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Prefacio
Esta tese estd estruturada em uma secdo de Introducio geral, uma secdo de Resultados, que
inclui trés capitulos, dos quais um ja foi publicado e outro foi submetido a publicagdo. O terceiro
capitulo trata da biogeografia do género Tamarinus, com a diversificagdo deste género atrelada
a formagdo dos rios da Amazonia ocidental. A Gltima se¢do trata da Conclusao da tese. Na
Introdugdo geral, tratei da historia taxondmica e filogenia do género Tamarinus, bem como as
lacunas de conhecimento cientifico a serem preenchidas.



Resumo

Entre os primatas neotropicais, as espécies da familia Callitrichidae inclui os menores e mais
fenotipicamente distintos. Os calitriquideos atualmente sdo classificados em dez géneros:
Callithrix Erxleben, 1777, Saguinus Hoffmannsegg, 1807, Leontocebus Wagner, 1839,
Leontopithecus Lesson, 1840, Mico Lesson, 1840, Oedipomidas Reichenbach, 1862, Cebuella
Gray, 1866, Tamarinus Trouessart, 1904 Callimico Miranda-Ribeiro, 1911 e, Callibella van
Roosmalen & van Roosmalen, 2003. Entre esses géneros, apenas Tamarinus nao foi revisado
taxonomicamente, com a taxonomia ainda baseada em um estudo dos anos 1970 e, ndo mudou
muito nos ultimos 45 anos. Assim, nesta tese, utilizamos a representacao reduzida do genoma
(ddRAD) para gerar a filogenia mais completa do género 7Tamarinus, com todas as espécies e
subespécies, bem como realizamos testes de hipotese taxondmicas de que as subespécies de
Tamarinus mystax (T. m. mystax, T. m. pileatus ¢ T. m. pluto), Tamarinus imperator (T. i.
imperator ¢ T. i. subgrisescens) podem representar linhagens evolutivas independentes. Além
disso, construimos uma filogenia calibrada no tempo para as espécies do género Tamarinus,
além de um modelo filogenético biogeografico estatistico para o género, a fim de inferir a
historia biogeografica e sua relacdo com a evolucdo da paisagem amazdnica. Assim, testamos
a hipotese de os rios amazoénicos como promotores da diversificagao das espécies do género
Tamarinus. Descrevemos uma nova espécie de Tamarinus do interflavio Jurud-Tef€,
anteriormente atribuida a espécie 7. mystax. Também elevamos 7. mystax e 1. pileatus ao nivel
de espécie, esta ultima, com uma nova proposta nomenclatural, com duas subespécies, 7. p.
pileatus e T. p. pluto. Nossas hipoteses filogenéticas também confirmam a existéncia de duas
espécies de Tamarinus anteriormente agrupadas sob o epiteto especifico de Tamarinus
imperator, agora designadas como 7. imperator e T. subgrisescens. Nossas analises
filogenéticas recuperam o alto suporte para todas as espécies e para as relagdes entre as espécies.
A divergéncia de Tamarinus, Oedipomidas, Saguinus € Leontocebus ocorreu no Mioceno Médio
e Tardio. Nossa reconstrug¢ao biogeografica associa o papel dos rios amazonicos como agentes
vicariantes para a maioria das espécies, porém ressaltamos que para algumas espécies houve
uma possivel dispersdo através de uma barreira geografica.

Palavras-chave: Primatas, Sistematica molecular, Saguis, Amazonia, Diversificacao.



Abstract

Among Neotropical primates, species in the family Callitrichidae include the smallest and most
phenotypically distinct. Callitrichids are currently classified into ten genera: Callithrix
Erxleben, 1777, Saguinus Hoffmannsegg, 1807, Leontocebus Wagner, 1839, Leontopithecus
Lesson, 1840, Mico Lesson, 1840, Oedipomidas Reichenbach, 1862, Cebuella Gray, 1866,
Tamarinus Trouessart, 1904, Callimico Miranda -Ribeiro, 1911 and, Callibella van Roosmalen
& van Roosmalen, 2003. Among these genera, only 7Zamarinus has not been revised
taxonomically, with the taxonomy still based on a study from the 1970s, and has not changed
much in the last 45 years. Thus, in this thesis, we used we generated double digest restriction
associated DNA (ddRAD) to generate the most complete phylogeny of the genus Tamarinus,
with all species and subspecies, as well as performing taxonomic hypothesis tests that the
subspecies of Tamarinus mystax (T. m. mystax, T. m. pileatus and T. m. pluto), Tamarinus
imperator (T. i. imperator and T. i. subgrisescens) may represent independent evolutionary
lineages. In addition, we constructed a time-calibrated phylogeny for species of the genus
Tamarinus, as well as a statistical biogeographical phylogenetic model for the genus, in order
to infer the biogeographical history and its relationship with the evolution of the Amazonian
landscape. Thus, we tested the hypothesis that the Amazonian rivers promote the diversification
of species of the genus 7Tamarinus. We describe a new species of Tamarinus from the Jurua-
Tefé interfluve, previously assigned to the species 7. mystax. We also raised 7. mystax and T.
pileatus to species level, the latter, with a new nomenclatural proposal, with two subspecies, 7.
p. pileatus and T. p. pluto. Our phylogenetic hypotheses also confirm the existence of two
Tamarinus species formerly grouped under the specific epithet Tamarinus imperator, now
designated as T. imperator and T. subgrisescens. Our phylogenetic analyzes retrieve high
support for all species and for relationships between species. The divergence of Tamarinus,
Oedipomidas, Saguinus and Leontocebus occurred in the Middle and Late Miocene. Our
biogeographical reconstruction associates the role of Amazonian rivers as vicariant agents for
most species, but we emphasize that for some species there was a possible dispersion through
a geographic barrier.

Keywords: Primates, Molecular systematics, Tamarins, Amazon, Diversification.



Sumario

INtroducAo Eral.....cceeicisueiciserinisenisssnicsssnncssnnssssnssssanssssasssssssssssssssssssssssssssssssssssssssssssssssssssnes 14
OB OTIVOS ...ttt ettt ettt et e ettt e st e et e s at e et e e s et e e bt e s ateeabeeeabeeabeesateenbeeenbeenbeeenbeenbeeenbeenteeenaeens 21
ODBJELIVO GEIAL ...oiiiiiieiiieeciie ettt e et e et e e st eessae e e sbeeessaeeessseeensseeenseeesnseeennnes 21
ODbJEtIVOS ESPECTIICOS ... ientiieitieiiitetie ettt ettt et ettt et e st et e st e e bt e sabeebeesabeenseesnseenseesnseens 22
2SS (53 (<) 101 - PRSPPI 22
Capitulo 1. Taxonomic review of Saguinus mystax (Spix, 1823) (Primates, Callitrichidae),
and description of & NEW SPECIES.....cccuvirrirricsrarisssarcsssersssnscssanesssssssssssssssassssssssssssssssssssssasssss 34
INEEOAUCTON ...ttt ettt e et et e st e e bt e sabe e beesabeebeesaseenseennseans 35
Materials and MEthOdS ........coouiiiiiiiiiie e e e e e e s e s 37
RESUILS ..ottt et ettt et e et e st e e bt e abe e beesabeenbeeeneeeaneas 42
DISCUSSION ...tieiiiteiiteeiiee ettt e ettt e et e e et e e s tbeeesabeeessseessaeeessaeesnsseesnseaeasseeensseeessesensseeensseennseeennses 49
CONCIUSIONS ..ttt ettt ettt et et e et e bt e st e e teeenbeebeesaseenseesaseenseesaseenseennseans 51
2] 5] () (61 OSSR 54
Capitulo 2. Molecular systematics of tamarins with emphasis on genus Tamarinus

(Primates, Callitrichidae)......ccccvueieeirrericnicsnniicsisnnicsssssnsecsssnssssssssnssssssssssssssssssssssssssssssssssasass 59
L. INEEOAUCTION ..ttt ettt et e st e et e st e enbeesnteebeesnbeenbeesnseenneans .60
2. Materials and MeEthodS .........cooiuiieiiiiiiie e e 64
3 RESULLS et ettt et e ettt e et e et e e bt e e nteenseeenee 66
4. DIISCUSSION.....uveeeirieeseteeesiteeeiteeetteeetteeaseeeesseeesssaeeasseeeasseeessseeasseeassaeesseeassseesssseesseeensseeenns 78
COMCIUSTION ..ttt ettt et e et e et e s ab e et e e sateenbeesnbeenseesabeenseessseenseennneens 83
| 2S) (5) () (o1 USRS 85
Capitulo 3. Biogeografia do género Tamarinus (Primates, Callittrichidae).................... 100
INEEOAUGAO ...t e ettt e e e ab e e e e ta e e e e e are e e e e earaeeeeenraeaeeanns 101
Material € IMELOAOS .......ueeiuiieiieeiie ettt ettt et ettt e st e et e st e bt e nbe et e sabeenbeeenee 107
RESUIAAOS ....eeeiieeiiiee ettt e e e e st e e st e e e saeeesbeeernteesnaeeensneesnneeenns 108
DISCUSSAO ..ttt ettt ettt et ettt e e st et e st e e bt e s st e e st e sabeenbeessbeenbeeeabeenbeeenbeenseennbeenseennne 111
RETETEICIAS ..o.evvieeiiieeciie ettt et e e et e e s teeesstee e sbeeesaeeensseeensaeesnsneesnseeenns 116
CoNCIUSAD GEIAl...uuccnneeeiieieiniiensnininensaenseensnenssnnsssesssnssssnsssnssssessssssssssssassssssssnsssssssssssssssssasss 134

Perspectivas fULUIAS .....coceieiveicisninssnisssnnisssnnesssansssssssssssssssssssssssssssssssssssssssssssssssssssasssssassses 134



Introducio geral

A ordem Primates consiste em mamiferos com origem no Cretdceo/Paleoceno
(Goodman et al., 1998; Fabre et al., 2009; Perelman et al., 2011; Springer et al., 2012). Nas
filogenias mais recentes ha dois clados maiores de primatas: subordem Strepsirrhini
(Lemuriformes — Iémures, Chiromyiformes — aye-aye e, Lorisiformes — Galagos, 16rises e
potos) e subordem Haplorrhini (Tarsiiformes, Catarrhini e Platyrrhini) (Pocock, 1918; Hill,
1955; Martin, 1990; Bailey et al., 1991; Goodman et al., 1998; Zietkiewicz et al., 1999; Groves,
2001). Estas clados estio distribuidos pelas regides tropicais e subtropicais, ao longo da Asia
(Strepsirrhini, Tarsiiformes e Catarrhini), Africa (Catarrhini e Strepsirrhini), Madagascar
(Strepsirrhini) e, América (Platyrrhini) (Groves, 2001). Catarrhini (primatas do Velho Mundo)
¢ o clado irmao de Platyrrhini, dois grupos geograficamente separados pelo Oceano Atlantico
(Martin, 1990; Goodman et al., 1998; Perelman et al., 2011).

A taxonomia de Platyrrhini na maior parte do século XX foi baseada em duas familias,
Callitrichidae e Cebidae (Gray, 1821; Elliot, 1913; Pocock, 1917, 1920, 1925; Dollman, 1933;
Simpson, 1945; Cabrera, 1957; Hill, 1957, 1960, 1962; Napier & Napier, 1967; Simons, 1972;
Napier, 1976; Martin, 1990). Houve algumas proposi¢des com uma terceira familia
(Callimiconidae) para acomodar Callimico goeldi, cujas caracteristicas estdo associadas tanto
aos cebideos (presenca do terceiro molar desenvolvido), quantos aos calitriquideos (molares
superiores tri-tuberculares) (Dollman, 1933; Hill, 1957; Hershkovitz, 1972; 1977).

Nos estudos filogenéticos a familia Callitrichidae sempre foi considerada como uma
subfamilia da familia Cebidae (Rosenberger, 1980; Schneider et al., 1993, 2000). Assim, eram
consideradas apenas trés familias de primatas neotropicais: Pitheciidae, Atelidae e Cebidae.
Posteriormente, as avaliagdes taxondmicas mantiveram o status de familia para Callitrichidae
(Rylands & Mittermeier, 2000, 2009; Rylands et al. 2016). Esse arranjo taxonomico ¢ seguido
neste estudo.

