairs when compared to the holotype, and the beard is reddish-chestnut
rather than reddish-orange. Hairs on the flanks are entirely white or whitish, interposed
with hairs distally yellowish. The arms and legs are cream-coloured, on the external and
internal surfaces. The female IDSM03674 is overall cream-coloured, but slightly
yellowish to orange on the insides of the legs. The nape has some hairs with a greyish
terminal and subterminal portion. The female IDSM03668 and subadult female
IDSMO03671 have greyish mantles, due to hairs with a greyish terminal and subterminal
band. This pattern contrasts slightly with the whiter saddle. The legs and arms are
yellowish-white in the posterior portion but whiter on the anterior. Also, the tail is
whitish-cream in the posterior portion and yellowish-orange in the anterior portion. The
beard is reddish-orange as in the holotype. The dorsal hairs of the adult female
INPA7280 are entirely white or whitish, with the terminal and subterminal portion
greyish interposed with sparse greyish hairs, producing a light greyish-white aspect as
described for the holotype. The arms, legs, tail and sides of the trunk are predominantly
white. The beard is reddish-chestnut. All of the type series specimens have sparse white
or yellowish-white hairs on the chest and belly (Fig. 9).
Type Locality
Lago ltucuma (6°56'06" S, 69°44'16" W), right bank of the Rio Tarauaca, state of
Amazonas, Brazil.
Diagnosis
Cacajao amuna sp. n. is a bald uakari that differs from all others by a pattern of pelage
coloration that is consistently found in the specimens from the Rio Taruacda basin. The

chest and abdomen have sparse white hairs without the hirsute reddish-orange or
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reddish-chestnut chest found in C. calvus from Mamiraua SDR. The dorsum and flanks
are whitish, especially in males. The forelimbs are yellowish-white, with slightly paler
(whiter) forearms. The legs and tail are whitish.

Comparisons with Cacajao calvus

Cacajao amuna sp. n. differs from its sister species, Cacajao calvus, by the overall whitish
coloration of the dorsum and flanks, without the marked contrast with the orange hairs
of the underparts that is typical of the uakaris from the Mamiraua SDR (Fig. 10). The
uakaris of Mamiraua SDR have a more hirsute reddish-orange or reddish-chestnut chest
that is not found in Cacajao amuna sp. n. (Fig. 10). Uakaris from the Jutai basin, here
also considered to be C. calvus, have a darker grey dorsum, not found in the C. amuna
sp. n. specimens that we have examined. Cacajao amuna sp. n. has a reddish-orange or
reddish-chestnut beard, generally paler than the reddish-brown beard typical of C.
calvus.

Geographic Distribution

Cacajao amuna sp. n. occurs in the forests of the right bank of the Rio Tarauaca,
extending to the rios Envira and Jurupari, where white uakaris were recorded by Silva-
JUnior and Martins (1999) (Fig. 7). The species is also found in the headwaters of the rios
Pauini and Moaco, affluents of the upper Rio Purus to the east (Sampaio et al., 2018).
We estimated a distribution of at least 30,028 km?. Its southern limit is unknown and we
have no information from the upper Tarauaca. Two hundred kilometers separate their
range from that of the white uakaris of the left bank of the Rio Jurud, 400 km from the
populations of the Rio Jutai, and about 700 km from the populations of the Mamiraua
SDR.

Habitat

Cacajao amuna sp. n. occurs in the white-water flooded forests (vdrzeas) of the right
bank of the Rio Tarauaca and headwaters of the Rio Pauini.

Etymology

The new species is named in tribute to the Amuna-dyapas, a Kanamari subgroup of the

Kanamaris do Rio Jurua Indigenous Territory (TI Kanamaris do Rio Jurua), on the right
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bank of the Rio Tarauca. “Amuna” is a Katukina vocative that means “uakari monkey”.

We suggest the common name “the Kanamari white uakari”.

4, Discussion

The phylogenetic analysis presented here is concordant with the pelage differences in
Cacajao. For the bald uakaris, the phylogenetic inference using cytochrome b and
ddRADseq separates the white and red bald uakaris into two well-defined groups. The
genome-wide representation also retrieved a structure within these two clades showing
that the four subspecies considered by Hershkovitz (1987) are reciprocally
monophyletic, in addition to having unique diagnostic characters. The ddRADseq
analysis also revealed two well-defined clades of white uakaris — the first includes the
populations from the Mamiraud SDR and the Rio Jutai (C. calvus), and the second
includes individuals from the rios Tarauacd and Pauini (described here as C. amuna sp.
n.), both species are separated by about 500 km (Fig. 7). The three lineages of red uakaris
retrieved from the ddRADseq dataset correspond to C. rubicundus, C. ucayalii, and C.
novaesi. Bald-headed uakaris lineages diverged in the Mid-Pleistocene (approximately
0.3 Mya).