Os primatas da familia Callitrichidae sdo os menores primatas neotropicais
(Leutenegger, 1973; Moynihan, 1976; Hampton, 1975; Ford, 1980), com distribui¢do na
América do Sul e Central (Hershkovitz, 1977). As caracteristicas Unicas dos callitriquideos
incluem o pequeno porte, reprodu¢do gemelar, auséncia de um terceiro molar, molares
superiores tri-tuberculares sem hipocone, presencga de garras ao invés de unhas, com excegao
do halux e, foram consideradas como plesiomorfias entre os Platyrrhini (Schultz, 1948;
Hershkovitz, 1968; 1970; 1972; Cartmill; 1974; Hershkovitz, 1977; Rosenberger, 1984;
Rosenberger et al. 1990 (Pocock, 1925; Hill, 1957; 1959; 1960; 1962; Napier & Napier, 1967;
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Simons, 1972). Entretanto, essas caracteristicas foram designadas como adaptativas e, seriam
uma consequéncia do nanismo filético, portanto, seriam caracteristicas apomorficas dentro de
Platyrrhini (Hamlett & Wislocki, 1934; Leutenegger, 1973; Hampton, 1975; Moynihan, 1976;
Ford, 1980; Leutenegger, 1980). A partir das proposi¢cdoes de que o tamanho menor dos
calitriquideos seria uma caracteristica derivada (Leutenegger, 1973; Moynihan, 1976;
Hampton, 1975), foi proposto a teoria do nanismo filético (Ford, 1980; Leutenegger, 1980).
Essa teoria indica que houve uma reducdo do tamanho corporal ao longo da evolucao dos
calitriquideos, com consequente modificagdes mencionadas acima (Ford, 1980).

Atualmente, estd familia ¢ composta por mais de 60 taxons, 47 espécies e 10 géneros:
Callithrix Erxleben, 1777, Saguinus Hoffmannsegg, 1807, Leontocebus Wagner, 1839,
Leontopithecus Lesson, 1840, Mico Lesson, 1840, Oedipomidas Reichenbach, 1862, Cebuella
Gray, 1866, Tamarinus Trouessart, 1904 Callimico Miranda-Ribeiro, 1911, e Callibella van
Roosmalen & van Roosmalen, 2003.

Uma das principais referéncias na biologia, sistematica, taxonomia e distribui¢do dos
calitriquideos € a monografia de Hershkovitz (1977). Hershkovitz baseou as relagdes entre os
calitriquideos em um principio fundamental de aumento do tamanho do corpo ao longo do
tempo. Ele designou quatro géneros, Cebuella, Leontopithecus, Callithrix e Saguinus e, colocou
Callimico em sua propria familia, Callimiconidae (Hershkovitz, 1977).

Dentre os géneros de Callitrichidae, Saguinus (sensu Hershkovitz, 1977) ¢ um dos mais
ricos em espécies. Hershkovitz (1977) se embasou em morfologia, pelagem e distribui¢ao
geografica para estabelecer as relagdes entre as espécies do género Saguinus e, o dividiu em
“trés segdes”, com seis grupos de espécies. Essas se¢des foram divididas de acordo com os
padrdes de pelagem e pigmentacdo facial: Secao face com pelos — saguis da boca branca ou
grupo Saguinus nigricollis (S. nigricollis e S. fuscicollis), saguis de bigodes ou grupo Saguinus
mystax (S. mystax, S. labiatus e S. imperator) e grupo midas (Saguinus midas); Se¢ao face sem
pelos — saguis brasileiros da face nua ou grupo S. bicolor e, grupo S. oedipus (S. oedipus ¢ S.
leucopus); Secao face com pigmentacido mosqueada — grupo Saguinus inustus. As relagdes
entres 0s taxons que compunham essas se¢des era baseada na suposicao de que a condigao
primitiva (plesiomorfica) seria a face com presenga de pelos, enquanto a face mosqueada teria
evoluido na direcdo da auséncia total de pelos na face, que por sua vez seria a condi¢dao
apomorfica e teria surgido mais de uma vez durante a evolugdo de Saguinus (Figura 1)

(Hershkovitz, 1977).
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Figura 1. Grupos de Saguinus proposto por Hershkovitz (1977).
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A taxonomia de Hershkovitz (1977) prevaleceu por alguns anos, porém estudos posteriores
baseados em morfologia e genética trouxeram novas interpretagdoes (Natori, 1988; Natori &
Hanihara, 1988; Natori & Hanihara, 1992; Jacobs et al. 1995; Cropp et al. 1999; Araripe et
al. 2008; Matauschek et al. 2011; Boubli et al. 2015; Buckner et al. 2015). A maioria destes
grupos foi corroborada, excecao foi o grupo S. inustus, cujos resultados indicaram que S. inustus
¢ um membro do grupo S. mystax (Figura 2) (Natori & Hanihara, 1992; Cropp et al. 1999;
Cunha et al. 2011; Boubli et al. 2015; Buckner et al. 2015; Rohe 2021; Brcko et al. 2022).

S. oedipus S. melanoleucus

. S. nigricollis
S. geoffroyi S. labiatus
S. bicolor _E S. imperator
— S. midas midas

S. mystax
—I: S. midas niger { S. pluto

S. leucopus

S. inustus

S. imperator _ES. g(’O_[ﬁ'O)’i
— S. nigricollis S. oedipus
LS fuscicollis

. leucopus

S inustus S. midas
S. labiatus | .
| S. niger
S. mystax E S. b. bicolor

| | | S. b. martinsi
1.5 1.0 0.5 S. b. ochraceus

Figura 2. Filogenia de Saguinus. A filogenia da esquerda foi obtida a partir da morfologia
dentaria (Natori e Hanihara, 1992). A filogenia da direita ¢ de dados mitocondriais (Cropp et
al. 1999). Notar as relacdes de S. inustus com o grupo S. mystax. (Redesenhado de Natori &

Hanihara, 1992 e, de Croop et al. 1999)

J4 a filogenia a partir de proteinas, marcadores mitocondriais € nucleares evidenciaram
dois grandes clados dentro do género Saguinus (Jacobs et al. 1995; Meireles et al. 1997;
Canavez et al. 1999; Cropp et al. 1999; Tagliaro et al. 2005; Fabre et al. 2009; Matauschek et
al. 2011; Perelman et al. 2011; Springer et al. 2012; Buckner et al. 2015). Esses clados
recuperados dentro de Saguinus passaram a ser designados de acordo com o tamanho corporal,
o clado de corpo pequeno corresponde ao grupo S. nigricollis, cujo peso corporal ¢ menor que
450 g e, o restante das espécies estd agrupado no clado de corpo grande, com peso corporal
maior que 450 g (Figura 3) (Cropp et al. 1995; Matauschek et al. 2011; Buckner et al. 2015;
Athaydes et al. 2021).
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Figura 3. Filogenia molecular evidenciando os dois grandes clados de Saguinus
(Redesenhado de Cropp et al. 1999).

Uma filogenia abrangente também evidenciou dois grandes grupos dentro do género
Saguinus, os dois clados (clado de corpo pequeno e clado de corpo grande) possuem uma
divergéncia de mais de 9 milhdes de anos (Ma) (Figura 4) (Buckner et al. 2015). Essa divisao
em dois grandes clados ¢ apoiada por dados ecoldgicos e comportamentais (Yoneda, 1981;
Terborgh, 1983; Yoneda, 1984; Garber, 1991, 1992; Peres, 1993, Bicca-Marques, 1999; Smith,
2000; Heymann and Buchanan-Smith, 2000; Nadjafzadeh and Heymann, 2008; Nyakatura and

Heymann, 2010). Todos esses dados evidenciam historias evolutivas distintas (Rylands et al.

A partir dessas evidéncias, houve a proposta da divisdo de Saguinus em dois géneros
diferentes (Buckner et al. 2015). O grupo S. nigricollis ficou alocado no género Leontocebus,

jé& o restante das espécies ficou alocada no género Saguinus (Buckner et al. 2015; Rylands et al.
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Figura 4. Filogenia calibrada no tempo da familia Callitrichidae. Areas coloridas referem-se
aos principais periodos geologicos: amarelo - Mioceno, laranja - Plioceno, rosa - Pleistoceno.
Barras azuis nos n6s indicam a probabilidade posterior (95%). Seta vermelha indica a
divergéncia entre os clados de corpo grande (Saguinus) e corpo pequeno (Leontocebus).

A atualizacdo dos grupos de espécies dentro do género Saguinus indicou quatro grandes
grupos: grupo S. mystax (Saguinus mystax mystax (Spix, 1823), Saguinus mystax pileatus (1.
Geoffroy Saint-Hilaire & Deville, 1848), Saguinus mystax pluto (Lénnberg, 1926), Saguinus
labiatus labiatus (E. Geoffroy Saint-Hilaire, 1812) ), Saguinus labiatus thomasi (Goeldi, 1907),
Saguinus labiatus rufiventer (Gray, 1843), Saguinus imperator imperator (Goeldi, 1907),
Saguinus imperator subgrisescens (Lonnberg, 1940) e Saguinus inustus (Schwarz, 1951);
grupo S. oedipus (Saguinus oedipus (Linnaeus, 1758), Saguinus geoffroyi (Pucheran, 1845) e
Saguinus leucopus (Glinther, 1877); e, grupos S. midas e S. bicolor (Saguinus midas (Linnaeus,
1758), Saguinus niger (E. Geoffroy Saint-Hilaire, 1803), Saguinus ursulus Hoffmannsegg ,
1807, Saguinus bicolor (Spix, 1823), Saguinus martinsi martinsi (Thomas, 1912), Saguinus
martinsi ochraceus Hershkovitz, 1966 (Buckner et al. 2015; Rylands et al. 2016).

Mais recentemente, uma filogenia abrangente usando 44 marcadores moleculares
encontrou uma profunda divergéncia entre os grupos de espécies de Saguinus (Brcko et al.
2022). Assim, foi proposto dividir o género Saguinus em trés géneros para acomodar cada um
dos grupos de espécies. Para o primeiro grupo de espécies, que corresponde ao grupo S. mystax,
foi proposto o género Tamarinus Trouessart 1904. Para o grupo S. oedipus, foi proposto o
género Oedipomidas Reichenbach, 1840. O nome Saguinus ficou tornou-se disponivel para as

espécies dos grupos S. midas/S. bicolor, uma vez que este nome foi dado
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pela primeira vez a uma espécie desse grupo. Esta divisdo ¢ suportada por dados morfolédgicos,
ecoldgicos e biogeograficos (Brcko et al. 2022).

Embora tenha havido atualizagdo da taxonomia das espécies dos géneros Oedipomidas
e Saguinus a taxonomia do género Tamarinus permaneceu praticamente inalterada desde o
estudo seminal de Hershkovitz (1977). O género Tamarinus ¢ composto por quatro espécies €
oito subespécies: (Tamarinus mystax mystax (Spix, 1823), Tamarinus mystax pileatus (1.
Geoffroy Saint-Hilaire & Deville, 1848), Tamarinus mystax pluto (Lonnberg, 1926), Tamarinus
labiatus labiatus (E. Geoffroy Saint-Hilaire, 1812) ), Tamarinus labiatus thomasi (Goeldi,
1907), Tamarinus labiatus rufiventer (Gray, 1843), Tamarinus imperator imperator (Goeldi,
1907), Tamarinus imperator subgrisescens (Lonnberg, 1940) e Tamarinus inustus (Schwarz,
1951); (Hershkovitz, 1977; 1979; Groves, 2001).

Além disso, hé escassez de amostras de algumas subespécies do género Tamarinus, o
que restringiu as hipoteses filogenéticas, bem como a atualizagdo da taxonomia. Assim, as
filogenias moleculares ja propostas foram limitadas pela auséncia da de todos os integrantes do
género Tamarinus, com hipdteses filogenéticas conflitantes (Buckner et al. 2015; Athaydes et
al. 2021).

A maioria dos representantes do género Tamarinus esta distribuida ao sul do rio
Solimdes/Amazonas, na area de endemismo Inambari, na Amazoénia ocidental. Todas as
espécies/subespécies tem suas distribuicdes limitadas pelos rios (Hershkovitz, 1977). As
espécies de Tamarinus sao encontradas principalmente em florestas de terra firme (Peres 1997)
e, sdo altamente propensas a divisdo por barreiras geograficas (Rylands et al., 1993). Assim, as
espécies deste género sdo modelos ideais para testar hipoteses biogeograficas, bem como ajudar
a elucidar os mecanismos de diversificacdo da biota amazdnica. Embora tenha havido propostas
biogeograficas para a diversificacdo das espécies do género Tamarinus (Croop et al., 1999;
Buckner et al., 2015; Athaydes et al., 2021), os estudos foram limitados pela auséncia de alguns
taxons, uma vez que este género comporta nove espécies atualmente (Lopes et al., 2021), isso
pode ter enviesado as hipoteses filogenéticas e biogeograficas propostas. Aqui, pretendemos
realizar testes de hipoteses para explicar a diversificagdo do género Tamarinus, utilizando todas
as espécies e subespécies, a fim de elucidar sua diversificagdo, bem como uma possivel relacao

com a formagao dos rios da Amazonia.
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Os avangos recentes sobre as relagdes filogenéticas, biogeografia e taxonomia dos
primatas neotropicais sdo devidos principalmente a aplicagdo de técnicas moleculares
(Matauschek et al. 2011; Boubli et al. 2012; Lynch Alfaro et al. 2012ab, Boubli et al. 2015;
Buckner et al. 2015; Lynch Alfaro et al. 2015; Mercés et al. 2015; Sampaio et al. 2015; Byrne
et al. 2016; Carneiro et 1. 2016; Lima et al. 2017; Boubli et al. 2018; Byrne et al. 2018; Carneiro
et al. 2018; Lima et al. 2018; Silva et al. 2018; Boubli et al. 2019; Carneiro et al. 2020; Byrne
et al. 2021; Boubli et al. 2021; Costa-Aratijo et al. 2021; Rohe 2021; Rohe et al. 2021 em
preparagdo; Brcko et al. 2022; Martins-Junior et al. 2022; Silva et al. 2022). Mais recentemente
as filogenias baseadas em sequenciamento de alto rendimento, como a representagdo reduzida
do genoma, tém gerado dados multilocus em escala gendmica que tem esclarecido as relagdes
filogenéticas de varias espécies de primatas (Sampaio et al. 2015; Lima et al. 2017; Boubli et
al. 2018; Boubli et al. 2019; Boubli et al. 2021; Costa-Aragjo et al., 2019, 2021; Rohe et al.
2021). Essa técnica permite podem gerar grandes volumes de dados de todo o genoma a um
custo menor que as técnicas tradicionais, além disso, ndo ¢ necessario um genoma de referéncia
e, os dados podem ser prontamente coletados de organismos ndo-modelo (Davey & Blaxter
2010).

Assim, neste estudo pretendemos esclarecer a historia evolutiva, taxonomia e
biogeografia do género Tamarinus utilizando DNA genomico (DDRad) de todos os taxons do
grupo. Nosso estudo aborda uma ampla amostragem geografica, uma vez que todas as
espécies/subespécies foram amostradas, o que implica na resolug¢ao da filogenia, tempos de
divergéncia e taxonomia ao nivel de género e espécies, 45 anos apos o estudo de Hershkovitz
(1977).

Esta tese estd organizada em trés capitulos com objetivos especificos para abordar a
histéria evolutiva usando dados genomicos. No primeiro capitulo tratamos da taxonomia de
Tamarinus mystax e suas trés subespécies (7. m. mystax, T. m. pileatus e, T. m. pluto. O segundo
capitulo trata da sistematica molecular de todos os integrantes do género Tamarinus, além de
propor uma atualizagdo taxonomia para Tamarinus imperator. No terceiro capitulo realizamos
uma reconstrugdo espaco temporal para elucidar a diversificagdo das espécies do género

Tamarinus.
Objetivos

Objetivo geral

Esclarecer a historia evolutiva, taxonomia e biogeografia do género Tamarinus.
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Objetivos especificos

Revisar a taxonomia de Tamarinus mystax;

Propor uma filogenia para as espécies do género Tamarinus e, testar o status taxondmico
de Tamarinus imperator,

Reconstrugdo a historia biogeografica espago-temporal da diversificacdo das espécies

do género Tamarinus.
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ABSTRACT

Although the Amazon has the greatest diversity of primates, there are still taxonomic
uncertainties for many taxa, such as the species of the Saguinus mystax group.

The most geographically broadly distributed and phenotypically diverse species in
this group is S. mystax, and its phenotypic diversity has been recognized as three
subspecies—S. mystax mystax, S. mystax pileatus and S. mystax pluto—with
non-overlapping geographic distributions. In this sense, we carried out an extensive
field survey in their distribution areas and used a framework of taxonomic hypothesis
testing of genomic data combined with an integrative taxonomic decision-making
framework to carry out a taxonomic revision of S. mystax. Our tests supported the
existence of three lineages/species. The first species corresponds to Saguinus mystax
mystax from the left bank of the Jurua River, which was raised to the species level,
and we also discovered and described animals from the Jurud-Tefé interfluve
previously attributed to S. mystax mystax as a new species. The subspecies S. m.
pileatus and S. m. pluto are recognized as a single species, under a new nomenclatural
combination. However, given their phenotypic distinction and allopatric
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distribution, they potentially are a manifestation of an early stage of speciation, and
therefore we maintain their subspecific designations.

Subjects Biodiversity, Bioinformatics, Molecular Biology, Taxonomy, Zoology
Keywords Platyrrhini, Phylogeny, New world monkeys, New species, Cryptic, Amazonian tamarin,
Phylogenomic, Geographic distribution, Taxonomy, Species

INTRODUCTION

Marmosets and tamarins—species of the family Callitrichidae (Rylands et al., 2000,
2016)—are the most morphologically distinct and smallest of Neotropical primates
(Hershkovitz, 1977). Marmosets and tamarins are currently classified in eight genera:
Leontopithecus Lesson, 1840, Callimico Miranda-Ribeiro, 1911, Saguinus Hoffmannsegg,
1807, Cebuella Gray, 1866, Callithrix Erxleben, 1777, Leontocebus Wagner, 1839, Mico
Lesson, 1840, and Callibella van Roosmalen ¢ van Roosmalen, 2003 (Rylands et al., 2000;
van Roosmalen & van Roosmalen, 2003; Buckner et al., 2015; Rylands et al., 2016; Silva
et al, 2018).

Tamarins of the genus Saguinus are distributed in forests of South and Central America
(Hershkovitz, 1977; Fig. 1). Species of the genus Saguinus are currently organized into four
species groups (Rylands et al., 2016): the midas group: Saguinus midas (Linnaeus, 1758),
Saguinus niger (E. Geoffroy Saint-Hilaire, 1803), Saguinus ursulus Hoffmannsegg, 1807;
the bicolor group: Saguinus bicolor (Spix, 1823), Saguinus martinsi martinsi (Thomas,
1912), Saguinus martinsi ochraceus Hershkovitz, 1966; the oedipus group: Saguinus
oedipus (Linnaeus, 1758), Saguinus geoffroyi (Pucheran, 1845), and Saguinus leucopus
(Giinther, 1877); and the mystax group: Saguinus mystax mystax (Spix, 1823), Saguinus
mystax pileatus (I. Geoffroy Saint-Hilaire & Deville, 1848), Saguinus mystax pluto
(Lonnberg, 1926), Saguinus labiatus labiatus (E. Geoftroy Saint-Hilaire, 1812), Saguinus
labiatus thomasi (Goeldi, 1907), Saguinus labiatus rufiventer (Gray, 1843), Saguinus
imperator imperator (Goeldi, 1907), Saguinus imperator subgrisescens (Lonnberg, 1940),
and Saguinus inustus (Schwarz, 1951).

The bicolor, midas and oedipus groups have been subject to taxonomic revisions
(Hanihara & Natori, 1987; Kanazawa ¢ Rosenberger, 1988; Skinner, 1991; Natori &
Hanihara, 1992; Moore ¢ Cheverud, 1992; Rylands, 1993; Vallinoto et al., 2006; Rylands ¢
Mittermeier, 2009; Gregorin ¢ Vivo, 2013) since the seminal study of Hershkovitz (1977).
In contrast, the taxonomy of the mystax group has remained practically unchanged,
and current taxonomy follows Hershkovitz (1977) who considered these taxa geographic
races of the same species, hence relegating them to the subspecies status (Rylands et al.,
2016). However, Groves (2001) noted that while S. m. mystax and S. m. pluto are quite
similar to each other, S. m. pileatus is phenotypically divergent and therefore opinionated
that it likely is a species. Following this logic, Rylands ¢» Mittermeier (2009) opinionated
that S. m. mystax and S. m. pluto are likely different species given that their areas of
occurrence are separated by that of S. m. pileatus (Fig. 2). Taxonomic clarity and resolution

Lopes et al. (2023), PeerdJ, DOI 10.7717/peerj. 14526
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Figure 1 The geographical distributions of Saguinus: the mystax group (brown), the oedipus group (red), and the bicolor and midas groups
(purple). Full-size K&l DOT: 10.7717/peerj.14526/fig-1

of this issue has, however, not advanced due to lack of specimens available for taxonomic
analyses.

To clarify the taxonomy of subspecies of Saguinus mystax, we carried out extensive field
surveys in their areas of distribution. During field surveys in the Jurua-Tefé interfluve, we
observed that specimens of S. m. mystax from the right bank of the Jurua River differed in
phenotype from the specimens from the left bank of this river (Figs. 3 and 4).

Considering the above, in this study we test the taxonomic hypothesis that the described
taxa of S. mystax and the new morphotype are independent evolutionary lineages, i.e.,
species (the General Lineage Species Concept of de Queiroz, 1999, 2007). To this end, we
generated double digest restriction associated DNA (ddRAD) data and used these data
to conduct coalescent-based tests of taxonomic hypotheses (Fujita et al., 2012; Leaché
et al., 2014). Subsequently we evaluated the results of these analyses in light of phenotypic
coat color data and geographic distributions of the analyzed taxa.

Lopes et al. (2023), PeerdJ, DOI 10.7717/peerj.14526
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from IUCN and Sampaio, Rohe ¢ Rylands (2018). Blue lines represent Amazonian rivers. The small map on superior side left shows the North of
South America, and the distribution of Saguinus three species groups. Full-size K&l DOT: 10.7717/peerj.14526/fig-2

MATERIALS AND METHODS

Specimen sampling

All analyzed specimens originated from museum collections. This study did not motivate
the collection of these specimens. All specimens were collected under licenses granted
by the Instituto Chico Mendes de Conservagao da Biodiversidade/Sistema de Autorizagao
e Informagio em Biodiversidade and in accordance with the ethical recommendations
of the Conselho Federal de Biologia (CFBio; Federal Council of Biologists), Resolution 301
(December 8, 2012).

Collection of phenotypic data

Using Hershkovitz’s (1968, 1977) framework of chromogenetic fields (Fig. S1), we collected
phenotypic data from specimens of S. m. mystax, S. m. pluto, S. m. pileatus, and Saguinus
sp. Chromogenetic fields are defined as consistently distinct areas of the body identifiable
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Saguinus m. mystax Saguinus sp.

Saguinus m. pileatus Saguinus m. pluto

Figure 3 Coat color pattern of Saguinus mystax and Saguinus sp. analyzed in this study. Illustrations
by Stephen D. Nash. Full-size k&) DOT: 10.7717/peerj.14526/fig-3

by hair color and color patterns of the coat (Hershkovitz, 1977). Chromogenic fields
have been found to be informative in taxonomic studies of callitrichids (Hershkovitz, 1968,
1977; Vivo, 1991; Mittermeier, Schwarz & Ayres, 1992; Silva & Noronha, 1998; Rohe et al.,
2009; Sampaio et al., 2015; Garbino, 2015; Garbino & Martins-Junior, 2018; Costa-Araiijo
et al., 2019, 2021).