In our understanding, this calls for a classification of the bald uakaris, including the
newly described form from the Tarauaca river basin — Cacajao amuna sp. n. — at the
species level. The use of different characters is essential to support a classification
scheme. The taxonomic scheme proposed here adheres to the Phylogenetic Species
Concept (PSC) since each taxon is monophyletic and they accrue differences in pelage
coloration that are geographically consistent (i.e., monophyletic and diagnosable, see
Mayden, 1997; Groves, 2012).

When looking into the clades of the red uakaris (C. rubicundus, C. ucayalii, C. novaesi)
and white bald uakaris (C. calvus, C. amuna sp. n.), the phylogenetic relationships within
them were overshadowed when using only one locus. If the low resolution in the

cytochrome b tree is caused by introgression and/or incomplete lineage sorting — which
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are processes that may influence the phylogenetic inference and result in different tree
topologies when comparing nuclear and mitochondrial datasets (Heckman et al., 2007;
Artyushin et al., 2018; Dias et al., 2018; Kutschera et al., 2014; Wang et al., 2018) —
remains to be elucidated.

The divergence time estimated here with both datasets differs from what was
estimated in previous studies (Boubli and Ditchfield, 2000; Figueiredo-Ready et al.,
2013). For example, the divergence time between black-headed and bald uakaris was
estimated at around 5-5.8 Mya using cytochrome b (Boubli and Ditchfield, 2000,
Figueiredo-Ready et al., 2013), while in our cytochrome b tree these groups diverged
around 2.38 Mya, with the main split within both clades only occurring at approximately
0.91-0.99 Mya. We believe that these differences lay mainly in the methodological
approaches used by these authors. For example, the divergence time estimated by
Figueiredo-Ready et al. (2013) was based on the confidence interval of 6.3-12.9 Mya for
the split of Cacajao and Chiropotes estimated by previous authors (i.e. secondary
calibration); while Boubli and Ditchfield (2000) used the standard vertebrate molecular
clock rate estimate for the cytochrome b gene of approximately 2% sequence
divergence per million years (i.e. strict clock; Irwin et al., 1991).

Divergence times dating to the late Pleistocene have also been found in other
primates (Lynch-Alfaro et al.,, 2012; Poelstra et al.,, 2021) that may have their
diversification influenced by the Pleistocene climatic oscillations and geomorphological
changes. Indeed, western Amazonia underwent recent and dynamic sedimentological
and geomorphological activity that caused changes in the rivers as seen, for example, in
the major avulsions and paleochannels of the rios Jurua and Japura (Ruokolainen et al.,
2020). The bald uakaris’ evident preference for riparian flooded forests would make
them particularly susceptible to the fluvial dynamics related to climatic and
geomorphological changes in the late Pleistocene, with episodes of isolation and contact
promoting and/or hindering gene flow over the last 500 thousand years, producing this

unusual patchwork of the various species, including isolated populations reported in
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upland forests at > 600 m a.s.l. (Vermeer et al., 2013; McHugh et al., 2012; Silva et al.,
2021).

5. Conclusions

For the first time since Hershkovitz’s (1987) revision, we have another view of the
taxonomic classification of bald uakaris, with the main lineages identified using a robust
molecular analysis. The findings presented here also have implications for conservation
by providing an updated view of the diversity of uakaris. The bald uakaris were
categorized as Vulnerable in the previous IUCN Red List assessment (Aquino et al., 2021),
but all as subspecies of C. calvus. Widely, but patchily distributed through western
Amazonia, each taxon has different priorities in terms of research and conservation
measures — especially concerning habitat loss by deforestation and anthropogenic
climate change. Cacajao calvus and C. rubicundus, for example, are not hunted (Pereira
et al., 2019) and have significant portions of their ranges legally protected by various
categories of protected areas, in an area where extensive deforestation is not imminent
(Trancoso et al.,, 2010). The deforestation rate is much higher, however, for the
populations of C. amuna sp. n. and C. novaesi, due to their proximity to expanding urban
centres (for example, Eirunepé, Envira, Tarauacd, and Feijo). The BR-364 cuts through
the main rivers where both taxa occur (i.e., the rios Gregdrio, Envira, Eiru, and Tarauaca)
and there is a hotspot of deforestation in the state Acre connecting the largest cities in
the state (Cruzeiro do Sul and Rio Branco) to the state of Rondbénia — where the
deforestation rate is among the highest throughout Amazonia.