For each specimen we collected color and color pattern characteristics of each of the
11 chromogenetic fields. We considered color tones as character states. All data were
collected in daylight conditions using the color codes of the Munsell Color (2000) and are
summarized by taxon in Table 1. We examined 38 specimens deposited in the collections
of the Instituto Nacional de Pesquisas da Amazonia (INPA) and the Instituto de
Desenvolvimento Sustentdvel Mamiraud (IDSM); of these, 25 specimens were included in
molecular analyses (Table S1).
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Figure 4 Dorsal views of skins of Saguinus mystax (left; IDSM03594) and Saguinus sp. (right;
IDSM00067). Full-size k&) DOI: 10.7717/peerj.14526/fig-4

Collection of ddRAD data

We extracted DNA from tissues deposited at INPA, IDSM, and the Universidade Federal
do Amazonas (UFAM). We extracted whole genomic DNA from tissue samples using the
standard phenol-chloroform extraction protocol (Sambrook ¢ Russell, 2001). We then
generated ddRAD sequence data (Peterson et al., 2012) using a modified protocol
optimized for the IonTorrent PGM described in Boubli et al. (2018) (see: https://github.
com/legalLab/protocols-scripts). We generated data for 25 specimens of the Saguinus
mystax species, including representatives of all described subspecies and spanning the
known geographic distribution of the taxa within Brazil. We also generated data for three
specimens of Saguinus inustus, an outgroup taxon. We used the Sdal and Csp6I restriction
enzymes (Thermo Fisher, Waltham, MA, USA), and size selected fragments in the range of
320-400 bp using PippinPrep (Sage Science, Beverly, MA, USA). Samples were sequenced
on the IonTorrent PGM using the manufacturer’s recommended protocol.
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Table 1 Coat color pattern of taxa of the Saguinus mystax complex based on our specimen’s examination.

Chromogenetic S. m. mystax Saguinus sp. S. m. pileatus S. m. pluto
fields

I. Forehead Light black Light black Reddish orange Black

II. Crown Light black Light black brown Reddish orange Black

II. Temporal  Black Black Black Black

patch
IV. Mantle

V. Throat
VI. Chest
VII. Forelimbs

Light black brown, subterminal

black
Black
Black

Light black brown, subterminal  Light black brown with fine light Black and ticked with

band is orange, terminal band is  band is yellow, terminal band is  brownish yellow or orange light brownish
black ticking yellow
Black Light black or brown Black
Light black Light black or brown Light black
Light black brown, subterminal  Light black Light black and light

Black

band is yellow, terminal band is brownish yellow

black
VIIL Saddle Light black with orange Light black with brown Light black brown and light Light black and light
brownish yellow brownish yellow
IX. Rump Light black with orange Light black with brown Light black brown and light Light black and light
brownish yellow brownish yellow
X. Hindlimbs  Light black with orange Light black with brown Light black Light black and light
brownish yellow
XI. Tail Black Black Black Black
Note:

Characters unique to Saguinus sp. are marked in bold.

Sequencing reads were processed using the pyRAD pipeline (Eaton, 2014). During de
novo assembly, we used a minimum coverage of 6x per locus, assembling all fragments in
the 300-400 bp range. Nucleotides with PHRED scores <30 were excluded, and loci with
more than six low quality nucleotides were excluded. Subsequently we clustered alleles
within loci and loci across individuals, both at a minimum of 88% similarity. Finally, we
generated the final dataset by filtering the clusters such that all loci with more than 50%
heterozygotes were excluded-likely paralogs, and the locus had to have been present in at
least 19 of the 28 specimens. The resulting dataset contained 556 loci and 196,771
nucleotides. We subsequently statistically reduced the 556 loci into 163 partitions using
PartitionFinder2 (Lanfear et al. 2017).

We also processed our raw reads using DiscoSnp-RAD (Gauthier et al., 2020), which
uses De Bruijn graphs to circumvent the need for clustering of reads, reducing data loss
due to low coverage within individuals. We extracted single nucleotide polymorphisms
(SNPs) from our reads using a minimum read depth of five. Furthermore, we filtered these
loci on rank (Gauthier et al., 2020), retaining those SNPs with rank >0.9—a statistic
incorporating the discriminant power and read coverage of each SNP—and those that were
present in at least 90% of the samples, i.e., no more than two individuals had missing data
at any particular SNP locus. The resulting variant call file (VCF) was filtered to retain all
loci with 2-5 SNPs per locus following Malinsky et al. (2018) resulting in a 98.38%
complete matrix comprising 158 uninked loci and 351 SNPs. We also filtered the original
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VCEF file to sample the highest quality SNP from each locus, generating a VCF of unlinked
loci. The resulting matrix was 98.55% complete and comprised 4,550 unlinked loci.

Clustering analyses

An initial population structure analysis was performed using fineRADstructure (Malinsky
et al., 2018) (Fig. S2). This method takes full advantage of ddRAD sequences by using all
linked SNPs present at each locus to generate a co-ancestry table, and then uses Markov
chains within a Bayesian framework to retrieve fine-scale groupings of individuals from
this table. The MCMC chain for group definition was formed from 1 million steps,
sampling every 1000th step, preceded by 1 million of burn-in steps. Convergence of the
MCMC chain was verified visually.

Phylogenetic analyses

We used ASTRAL-III (Zhang et al., 2018) for phylogenetic reconstruction because it is fast,
consistent with missing data (Nute et al., 2018) and considers the historical independence
of different loci in a framework that takes incomplete lineage sorting into account (ILS).
Furthermore, since ASTRAL-III constructs a supertree from pre-estimated gene trees,
these can be inferred using the complete information contained in the ddRAD sequences.
The estimation of gene trees was performed with RAXML (Stamatakis, 2014) using the
Gamma GTR model of molecular evolution, from the best of 10 independent estimates of
maximum likelihood trees and support values estimated from 100 bootstraps. Finally,
before estimating the supertree in ASTRAL-III, following Zhang, Sayyari & Mirarab
(2017) and Mirarab (2019) nodes with bootstrap support less than 10 were collapsed into
polytomies using Newick Utilities (Junier ¢» Zdobnov, 2010).

We also estimated a phylogeny using SVDquartets (Chifman ¢» Kubatko, 2014)
implemented in PAUP (Swofford, 2002). This method infers quartets based on summaries
of SNPs in a concatenated sequence matrix of species using a full coalescent model.
Sequences of Saguinus inustus were used as outgroup. We opted to use both methods since
although both are fully coalescent methods of phylogenetic reconstruction, they have
slightly different premises and use data in a different form (sequences vs SNPs).

Tests of taxonomic hypotheses

We carried out a path sampling analysis in BEAST2 (Bouckaert et al., 2014) testing
competing taxonomic hypotheses derived from current taxonomy, our phylogenomic
analyses and pelage color patterns. The potential taxa whose taxonomic status was tested
were S. m. mystax, S. m. pileatus, S. m. pluto and Saguinus sp. The taxonomic hypotheses
were: (1) one species—(S. m. mystax + S. m. pileatus + S. m. pluto + Saguinus sp.); (2) two
species—(S. m. mystax + Saguinus sp., S. m. pileatus + S. m. pluto); (3) three species—(S. m.
mystax + Saguinus sp., S. m. pileatus, S. m. pluto); (4) three species—(S. m. mystax,
Saguinus sp., S. m. pileatus + S. m. pluto); (5) four species—(S. m. mystax, Saguinus sp., S.
m. pileatus, S. m. pluto). Marginal probabilities of the competing taxonomic hypotheses
were then compared by Bayes factors (Kass ¢» Raftery, 1995).
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RESULTS

Phenotypic analysis

Saguinus m. mystax, S. m. pileatus, S. m. pluto and Saguinus sp. were diagnosable by pelage
color characters (Table 1; Fig. 3). Specimens of Saguinus sp. from the Jurua-Tefé interfluve
showed a distinct set of diagnostic characters that differentiated these specimens from
Saguinus m. mystax (Table 1; Figs. 3 and 4).

Phylogenetic analyses

Phylogenetic analyses carried out in ASTRAL-III and SVDQuartets were concordant and
recovered three well-supported clades representing S. m. mystax from the left bank of the
Jurud River, a clade from the right bank of the Jurua River—the Jurua-Tefé interfluve
representing Saguinus sp., and a clade comprising S. m. pileatus and S. m. pluto (Fig. 5A).
In the SVDQuartets analysis S. m. pluto was nested within S. m. pileatus (Fig. 5B), while in
the ASTRAL-III analysis S. m. pileatus and S. m. pluto were recovered as monophyletic,
however, the monophyly of S. m. pileatus was not supported (Fig. 5A).

Tests of taxonomic hypotheses

Taxonomic hypothesis testing indicated highest support for the existence of three species:
S. m. mystax, Saguinus sp., and S. m. pileatus + S. m. pluto. Considering that a Bayes factor
>10 is decisive (Kass ¢ Raftery, 1995), the four species hypothesis (S. m. mystax, Saguinus
sp., S. m. pileatus, S. m. pluto) was strongly rejected (BF = 100.92), as was the three species
hypothesis compatible with current subspecific classification (S. m. mystax + Saguinus sp.,
S. m. pileatus, S. m. pluto) (BF = 116.64). All other taxonomic hypotheses were strongly
rejected as well (Table 2).

The hypothesis that the subspecies of Saguinus mystax may represent taxa from
independent evolutionary lineages is supported by phenotypic diagnoses and allopatric
occurrence of the species. While S. m. pileatus and S. m. pluto were not supported as
species, both taxa are morphologically diagnosable and are allopatrically distributed.
Therefore, conservatively and in light of taxonomic stability, we maintain these two taxa as
subspecies, until we can analyze additional geographically representative samples of S. m.
pluto. The taxon S. m. pileatus was described by Saint-Hilaire & Deville in 1848 while the
taxon S. m. pluto was described by Lonnberg in 1926. Consequently, the epithet pileatus
takes precedence over pluto (International Commission on Zoological Nomenclature, 1999).

Taxonomy

Order Primates Linnaeus, 1758
Family Callitrichidae Thomas, 1903
Genus Saguinus Hoffmannsegg, 1807

Saguinus mystax (Spix, 1823)

Common name: Spix’s Mustached Tamarin
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m. pileatus AAMO9

. m. pileatus TEMO1

. m. pileatus FRSS
m. pileatus MTEFEOS

m. pileatus FR68
m. pileatus FR204

. m. pluto FR228

m. pluto FR226

m. pluto CTGAM163
sp. TFM07

Saguinus sp. TEM15

sp. BJ015

sp. BJ023
sp. FR234

sp. FR229

sp. FR233

sp. FR237

. m. mystax FR210

. m. mystax JLP15902

m. mystax JT027

. m. mystax JT094

Saguinus sp.
Specimens from right
bank of the Jurua River

. m. mystax FES98
m. mystax MNFS1027)

. m. mystax MNFS1532

S. m. pileatus

S. m. pluto

S. m. mystax

Specimens from left
bank of the Jurus River

. inustus CTGAMO068
. inustus CTGAM109

. inustus CTGAM133

S. m. pileatus

. m. pileatus AAM09
. m. pileatus TEMO1
. m. pileatus MTEFE0S
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. m. pileatus FR68

. m. pileatus FRSS
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Figure 5 Phylogeny of Saguinus mystax. (A) ASTRAL-III phylogeny. (B) SVDquartet phylogeny. Black
dots on major clades indicate supported clades sensu Hillis & Bull (1993)—support values >75%.

Full-size K&l DOT: 10.7717/peerj.14526/fig-5

Description. Head light-black, skin of circumnarial and circumbucal area except at

symphysis unpigmented and covered with comparatively long white hairs, whiskers well-

developed, remainder of face pigmented or unpigmented and covered with black hairs.

Mantle blackish brown with orange subterminal band, terminal band is black, basal

one-fourth to one-half of hairs white and showing through irregularly at surface. Arms

black, hairs of saddle, rump, and outer side of thighs light black with orange or ochraceus

orange subterminal band. Lateral fringe like saddle, but basal portion of hairs drab or
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Table 2 Test of taxonomic hypotheses using Path Sampling in BEAST2.

Hypothesis Marginal likelihood Bayes factor

One species™ (mystax-+sp.+pileatus+pluto) -313,201.0512676738 278.979

Two species” (mystax, sp.+pileatus+pluto) -313,099.0317716367 65.801

Three species® (mystax, sp., pileatus+pluto) -313,061.5617465277 -

Three species’ (mystax+sp., pileatus, pluto) —-313,119.88354474324 116.6436

Four species’ (mystax, sp., pileatus, pluto) -313,112.0196339431 100.9158
Notes:

Differences in marginal likelihoods were evaluated using Bayes Factors. The three species (mystax, sp, pileatus+pluto)

taxonomic hypothesis has the highest marginal likelihood and all other taxonomic hypotheses are decisively less likely.
Current species hypothesis—Saguinus mystax.

“ Conservative taxonomic hypothesis suggested two main clades of Saguinus mystax.

® Taxonomic hypothesis suggested by ASTRAL and SVDquartet analyses.

¥ Current taxonomic hypothesis—one species with three subspecies.

" Taxonomic hypothesis suggested by coat color and color pattern characters—four taxa.

withish, and upper surface of hands and feet black. Underparts from middle of lower lip to
belly and inner sides of limbs black to blackish brown. The tail is black, except the base that
is like the rump. External genitalia mostly or entirely unpigmented and sparsely covered
white hairs. We observed tonal variation in saddle, rump and hindlimbs in some
individuals of S. mystax. This variation was attributed to individual variation.

Type locality: Near Sao Paulo de Olivenga, south bank of the Solimdes/Amazonas River,
Amazonas, Brazil.

Synonyms

Midas mystax Spix, J.B. von. 1823. Sim. Vespert. Brasil., p. 29. pl. 22.

Jacchus labiatus Poeppig, E.F. 1831. Froriep Not. 32: 148.

Hlapale] mystax Wagner, J.A. 1855. Schreber’s Sdugth. Suppl. 5: 129.

Jacchus mystax Gerrard, 1862. Cat. Bones Brit. Mus., p. 29.

M{idas] labiatus Reichenbach, H.G.L. 1862. Vollst. Naturg. Affen, p.11, pl. 3.
L[eontocebus] mystax Cabrera, A. 1912. Trab. Mus. Cienc. Nat., Madrid (11): 29.
Hapale (Leontocebus) mystax Lampert, H. 1926. Morph Jahrb., 55: 611.

[Mystax] mystax Pocock, R.I. 1917. Ann. Mag. Nat. Hist., ser. 8, 20: 117.

Mpystax mystax Thomas, O. 1928. Ann. Mag. Nat. Hist,, ser. 10, 2: 255.

Tamarin mystax Cruz Lima, E. 1945. Mamiferos da Amazodnia. 1. Primates, p. 220, pl. 37.
Marikina mystax Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 412.

Tamarinus mystax Hill, W.C.O. 1957. Primates. Comp. Anat. Taxon. III. Pithecoidea
Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press, Edinburgh,
p. 164.

L[eontocebus] mystax. Hill, W.C.O. 1961. Proc. Zool. Soc. Lond. 137(2): 321.

Saguinus mystax Anderson, E.T., Lewis, ].P., Passovoy, M. & Trobaugh, F.E. 1967. Lab.
Anim. Care. 17(1): 37.

Saguinus mystax mystax Hershkovitz, P. 1968. Evolution 22(3): 563.

Saguinus (Tamarinus) mystax mystax Garbino, G.S.T. & Martins-Junior, A.M.G. 2018.
Mol. Phylogenet. Evol. 118: 169.
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Distribution. Saguinus mystax occurs in Peru and Brazil (Fig. 2).

The distribution of this species is south of the Solimdes/Amazonas River, from the left
bank of the Jurua River (Hershkovitz, 1977; Johns, 1985; Rylands, Coimbra-Filho ¢
Mittermeier, 1993; Heymann et al., 2021), the western boundary is the Ucayali River.

To the south the limit is the Blanco River in Peru (Hershkovitz, 1977; Heymann et al.,
2021).

Specimens Examined (N = 13): Brazil: JT021 (IDSM00039), JT025 (IDSM00004), JT027
(IDSMO00045), JT052 (IDSM00067), JT055 (IDSM00067), JT084 (IDSM00776), JT094
(IDSM00778), MNFS1027 (INPA), MNFS1532 (INPA), FES98 (IDSM03681), FR210
(INPA), JLP15902 (INPA).

Saguinus pileatus pileatus (I. Geoffroy Saint-Hilaire & Deville, 1848) comb. nov.
Common name: Red-capped Mustached Tamarin

Description. Forehead and crown with broad posteriorly bifurcated reddish orange cap,
the color extending forward as a thin line between orbits. Superciliary region, cheeks,
temples, and interorbital space black. Hairs of midline of muzzle forming a low crest, black
anteriorly, light red posteriorly, the color continuous with that of mid-frontal region. Skin
of circumnarial and circumbucal areas except at symphysis unpigmented and covered with
comparatively long white hairs forming whiskers, remainder of facial skin more or less
pigmented and covered with black hair. Mantle blackish brown with fine light brownish
yellow or orange, the basal one-fourth to one-half of the hairs drab to brownish black along
midline. Saddle and rump light brownish yellow subterminal band. Dark brown hairs of
lateral fringe faintly or not at all banded subterminally, pale brown, drab, or white basally.
Outer sides of hindlimbs brown, upper surface of hands and feet is light black. Ventral
surface from middle of lower lip to be belly and inner sides of limbs, blackish brown.
The tail is black, except the base that is like the rump.

Type locality: Lago de Tefé, near its mouth at Solimoes/Amazonas River, Amazonas Brazil
(Hershkovitz, 1977, p. 699).

Synonyms

Midas pileatus Geoffroy Saint-Hilaire, I. & Deville, E., 1848. Compt. Rend. Acad. Sci., Paris
27: 499.

Hapale pileata Gervais, F. L. P. 1854. Hist. Nat. Mamm. 1: 152.

Midas pileatus juruanus Thering, H. von. 1904. Rev. Mus. Paulista, Sdo Paulo 6: 416. Type
locality: Jodo Pessoa, upper Jurua River, Amazonas, Brazil.

Leontocebus pileatus Elliot, D.G. 1913. A Review of the Primates 1: 197.

Tamarin pileatus Cruz Lima, E. 1945. Mamiferos da Amazonia. 1. Primates, p. 228.
Marikina pileata juruana Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 413.

Marikina pileata pileata Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 413.
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Tamarinus pileatus Hill, W.C.O. 1957. Primates. Comp. Anat. Taxon. III. Pithecoidea
Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press, Edinburgh, p.
218.

Tlamarinus] plileatus] juruanus Hill, W.C.O. 1957. Primates. Comp. Anat. Taxon. IIL.
Pithecoidea Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press,
Edinburgh, p. 235.

Saguinus mystax pileatus Hill, W.C.O 1957. Primates. Comp. Anat. Taxon. III. Pithecoidea
Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press, Edinburgh, p.
235.

Saguinus mystax pileatus Hershkovitz, P. 1968. Evolution 22(3): 563.

Saguinus pileatus Groves, C.P. 2001. Primate Taxonomy. Smithson. Inst. Press,
Washington, DC, p.143.

Saguinus (Tamarinus) mystax pileatus. Garbino, G.S.T. & Martins-Junior, A.M.G. 2018.
Mol. Phylogenet. Evol. 118: 169.

Distribution. Saguinus pileatus pileatus is endemic to Brazil. Its distribution occurs south
of the Solimdes/Amazonas River. The northern portion of its distribution is limited by the
Tefé River to the west and the Coari River to the east (Hershkovitz, 1977; Johns, 1985;
Rylands, Coimbra-Filho & Mittermeier, 1993; Ravetta ¢ Rohe, 2020a, Fig. 2). The rest of
the distribution, above the headwaters of the Coari River, extends to the left bank of the
Purus River. Above the headwaters of the Tefé River, the western limit of the distribution is
the right bank of the Jurua River (Rylands, Coimbra-Filho ¢» Mittermeier, 1993). Saguinus
pileatus pileatus also occurs on the left bank of the Tefé River, in the region of the
headwaters of this river (Hershkovitz, 1977). To the south, its distribution extends beyond
the right bank of the Pauini River (Sampaio, Rohe ¢» Rylands, 2018). In this portion, its
distribution seems to be limited by the occurrence of S. i. subgrisescens.

Specimens Examined (N = 11): Brazil: AAM9 (INPA), FR55 (INPA5684), FR68
(INPA5687), FR204 (INPA), MTEFE02 (IDSM03511), MTEFE05 (IDSM03680), TFMO01
(IDSM03384), TEM03 (IDSM02229), TEM06 (IDSM03384), TEM09 (IDSM03654),
TFM13 (IDSM03657).

Saguinus pileatus pluto (Lonnberg, 1926) comb. nov.
Common name: White-rumped Mustached Tamarin

Description. Head black, skin of circumnarial and circumbucal area except at symphysis
unpigmented and covered with hair forming proeminent whiskers, remainder of face
covered with black hairs. Mantle black with light brownish yellow, basal portions of hairs
drab. Arms black, rump and outer sides of thighs like mantle but with a more even mixture
or vermiculation of light black and light brownish yellow. Lateral fringe like back, but hairs
drab to grayish basally. Upper surface of the hands and feet black. Underparts from
midline of lower lips to anterior part of belly and inner sides of limbs black to blackish
brown, lower belly, hairs of inguinal, genital and circumanal region and contiguous

Lopes et al. (2023), PeerdJ, DOI 10.7717/peerj. 14526

46


http://dx.doi.org/10.7717/peerj.14526
https://peerj.com/
gerso
Retângulo

gerso
Máquina de escrever
46


Peer/

portions of the ventral base of the tail is white. Tail is black, except the dorsal portion of the
base that is like the rump.

Type locality: Brazil: Lago Ayapud, Purus River, Amazonas (Hershkovitz, 1977; Rylands,
Coimbra-Filho & Mittermeier, 1993).

Synonyms

Mpystax pluto Lonnberg, E. 1926. Ark. Zool., Stockholm 18 B(9): 1.

Tamarin pluto Elliot, D.G. 1913. A Review of the Primates 1: 230.

Marikina pluto Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 413.

Marikina (Tamarin) pluto Vieira, C.0.C. 1955. Arq. Zool. Sao Paulo 8: 396.

Tamarinus pluto Hill, W.C.O. 1957. Primates. Comp. Anat. Taxon. III. Pithecoidea
Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press, Edinburgh, p.
218.

Leontocebus (Leontocebus) pluto Cabrera, A. 1958. Rev. Mus. Argentino Cienc. Nat.
“Bernardino Rivadavia” 4(1): 197.

Saguinus mystax pluto Hershkovitz, P. 1968. Evolution 22(3): 563. Also, Groves, C. P. 2001.
Primate Taxonomy. Smithson. Inst. Press, Washington, DC, p.143.

Saguinus (Tamarinus) mystax pluto Garbino, G.S.T. & Martins-Junior, A.M.G. 2018. Mol.
Phylogenet. Evol. 118: 169.

Distribution. Saguinus pileatus pluto is endemic to Brazil. It occurs south of the Solimdes/
Amazonas River, from the right bank of the Coari River to the left bank of the Purus River.
The southern limit is the Tapaud River (Hershkovitz, 1977; Rylands, Coimbra-Filho ¢
Mittermeier, 1993; Ravetta ¢ Rohe, 2020b, Fig. 2).

Specimens examined (N = 3): Brazil: CTGA-M163 (UFAM), FR226 (INPA), FR228
(INPA).

Saguinus kulina sp. n. Lopes, Rohe, Bertuol, Polo, Lima, Valsecchi, Santos, Nash, Silva,
Boubli, Farias & Hrbek, 2022.
urn:lsid:zoobank.org:act:41E33066-C337-4EA2-AF60-AF75F032E5C.

Common name: Kulinas’ tamarin (English), sauim-dos-kulinas (Portuguese), pishi
(Kulina).

Holotype. IDSM03594, field number BJ015, adult male, skin, skull, skeleton. Specimen
collected on July 18th, 2018, in terra firme forest, on the right bank of Andira River, right
bank affluent of the Jurua River, Jurua Municipality, Amazonas State, Brazil.