Bald uakaris are a flagship species for conservation in Brazil and Peru. The Mamiraud
Sustainable Development Reserve (Mamiraua SDR), for example, was created to protect
bald uakaris in an initiative that included researchers, local communities, governmental
and non-governmental agencies in the political and social context of the 1980s (Ayres
and Johns, 1987; Alves, 2011; Queiroz, 2011). The Mamiraud SDR was the first of its kind,

and a model for protected areas subsequently established elsewhere in Brazil and in the
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world, both marine and terrestrial, having a scientific basis for the management of
natural resources while promoting improvements in the social conditions and well-being
of local communities. The unique red face, striking reddish or whitish coat colour, and
the evolutionary uniqueness of the bald uakaris’ ecology and behaviour (their use of
space, group size, and adaptation for seed predation) make them remarkable primates
that are easily recognized by locals in any forest. Bridging evolutionary and ecological
studies with actions for the conservation of primates with this appeal is essential during
the current challenging times for biodiversity in the Amazon rainforest. What seems to
be a utopian goal in the current political scenario in Brazil (year-base: 2022) is, actually,

an urgent priority for researchers and conservationists alike.
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Figure legends

Fig. 1. Maximum likelihood tree retrieved from the cytochrome b dataset. Numbers

refer to bootstrap values of the main nodes.

Fig. 2. Maximum likelihood tree retrieved from the ddRAD concatenated matrix of loci
using the reference assembly method with the minimum samples per locus set to 24
(~50%). The coloured bars delimit two lineages of white uakaris — C. calvus (light grey)
and Cacajao sp. (yellow) — and three lineages of red uakaris — C. rubicundus (brown), C.

ucayalii (red), and C. novaesi (orange).

Fig. 3. ddRAD species tree retrieved from Tetrad analysis with 100 non-parametric
bootstrap replicates. The coloured bars represent two lineages of white uakaris — C.
calvus (light grey) and Cacajao sp. (yellow) — and three lineages of red uakaris — C.
rubicundus (brown), C. ucayalii (red), and C. novaesi (orange). The main lineages were
defined with 100% of bootstrap support, except by C. ucayalii (red bar), which received

a support of 62%.

Fig. 4. ddRAD nuclear time-calibrated phylogeny for Cacajao. Nodes with mean
divergence times received full support (PP=1.00). Node bars indicate the 95% highest
posterior density (HPD) (See Table 2). The coloured bars indicate the following
lineages: C. calvus (light grey bar), Cacajao sp. (yellow bar), C. rubicundus (brown bar),

C. ucayalii (red bar), and C. novaesi (orange bar).

Fig. 5. The five species of bald uakaris. A— Cacajao amuna. B — Cacajao calvus. C -
Cacajao novaesi. D — Cacajao rubicundus. E — Cacajao ucayalii. Drawing by Stephen

Nash, used with permission.

Fig. 6. Brachyurus calvus (=Cacajao calvus) specimens from the Paris National Museum
of Natural History. A -Holotype: MNHN-ZM-MO0-1847-1667a, male. B - MNHN-ZM-MO-
1847-1667b, female; and C — MNHN-ZM-MO0-1847-1667c, unknown sex. Specimens B

and C were collected by Castelnau and Deville and assessed by |. Geoffroy Saint-Hilaire
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(1952) to provide more details of the first bald uakari species. Photographs by Dr.

Cecile Callou.

Fig. 7. The geographic distribution of Cacajao taxa (sensu Hershkovitz, 1987; Boubli et
al., 2008).

Fig. 8. Lectotype of Brachyurus rubicundus (=Cacajao rubicundus), an adult male stored
in the Paris National Museum of Natural History (Catalogue number MNHN-ZM-2005-
898), collected in the Village de Saint-Paul, Brazil (= Sdo Paulo de Olivenca, Brazil).