Paratopotype. IDSM03595, field number BJ016, adult female, skin, skull, skeleton.
Specimen collected on July 18th, 2018, in terra firme forest, on the right bank of Andira
River, right bank affluent of the Jurua River, Jurua Municipality, Amazonas State, Brazil.

Paratypes. IDSM03602, field number BJ023, adult female, skin, skull, skeleton. Specimen
collected on July 27th, 2018, in terra firme forest, at Cumaru community, on the left bank

Lopes et al. (2023), PeerdJ, DOI 10.7717/peerj.14526 47


http://dx.doi.org/10.7717/peerj.14526
https://peerj.com/
gerso
Retângulo

gerso
Máquina de escrever
47


Peer/

of Andird River, right bank affluent of the Jurud River, Jurua Municipality, Amazonas
State, Brazil. IDSMO03652, field number TFMO07, adult female, skin, skull, skeleton.
Specimen collected on August 15th, 2018, in terra firme forest, at Nogueira community, on
the left bank of Tefé River, Alvaraes Municipality, Amazonas State, Brazil. IDSM03659,
field number TFM15, adult female, skin, skull, skeleton. Specimen collected on July 30th,
2019, in terra firme forest, at Nogueira community, on the left bank of Tefé River, Alvaraes
Municipality, Amazonas State, Brazil.

Type locality. Reserva Extrativista do Baixo Jurua (-3.82633S; —66.07572), right bank of
Andira River, Amazonas, Brazil.

Diagnostic characters (Fig. 3). The new species is diagnosable from all other species of
Saguinus by mantle and forelimbs light black brown subterminal band yellow, saddle,
rump and hindlimbs light black with brown (Table 1; Figs. 3 and 4).

Description. Forehead light black and crown blackish brown, skin of circumbucal and
circumnarial area except at symphysis unpigmented and covered with comparatively long
white hairs, whiskers well-developed, remainder of face pigmented or unpigmented and
covered with black hairs. Mantle light black with yellow subterminal band, terminal band
black, the basal one-fourth to one-half of the hairs white and showing through irregularly
at surface, the forelimbs are like the mantle up to the elbow. Saddle, rump, and outer side of
thighs light black with brown subterminal band, terminal band black. Lateral fringe same
as saddle, but basal portion of hairs whitish, and upper surface of hands and feet black.
Underparts from middle of lower lip to belly and inner sides of limbs black to light black
brown. The tail black, except base which is the same as rump. External genitalia mostly or
entirely unpigmented and sparsely covered white hairs.

Comparisons with closely related species. In Saguinus kulina sp. n. mantle light black
with subterminal hairs band yellow, terminal band is black, saddle, rump, hindlimbs are
light black with brow, lateral fringe like saddle. In S. mystax mantle is light black with
orange or ochraceus orange subterminal band, and terminal band is black, forelimbs are
black, saddle, rump and hindlimbs are light black with orange. In S. p. pileatus forehead
and crown with broad posteriorly bifurcated reddish orange cap, the color extending
forward as a thin line between orbits, hairs of midline of muzzle forming a low crest, black
anteriorly, light red posteriorly, the color continuous with that of mid-frontal region,
mantle blackish brown with fine light brownish yellow or orange ticking. In S. p. pluto
mantle is black and light brownish yellow, basal portions of hairs drab, rump and outer
sides of thighs like mantle but with a more even mixture or vermiculation of light black and
light brownish yellow, and circumanal region whitish.

Etymology. The specific name is a noun in apposition and honors the Kulina indigenous
peoples of the Kumaru Indigenous Territory, the largest indigenous territory within
Jurua-Tefé interfluve.
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Geographic Distribution. Saguinus kulina sp. n. is endemic to the western Amazonia,
occurring between the right bank of the Jurua River and the left bank of the Tefé River

(Fig. 2).

Synonyms

Midas mystax Spix, J.B. von. 1823. Sim. Vespert. Brasil., p. 29. pl. 22.

Jacchus labiatus Poeppig, E.F. 1831. Froriep Not. 32: 148.

Hlapale] mystax Wagner, J.A. 1855. Schreber’s Sdugth. Suppl. 5: 129.

Jacchus mystax Gerrard, 1862. Cat. Bones Brit. Mus., p. 29.

Mlidas] labiatus Reichenbach, H.G.L. 1862. Vollst. Naturg. Affen, p.11, pl. 3.
L[eontocebus] mystax Cabrera, A. 1912. Trab. Mus. Cienc. Nat., Madrid (11): 29.
Hapale (Leontocebus) mystax Lampert, H. 1926. Morph Jahrb., 55: 611.

[Mystax] mystax Pocock, R. I. 1917. Ann. Mag. Nat. Hist,, ser. 8, 20: 117.

Mpystax mystax Thomas, O. 1928. Ann. Mag. Nat. Hist., ser. 10, 2: 255.

Tamarin mystax Cruz Lima, E. 1945. Mamiferos da Amazonia. 1. Primates, p. 220, pl. 37.
Marikina mystax Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 412.

Tamarinus mystax Hill, W.C.O. 1957. Primates. Comp. Anat. Taxon. III. Pithecoidea
Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press, Edinburgh, p.
164.

L[eontocebus] mystax. Hill, W.C.O. 1961. Proc. Zool. Soc. Lond. 137(2): 321.

Saguinus mystax Anderson, E.T., Lewis, J.P., Passovoy, M. & Trobaugh, F.E. 1967. Lab.
Anim. Care. 17(1): 37.

Saguinus mystax mystax Hershkovitz, P. 1968. Evolution 22(3): 563.

Saguinus (Tamarinus) mystax mystax Garbino, G.S.T. & Martins-Junior, A.M.G. 2018.
Mol. Phylogenet. Evol. 118: 169.

Specimens examined (N = 9): Brazil: BJ015 (IDSM03594), BJ016 (IDSM03595), BJ023
(IDSM03602), FR229 (INPA), FR233 (INPA), FR234 (INPA), FR237 (INPA), TEM07
(IDSM03652), TEM15 (IDSM03659).

The electronic version of this article in portable document format will represent a
published work according to the International Commission on Zoological Nomenclature
(ICZN), and hence the new name contained in the electronic version is effectively
published under that Code from the electronic edition alone. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration
system for the ICZN. The ZooBank Life Science Identifiers (LSIDs) can be resolved, and
the associated information viewed through any standard web browser by appending the
LSID to the prefix http://zoobank.org/. The LSID for this publication is: urn:lsid:zoobank.
org:pub:64332121-FA59-4102-9487-C586912500FD. The online version of this work is
archived and available from the following digital repositories: Peer], PubMed Central, and
CLOCKSS.

DISCUSSION

Recent advances in the collection of genomic data and in the analyses of these data have
resulted in renewed interest in taxonomically challenging groups. These advances have
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resulted in the discovery of new species within not just taxonomically neglected groups,
but also of large charismatic mammals such as giraftes (Coimbra et al., 2021) and
orangutans (Nater et al., 2017). The application of phylogenetic methods in species
description has been criticized as taxonomic inflation by some authors (e.g., Isaac, Mallet
e Mace, 2004; Mallet, Isaac ¢ Mace, 2005)—much of which can be attributed to the
apparent arbitrariness with which clades at different hierarchical levels are delimited as
species—however, with the introduction of statistically rigorous coalescent-theory-based
methods that permit differentiating between intra- and interspecific patterns of evolution
(Fujita et al., 2012; Grummer, Bryson & Reeder, 2014; Leaché et al., 2014) this no longer
needs to be an issue. These methods lend themselves to rigorous taxonomic hypothesis
testing via comparisons on the marginal likelihoods of different taxonomic hypotheses.
We can ask, for example, what is the likelihood of an observed pattern of evolution—
utilizing our knowledge of patterns of intra- and interspecific coalescence embodied in the
coalescent theory—given the existence of one taxon vs two taxa. The likelihoods of these
two alternate hypotheses can then be compared using the Bayes Factor framework, and the
most likely taxonomic hypothesis can be chosen in a non-arbitrary statistically rigorous
framework.

Using this conceptual framework, we revised the taxonomy of the Saguinus mystax
species. Our analyses overwhelmingly support the existence of three species: Saguinus
mystax, Saguinus pileatus, and a third species new to science (Saguinus kulina sp. n.). This
taxonomic hypothesis is congruent with phenotypic, phylogenetic and distributional data.
In recognition of phenotypic differences and for the purpose of nomenclatorial stability,
we also maintain the two subspecies S. p. pileatus and S. p. pluto.

These results in part confirm but also contradict the seminal study of Hershkovitz
(1977). Hershkovitz (1977) recognized that Saguinus mystax was a taxonomic complex
with one of the largest distributions of any callitrichid primate, designating subspecies to
accommodate this taxonomic diversity, and proposing distributional limits of these taxa.
Although Hershkovitz (1977) examined a large series of S. mystax, he did not examine any
specimens from the Jurud-Tefé interfluve; this is evidenced by his proposal of occurrence
of S. p. pileatus in this area. This is not surprising given that specimens of the Saguinus
mystax species were never collected in the Jurua-Tefé interfluve until this study, and
therefore could never have been analyzed. Once collected, the inclusion of these specimens
resulted in the discovery of a species previously unknown to science.

Our results also differ in important aspects from Hershkovitz’s (1977) taxonomic
proposal. We demonstrated that the taxa S. p. pileatus and S. p. pluto are not subspecies of
S. mystax, but rather a separate species, a result that is partially in agreement with Groves
(2001) who postulated that the subspecies S. p. pileatus should be elevated to a species level
since it is phenotypically divergent from S. mystax. Our analyses rejected species-level
divergence of the taxa S. p. pileatus and S. p. pluto in favor of one species-level taxon
Saguinus pileatus. This taxonomic conclusion is supported by the SVDquartet phylogeny
(Fig. 5B), it is not contradicted by the ASTRAL phylogeny (Fig. 5A), however it is not
supported by phenotypic characters and distribution. The taxa S. p. pileatus and S. p. pluto
are distributed allopatrically and separated by the Coari River, and also differ in pelage
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color and patterns. These taxa may be at an early stage of speciation, and therefore we
recognized this divergence by maintaining these taxa as subspecies of Saguinus pileatus. A
better understanding of the evolutionary dynamics and the potential incipient speciation
within Saguinus pileatus will require additional sampling and field observations,
particularly at the southern end of the geographic distribution of S. p. pluto where, at the
headwaters of the Coari River, S. p. pileatus and S. p. pluto are hypothesized to come into
geographic contact.

The Saguinus mystax species group is not the only one in need of taxonomic revision.
Much of the taxonomy of Amazonian primates is based on the seminal work of
Hershkovitz (1977) and has not changed much in the last 45 years. As genomic data
becomes more accessible, including data from centuries-old type specimens (Boubli et al.,
2021), and as new biodiversity surveys and scientific collections provide new material for
rigorous and biologically realistic analyses, our understanding of the taxonomic diversity
of Amazonian primates will change (e.g., Boubli et al., 2018, 2019; Costa-Aratijo et al., 2019,
2021). These taxonomic changes will not be the consequence of taxonomic inflation, but
rather will reflect the underlying evolutionary and speciation processes that have generated
and are generating the immense Amazonian biodiversity. Perhaps most importantly these
taxonomic revisions will lay the foundation not only for effective science driven
conservation but also for understanding the very processes that drove the evolution of
Amazonian biodiversity.

CONCLUSIONS

We describe a new species of Saguinus from the Jurud-Tefé interfluve based on robust
genomic evidence, pelage characters and geographic distribution. We also elevate Saguinus
mystax to the species level, but we find no conclusive evidence for species level
differentiation of Saguinus p. pileatus and Saguinus p. pluto. Finally, we emphasize that
field surveys and scientific collection of specimens are essential for the continued
advancement of knowledge of primate diversity specifically, and all Amazon biodiversity in
general.
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ABSTRACT
The genus Saguinus comprises three principal clades that diverged in the Middle to Late
Miocene. Their members are ecologically differentiated and allopatrically distributed.
The clades were recently elevated to the status of genera, Saguinus, Tamarinus and Oedi-
pomidas. In this study we present a comprehensive dated genomic phylogeny of all
known species and subspecies of this group. We address and resolve pending taxonomic
uncertainties, elevating the taxa Tamarinus imperator and Tamarinus subgrisescens to
species level. Finally, we also address and discuss the changes in classification of this
group, supporting the proposed elevation of the three major clades to the genera Saguinus,

Tamarinus and Oedipomidas.