Photographs by Dr. Cecile Callou.

Fig. 9. Dorsal and ventral views of voucher specimens of Cacajao amuna sp. n. from
the rios Tarauaca and Pauini stored in the Mamiraua Institute for Sustainable
Development (IDSM) and National Institute of Amazonian Research (INPA). A) The
holotype, adult male IDSM03676; B) Adult male INPA7276; C) Adult female INPA7280;
D) Adult female IDSM03668; E) Adult female IDSM03674; F) Subadult female
IDSM03671.

Fig. 10. The patterns of pelage colouration in C. amuna sp. n. (top row) and C. calvus

(bottom row).

Table legends

Table 1. Loci and SNP recovering, parsimony-informative sites, and overall bootstrap
support of the Maximum Likelihood analysis according to each parameter setting and

assembly method.

Table 2. Estimated divergence times inferred from the cytochrome b and ddRADseq
datasets for Cacajao. N/A = Not Applicable are the clades without resolution in the

cytochrome b tree.
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Supplementary material legends

Table S1. Samples used in the molecular analyses and their origin. Collection codes
refers to the following zoological collections: Museu Paraense Emilio Goeldi (MPEG),
Instituto de Desenvolvimento Sustentdvel Mamiraua (IDSM), Instituto Nacional de
Pesquisas da Amazonia (INPA), Museu de Zoologia da Universidade de Sdo Paulo
(MUZUSP), Field Museum of Natural History (FMNH), Museum of Vertebrate Zoology
at UC-Berkeley (MVZ), Universidade Federal do Para (UFPA), Universidade Federal do
Amazonas - Laboratério de Evolugao e Genética Animal (CTGAM).

Table S2. The Marginal Maximum Likelihood Estimation (MLE) for each model and the
Bayes factor (BF) calculated as 2*(InLSplit — InLMerge).

Figure S1. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 10 (~20% of the samples) and the cluster threshold as 0.90.
Figure S2. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 24 (~50% of the samples) and the cluster threshold as 0.90.
Figure S3. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 36 (~75% of the samples) and the cluster threshold as 0.90.
Figure S4. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 10 (~20% of the samples) and the cluster threshold as 0.85.
Figure S5. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 24 (~50% of the samples) and the cluster threshold as 0.85.
Figure S6. Consensus tree of the de-novo assembly using the minimum samples per
locus parameter as 36 (~75% of the samples) and the cluster threshold as 0.85.
Figure S7. Consensus tree of the reference assembly using the minimum samples per
locus parameter as 10 (~20% of the samples).

Figure S8. Consensus tree of the reference assembly using the minimum samples per
locus parameter as 24 (~50% of the samples).

Figure S9. Consensus tree of the reference assembly using the minimum samples per

locus parameter as 24 (~75% of the samples).
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Figure S10 — Cytochrome b time-calibrated phylogeny for Cacajao. Nodes with mean
divergence times received full support (PP=1.00). Node bars indicate the 95% highest
posterior density (HPD) (See Table 2).

Figure S11. Dorsal and ventral views of adult males of Cacajao calvus from Mamiraud
SDR series stored in the Museum of Zoology of the University of Sdo Paulo (MUZUSP)
and National Museum of Rio de Janeiro (MNRJ). A) MUZUSP 17535, B) MNRJ 1706, C)
MNRJ 1705.

Figure $12. Dorsal and ventral views of adult females of Cacajao calvus from Mamiraua
SDR series stored in the Museum of Zoology of the University of Sdo Paulo (MUZUSP)
and National Museum of Rio de Janeiro (MNRIJ). A) MUZUSP 17537; B) MNRJ 2447; C)
MNRJ 2452.

Figure S13. Dorsal and ventral views of voucher specimens of Cacajao calvus from the
right bank of Rio Jutai stored in the Mamiraud Institute for Sustainable Development.
A) Adult male IDSM00787; B) Adult male IDSM00040; C) Subadult male IDSM00786; D)
Subadult female IDSM00784.

Figure S14. Dorsal and ventral views of voucher specimens of Cacajao rubicundus from
nearby the type locality — opposite to Sdo Paulo de Olivencga, varzea forests from
Jacurapd channel — stored in the Mamirauad Institute for Sustainable Development. A)
Adult male IDSM03665; B) Adult female IDSM03666.