1. Introduction

The Neotropical primate family Callitrichidae (Hershkovitz, 1977; Rylands et al., 2000)
includes marmosets, callimicos, and tamarins, the smallest and morphologically most
distinct primates (Hershkovitz, 1977; Rylands & Mittermeier, 2013). The challitrichids
range from Panama to southern Brazil (Hershkovitz, 1977), and currently are classified
in 10 genera: the marmosets: Callithrix Erxleben, 1777, Mico Lesson, 1840, Cebuella
Gray, 1866, and Callibella van Roosmalen and van Roosmalen, 2003; callimicos:
Callimico Miranda-Ribeiro, 1911; the lion tamarins: Leontopithecus Lesson, 1840; and
the tamarins: Saguinus Hoffmannsegg, 1807, Leontocebus Wagner, 1839 (Rylands et al.,
2000; van Roosmalen and van Roosmalen, 2003; Rylands et al., 2016).

However, historically, for tamarins of the genus Saguinus, was proposed an intra-generic
classification based on morphology, coat color and geographic distribution (Hershkovitz,
1977), and thus, the genus Saguinus was divided into three sections and six species
groups:

Section: Hairy-faced tamarins:

The White-mouthed tamarins or Saguinus nigricollis group — S. nigricollis and
S. fuscicollis species and subspecies.

The Moustached tamarins or Saguinus mystax group — Saguinus mystax
mystax (Spix, 1823), Saguinus mystax pileatus (1. Geoffroy Saint-Hilaire & Deville,
1848), Saguinus mystax pluto (Lonnberg, 1926), Saguinus labiatus labiatus (E. Geoffroy
Saint-Hilaire, 1812), Saguinus labiatus thomasi (Goeldi, 1907), Saguinus imperator
imperator (Goeldi, 1907).
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The Midas tamarins or Saguinus midas group — Saguinus midas midas
(Linnaeus, 1758), Saguinus midas niger (E. Geoffroy Saint-Hilaire, 1803).

Section: Mottle-faced section:

The Saguinus inustus group — Saguinus inustus (Schwarz, 1951).
Section: Bare-faced tamarins:

The Brazilian bare-face tamarins or Saguinus bicolor group — Saguinus
bicolor bicolor (Spix, 1823), Saguinus bicolor martinsi (Thomas, 1912), Saguinus
bicolor ochraceus Hershkovitz, 1966

The Colombian and Panamanian bare-face tamarins or Saguinus oedipus
group — Saguinus oedipus oedipus (Linnaeus, 1758), Saguinus oedipus geoffroyi
(Pucheran, 1845), Saguinus leucopus (Gunther, 1877).

The first molecular studies (Jacobs et al., 1995; Meireles et al., 1997; Canavez et al., 1999;
Cropp et al., 1999) identified two major clades corresponding to the Saguinus nigricollis
group (small-bodied tamarins) and all other Saguinus groups (large-bodied tamarins).
These findings were reaffirmed by later studies (Araripe et al., 2008; Matauschek et al.,
2011; Buckner et al., 2015), with Buckner et al. (2015) recommending the use of the
genus name Leontocebus Wagner, 1839 for the Saguinus nigricollis group, which was
subsequently formalized by Rylands et al. (2016). The divergence of Leontocebus and
Saguinus was estimated at 9.1 ma (95% HDP 7.1-11.6 ma) (Buckner et al., 2015). Species
of Leontocebus and Saguinus differ in body size (Jacobs et al., 1995), hand (Bicca-
Marques, 1999) and cranial shape (Ackermann and Cheverud, 2002), and in their ecology
(Yoneda, 1981; Terborgh, 1983; Yoneda, 1984; Garber, 1991, 1992; Peres, 1993a, Smith,
2000; Heymann and Buchanan-Smith, 2000; Nadjafzadeh and Heymann, 2008;
Nyakatura and Heymann, 2010).

Many of these studies also consistently recovered the Saguinus bicolor+midas, Saguinus
mystax+inustus and Saguinus oedipus groups. However, it was only Brcko et al. (2022)
who proposed to classify the Saguinus bicolor + S. midas, Saguinus mystax + S. inustus
and Saguinus oedipus groups as the genera Saguinus Hoffmannsegg, 1807, Tamarinus
Trouessart, 1904 and Oedipomidas Reichenbach, 1862, respectively. Brcko et al. (2022)
based their proposal on the robustly supported monophyly of these groups, and the
morphological and ecological divergence and geographic distribution of these groups

(Figure 1).
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Figure 1. The geographical distributions of tamarins of genus 7Tamarinus (brown),

Oedipomidas (red), and Saguinus (wine).
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Molecular data has also contributed to taxonomic revisions of the callitrichids. Within the
genus Saguinus, S. midas niger (E. Geoffroy Saint-Hilaire, 1803) was elevated to full
species, S. niger (E. Geoffroy Saint-Hilaire, 1803), based on analyses of morphological
and molecular data (Natori and Hanihara, 1992; Rylands et al., 1993; Vallinoto et al.,
2006; Rylands and Mittermeier, 2009). Molecular phylogenies also indicated that the S.
niger population on the right bank of the Tocantins River were a distinct taxon (Tagliaro
et al., 2005; Vallinoto et al., 2006). Thus, based on these studies and on craniometric and
phenetic data, this population was revalidated as a full species, Saguinus ursulus
Hoffmannsegg, 1807, previously considered a synonym of S. niger by Hershkovitz (1977)
(Gregorin and Vivo, 2013). Unlike Hershkovitz (1977), Groves (2001) considered S.
bicolor (Spix, 1823) a full species and reclassified S. bicolor ochraceus and S. bicolor
martinsi as S. martinsi (Thomas, 1912), with two subspecies, S. m. martinsi (Thomas,

1912) and S. m. ochraceus Hershkovitz, 1966.

Comparative morphological studies also resulted in the recognition of O. oedipus
(Linnaeus, 1758) and O. geoffroyi (Pucheran, 1845) as a separate species (Hanihara and
Natori, 1987; Kanazawa and Rosenberger, 1988; Skinner, 1991; Moore and Cheverud,
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1992; Rylands, 1993). These findings were confirmed by subsequent molecular
phylogenies (Araripe et al., 2008; Perelman et al., 2011; Ruiz-Garcia et al., 2014; Buckner
et al., 2015; Brcko et al., 2022).

The genus Tamarinus has also been subject to taxonomic revisions. Lopes et al. (2023)
revised the Tamarinus mystax species and described a new species from the Jurua-Tefé
interfluvia, while Hrbek et al. (2022 in preparation) revised the taxonomy of the
Tamarinus labiatus species, finding support for Tamarinus thomasi (Goeldi, 1907), but
no support for a species-level divergence of T. labiatus labiatus and T. labiatus rufiventer.
This supports the taxonomy of Hershkovitz (1977) who recognized only Tamarinus
labiatus albeit showing clinal phenotypic variation across a north-south gradient, while
Groves (2001) revalidated the subspecies Tamarinus labiatus rufiventer (Gray, 1843) for
individuals in the northern portion of the distribution of Tamarinus labiatus. The last

unrevised group is the Tamarinus imperator species group.

Currently seven species of the genus Tamarinus are recognized. Tamarinus thomasi and
T. inustus occur west of the Negro and north of the Solimdes/Amazonas rivers, while the
remaining species occur west of the Madeira and south of the Solimdes/Amazonas rivers
(Figure 2). Rivers delimit the ranges of all the taxa. The phylogenetic relationships of
tamarins, however, are not well resolved. Additionally, no study has a complete
taxonomic sampling of all recognized species and subspecies. In this study, we
reconstruct time-calibrated species tree hypothesis of all extant species and subspecies of
the genera Saguinus, Tamarinus and Oedipomidas using ddRAD sequence data. We also
address the taxonomic status of Tamarinus imperator imperator (Goeldi, 1907), and
Tamarinus imperator subgrisescens (Lonnberg, 1940), and we discussed the recent
proposal of Brcko et al. (2022) to classify the Saguinus bicolor+midas, Saguinus
mystax+inustus and Saguinus oedipus groups as the genera Saguinus Hoffmannsegg,

1807, Tamarinus Trouessart 1904 and Oedipomidas Reichenbach, 1862, respectively.
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Figure 2. Distribution of species/subspecies of the genus Tamarinus. Black circles

represent localities of the genetic samples. Polygons modified from IUCN and Sampaio

et al. (2018).

2. Materials and Methods

2.1. Collection of ddRAD data

We extracted DNA from tissues deposited at Instituto Nacional de Pesquisas da
Amazonia (INPA), Instituto de Desenvolvimento Sustentdvel Mamiraud (IDSM),
Universidade Federal do Amazonas (UFAM), Instituto de Pesquisas Cientificas e
Tecnologicas do Estado de Amapa (IEPA), Association KWATA and The Field Museum
of Natural History (FMNH), and Pontificia Universidad Javeriana. We obtained tissue
samples from 46 specimens of the genus Tamarinus, 26 specimens of genus Saguinus, 6
specimens of genus Oedipomidas, and 10 specimens of Leontocebus (outgroup)

(Supplementary Table 1).

We performed a partial representational genome sequencing using the Sdal and Csp6l
restriction enzymes (ThermoFisher), through the double digest RAD sequencing protocol
(ddRAD) (Peterson et al., 2012), modified and optimized for the lonTorrent PGM (Boubli
et al. 2018; see: https://github.com/legalLab/protocols-scripts), and selected fragments in
the range of 320—400 bp using PippinPrep (Sage Science) Samples were sequenced on
the IonTorrent PGM using the manufacturer's recommended protocol. We generated data
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for the 88 specimens of tamarins (Supplementary Table 1). These specimens represented
all known species and subspecies of the ingroup. These specimens were also sampled

across the known geographic distribution of the taxa.

Sequencing reads were processed using the pyRAD pipeline (Eaton, 2014). During de
novo assembly, we used a minimum coverage of 6x per locus, assembling all fragments
in the 300400 bp range. Nucleotides with PHRED scores <30 were excluded, and loci
with more than six low-quality nucleotides were excluded. Following demultiplexing and
extraction of loci using the above criteria, we proceeded with the clustering of alleles
within loci, and of loci across individuals, and the generation of the dataset for analyses.
The minimum similarity to allow the union of reads in the same cluster was 88%, and the
minimum individual coverage for a cluster to be accepted as valid was 26 reads. We
subsequently filtered the clusters, excluding all loci with more than 50% heterozygotes -

likely paralogs. The resulting dataset contained 512 loci and 180,043 nucleotides.

We also processed our raw reads using DiscoSnp-RAD (Gauthier et al., 2020), which
uses De Bruijn graphs to circumvent the need for clustering of reads, reducing data loss
due to low coverage within individuals. We extracted single nucleotide polymorphisms
(SNPs) from our reads using a minimum read depth of 5. Furthermore, we filtered these
loci on rank (Gauthier et al., 2020), retaining those SNPs with rank > 0.9—a statistic
incorporating the discriminant power as function of read coverage of each SNP—and
those that were present in at least 90% of the samples, i.e., no more than 9 individuals had
missing data at any particular SNP locus. The resulting variant call file (VCF) was
filtered to retain one SNP per RAD locus resulting in a 95.87% complete matrix
comprising 13,242 loci. Using the same filtering procedure, we also generated a VCF
file containing individuals of Tamarinus imperator imperator, Tamarinus imperator
subgrisescens and Tamarinus inustus. The resulting VCF contained 6,522 loci and was

100% complete.

2.2. Species hypotheses tests

Tests of taxonomic hypotheses for Tamarinus imperator

We carried out a path sampling analysis in BEAST2 (Bouckaert et al. 2014) testing
competing taxonomic hypotheses derived from current taxonomy. The potential taxa

whose taxonomic status was tested were Tamarinus imperator imperator and Tamarinus
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imperator subgrisescens. The taxonomic hypotheses were: 1) one species - (7. i.
imperator + T. i. subgrisescens); 2) two species - (T. i. imperator and T. i. subgrisescens).
Marginal probabilities of the competing taxonomic hypotheses were then compared by

Bayes factors (Kass & Raftery, 1995).