Figure S15. Dorsal and ventral views of voucher specimens of Cacajao rubicundus from
the left bank of Rio Jutai stored in the Mamiraua Institute for Sustainable
Development. A) Adult male IDSM00082; B) Adult female IDSM00083.

Figure S16. Dorsal view of voucher specimens of Cacajao rubicundus from Auati-
Parana channel, north bank of Rio Solimdes stored in the Emilio Goeldi Museum
(MPEG). A) Adult male MPEG17552; B) Adult female MPEG17553.

Figure S17. Dorsal view of Cacajao ucayalii from Rio Javari Mirim stored in the Field
Museum of Natural History (FMNH). Adult males: A) FMNH 88821; B) FMNH 88822; C)
FMNH 88824. Adult females: D) FMNH 88816; E) FMINH 88817; F) FMNH 88819.
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Figure S18. Dorsal and ventral view of voucher specimens of Cacajao ucayalii from
Amazon River, opposite the mouth of Rio Napo, stored in the Emilio Goeldi Museum
(MPEG). A) Immature male MPEG 468; B) Adult male MPEG049; C) Adult male
MPEG511.

Figure S19. Dorsal view of voucher specimens of Cacajao novaesi from Rio Eiru stored
in the Museum of Zoology of the University of Sdo Paulo (MUZUSP) and in the
Mamirauad Institute for Sustainable Development. Adult males: A) MUZUSP 5496; B)
MUZUSP 4339; C) MUZUSP 4333; D) IDSM03672. Adult females: E) MUZUSP 4331; F)
MUZUSP 19359; G) MUZUSP 4149; H) IDSM03670.

Appendix | - Scientific Collections

Appendix Il - Synonymy
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Table 1. Loci and SNP recovering, parsimony-informative sites, and overall bootstrap support
of the Maximum Likelihood analysis according to each parameter setting and assembly method.

Cluster Minimum SNPs_ Missing Sequen_c Missing ' :Dn&;gsrimgg\)//e Mean
threshold samples I\/_Iatnx sites e _Matrlx sites Loci Bootstrap
per locus  Size (%) Size (%) (1QTree) Support
0.90 10 55415 51.18 1943103 51.20 7915 13625 86,95
0.90 24 28323 36.15 881375 34.07 3589 7608 88,75
0.90 36 6708 20.64 195662 18.13 798 2198 84,00
0.85 10 54183 51.66 1903051 5151 7751 13408 87,70
0.85 24 27206 36.40 851707 34.29 3468 7328 88,27
0.85 36 6317 20.69 186323 18.23 760 2059 83,02
na 10 62780 31.04 2392150 34.88 9732 19126 90,55
na 24 45352 18.26 1540356 18.31 6251 14793 89,91
na 36 32553 10.11 1080448 9.74 4382 11104 89,32
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Table 2. Estimated divergence times inferred from the cytochrome b and ddRADseq datasets

for Cacajao. N/A = Not Applicable are the clades without resolution in the cytochrome b tree.
Cytochrome b dataset ddRAD dataset

Mean  Lower Upper Mean  Lower Upper

Clade or Split Age  95%  95%  Age  95% 95%
(Mya) HPD HPD (Mya) HPD HPD

Pitheciinae vs. 1718 14.01 22.48 17.01 1398 22.03

Callicebinae

Pithecia vs. 9.73 6.26 14.09 10.12  6.37 14.49

Chiropotes + Cacajao

Chiropotes vs. 5.74 3.34 8.45 5.1 2.91 7.68

Cacajao

Black-headed vs. Bald | 2.38 13 3.58 1.13 0.67 1.72

uakaris

Red bald uakaris (C. 0.91 0.5 1.42 0.46 0.29 0.7

rubicundus + C.
ucayalii + C. novaesi)
vs. White bald uakaris
(C. calvus + C.
amuna)

North bank of Rio 0.99 0.5 1.56 0.48 0.27 0.78
Negro (C. hosomi +
C. ayresi) vs. South
bank of Rio Negro (C.
melanocephalus)

C. rubicundus + C. N/A N/A N/A 0.31 0.18 0.44
ucayalii vs. C. novaesi

C. calvus vs. C. N/A N/A N/A 0.31 0.20 0.43
amuna

C. rubicundus vs. C. N/A N/A N/A 0.26 0.16 0.38
ucayalii

C. hosomi vs. C. 0.17 0.07 0.31 0.20 0.11 0.29

ayresi
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