2.3. Phylogenetic analyses

We estimated a species tree phylogeny using SVDquartets (Chifman and Kubatko, 2014)
implemented in PAUP (Swofford, 2002) and the STARBEAST2 package of BEAST v2.6
(Bouckaert et al., 2014). We opted to use both methods since although both are fully
coalescent methods of species tree phylogenetic reconstruction, they have slightly
different premises and use data in a different form (SNPs vs. sequences). For both

analyses, we inferred phylogenetic relationships of all valid species and subspecies.

The SVDquartets method infers quartets based on summaries of SNPs in a concatenated
sequence matrix using a full coalescent model (Chifman and Kubatko, 2014). We
assessed the robustness of the species tree topology using 1000 bootstrap replicates. For
species tree analyses in STARBEAST?2, we first ran PartitionFinder2 (Lanfear et al.,
2017) on our genomic alignment to select an optimal number of partitions and their
respective models of molecular evolution, grouping the 512 ddRAD loci into 140
partitions. We analyzed these data in BEAST v2.6 (Bouckaert et al., 2014), implementing
the Yule tree prior, generating 10% topologies, sampling every 10*h topology and
discarding the first 15% topologies as burn-in after verifying stationarity in Tracer v1.7
(Rambaut et al., 2018). Topologies were visualized in DensiTree (Bouckaert, 2010), and
a final maximum clade credibility tree was generated using TreeAnnotator v1.6.2
(Rambaut and Drummond, 2015) after discarding 15% burn-in. The maximum clade
credibility tree and divergence times were calibrated using the log-normal divergence
prior (mean = 5.8207 + 0.15 My; (Perelman et al., 2011)) was then visualized in FigTree
v1.3 (Rambaut, 2010).

3. Results

3.1. Test of phylogenetic hypotheses for Tamarinus imperator

We tested two alternative taxonomic hypotheses: 1) Tamarinus imperator; 2) Tamarinus
imperator and Tamarinus subgrisescens. The marginal likelihood of the one-species

hypothesis was -82298.756 while that of the two-species hypothesis was -81374.587,
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resulting in a Bayes Factor of 1848.338. Bayes Factors > 10 are considered decisive (Kass
& Raftery, 1995), and therefore there is decisive support for the existence of two species:
Tamarinus imperator and Tamarinus subgrisescens. This inference is supported by
diagnostic phenotypic differences between the two species (Figures 3 and 4) and disjunct
distribution (Figure 2). Therefore, we raised these two taxa to the species level, we started
to designating them as Tamarinus imperator and Tamarinus subgrisescens.

Taxonomy

Order Primates Linnaeus, 1758

Family Callitrichidae Thomas, 1903

Genus Tamarinus Trouessart, 1904

Tamarinus imperator (Goeldi, 1907)

Common name: Black-chinned Emperor Tamarin
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Figure 3. Coat color pattern of Tamarinus imperator. lllustration by Stephen D. Nash.
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Synonyms

Midas imperator Goeldi, E.A. 1907. Proc. Zool. Soc. Lond. 1907: 93.

Leontocebus imperator Elliot, D.G. 1913. A Review of the Primates 1: 209.

Tamarin imperator imperator Cruz Lima, E. 1945. Mamiferos da Amazodnia. 1. Primates,
p. 222.

Marikina imperator imperator Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 412.
Mirikina [sic] (Tamarin) imperator imperator. Vieira, C.O.C. 1955. Arq. Zool. Sao Paulo
8: 396.

Leontocebus (Tamarinus) imperator Harms, J.W. 1956. Primatologia. 1: 563.
Tamarinus i[mperator] imperator Hill, W.C.O 1957. Primates. Comp. Anat. Taxon. III.
Pithecoidea Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh Univ. Press,
Edinburgh, p. 239.

Leontocebus [Leontocebus] imperator imperator Cabrera, A. 1958. Rev. Mus. Argentino
Cienc. Nat. “Bernardino Rivadavia” 4(1): 192.

Leontocebus imperator imperator Carvalho, C. T. 1959. Rev. Brasil. Biol. 19(4): 459.
Saguinus imperator Hershkovitz, P. 1968. Evolution 22(3): 563.

Saguinus imperator imperator Napier, P.H. 1976. Cat. Primates Brit. Mus. (Nat. Hist.).
Part 1. Callitrichidae and Cebidae. Brit. Mus. (Nat. Hist.), Lond., p. 12.

Saguinus imperator imperator Hershkovitz, P. 1979. Primates 20(2): 277.

Saguinus (Tamarinus) imperator imperator. Garbino, G.S.T. & Martins-Junior, A.M.G.

2018. Mol. Phylogenet. Evol. 118: 169.

Diagnostic characters: Light black triangular chin patch, white chin hairs short, except
over the mouth which becomes progressively long towards the side forming the mustache.
Back and lateral fringe buffy or grayish agouti, hairs usually dark brown basally.
Underside and inner side of arms orange with white hairs (Hershkovitz, 1977, 1979;

Groves, 2001).

Specimens examined (N=3): Brazil: (INPA FR214), (INPA FR215), (INPA FR217).

Type locality: Upper Rio Purus and Rio Acre region. Cabrera (1958, p. 193) restricted
the type locality to the Rio Acre. Carvalho (1959) indicated Bom Lugar or Monte Verde
on the upper Rio Purus, near the mouth of the Rio Acre, but they are outside the range.

Hershkovitz (1979) suggested that the specimens were collected on the left bank of the
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Rio Acre opposite Monte Verde. The locations of Bom Lugar and Monte Verde are

plotted in Snethlage (1909, map opposite page 76) (see Hershkovitz, 1979).

Distribution: Tamarinus imperator occurs in Bolivia, Brazil and Peru, in the
southwestern Amazon, east of the upper Rio Purus, between the Purus and the Rio Acre
(Hershkovitz, 1979; Figure 2). There is a record of this species on the right bank of the
Acre River, in Peru (Encarnacion & Castro, 1990). This record in Peru shows that the
distribution of this species in this country seems to be restricted, since no other records

were found (Castro et al., 1990).

Tamarinus subgrisescens (Lonnberg, 1940)

Common name: Bearded Emperor Tamarin
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Figure 4. Coat color pattern of Tamarinus subgrisescens. lllustration by Stephen D. Nash.
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Synonyms
Mpystax imperator subgrisescens Lonnberg, E. 1940. Ark. Zool., Stockholm 32A (19): 9.

Tamarin imperator subgrisescens Cruz Lima, E. 1945. Mamiferos da Amazobnia. 1.
Primates, p. 224.

Marikina imperator subgrisescens Hershkovitz, P. 1949. Proc. U. S. Nat. Mus. 98: 412.
Mpystax imperator Crandall, L.S. 1951. Anim. Kingdom 54(6): 179.

Leontocebus imperator subgrisescens Carvalho C.T. 1957. Bol. Mus. Paraense Emilio
Goeldi., n.s. Zool. (6): 6.

Tlamarinuus] i[mperator]| subgrisescens. Hill, W.C.O. 1957. Primates. Comp. Anat.
Taxon. III. Pithecoidea Platyrrhini (Fam. Hapalidae and Callimiconidae). Edinburgh
Univ. Press, Edinburgh, p. 222.

Leontocebus [Leontocebus] imperator subgrisescens Cabrera, A. 1958. Rev. Mus.
Argentino Cienc. Nat. “Bernardino Rivadavia” 4(1): 193.

Saguinus imperator Hershkovitz, P. 1966. Evolution 22(3): 563.

Saguinus imperator subgrisescens Hershkovitz, P. 1979. Primates 20(2): 277.

Saguinus (Tamarinus) imperator subgrisescens. Garbino, G.S.T. & Martins-Junior,

A.M.G. 2018. Mol. Phylogenet. Evol. 118: 169.

Specimens examined (N=6): Brazil: IDSM03385, IDSM03386, INPAFR213, INPA
FR221, INPA FR224, INPAMNSF993.

Diagnostic characters: Chin whiskers elongated into conspicuous tufts. Light black,
triangular chin patch more or less concealed by long chin whiskers. Chest and belly with
a mixture of mainly gray brown and white hairs. Back and lateral fringe brownish agouti,
hairs at roots brown, drab or white. Inner side of forelimbs dominantly silvery brown

(Hershkovitz, 1979).

Type locality: Santo Antonio, west bank Rio Eiru, near confluence with Rio Jurua, state

of Amazonas, Brazil (Hershkovitz, 1977).

Distribution: Tamarinus subgrisescens occur in Bolivia, Brazil and Peru (Hershkovitz,
1977; Rylands et al., 1993). In Brazil its distribution is east of the upper Jurua River to
the left bank of the upper Purus River (Figure 3; Sampaio et al., 2018). The distribution
extends to the south of the Pauini River and seems to be limited by the occurrence of

Tamarinus pileatus (Sampaio et al., 2018). The distribution in Peru extends to the
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headwaters of the Jurua River, to the east bank of the upper Ucayali River, east of the
mouth of the Apurimac River and south of the Urubamba and Inuya Rivers, to the
foothills of the Andes (Heymann et al., 2021). It occurs in eastern Bolivia, on both banks
of the Madre de Dios River (Izawa, 1979), and its southern limit is probably the

Tahuamanu River (Heymann et al., 2021).

3.2. Phylogenetics inferences

Our analysis resulted in robustly supported phylogenetic hypotheses. The topologies of
the SVDQ and STARBEAST2 species tree analyses are identical except for the
phylogenetic position of Tamarinus thomasi (Figures 5, 6, and 7). In the SVDQ
phylogeny Tamarinus thomasi is sister to Tamarinus labiatus (Figure 5), while in the
STARBEAST?2 phylogeny it is sister to Tamarinus inustus (Figures 6 and 7). In both
analyses we recovered strong support for the monophyly of the genera Leontocebus,

Oedipomidas, Saguinus and Tamarinus.
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(outgroup) Tamarinus, Oedipomidas and Saguinus. Numbers in nodes correspond to time
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by orange error bars were used as calibration points. Bayesian posterior probabilities are

all equal to 1. See Supplementary Material 1 for all specimens used in this phylogenetic

analysis.

Using the 8.42 ma (HPD = 5.72—-11.38 ma) divergence of Leontocebus and all other
tamarins reported in Perelman et al. (2011), we estimated the divergence of Tamarinus
and Oedipomidas/Saguinus at 7.19 ma (HPD = 4.88-9.85 ma; Figure 7), and of
Oedipomidas and Saguinus at 5.33 ma (HPD = 2.99-7.41 ma; Fig. 7).

In addition to the divergence found here in relation to the genera Saguinus and
Oedipomidas, the genus Tamarinus is also differentiated by phenotypic distinctiveness,
morphology and behavioral characters (Hershkovitz, 1977; Natori, 1988; Garbino and
Martins-Junior, 2018; Brcko et al., 2022). The morphology and behavioral characters
exhibited phylogenetic signs to separate the genus Tamarinus from genera Saguinus and
Oedipomidas (Natori, 1988; Garbino and Martins-Junior 2018). This shows the
consistency of these data in reflecting the molecular phylogeny of the three genera.
Furthermore, the patterns found in cranial and dental morphology suggest a
reorganization during the diversification of three genera (Ackermann and Cheverud,
2000; 2002). Thus, we support the proposition of Brcko et al. (2022) for the genera
Tamarinus, Oedipomidas and Saguinus. In this sense, we reinforce the division of

Saguinus into three genera which are Tamarinus, Oedipomidas and Saguinus.
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Genus Tamarinus Trouessart, 1904

Contents: Tamarinus imperator, Tamarinus subgrisescens, Tamarinus thomasi, Tamari-
nus inustus, Tamarinus labiatus labiatus, Tamarinus labiatus rufiventer, Tamarinus mys-

tax, Tamarinus kulina, Tamarinus pileatus pileatus, and Tamarinus pileatus pluto.

Diagnostic characters: Dorsal pelage unpatterned or weakly mottled, depigmenta-
tion in perineum and face, in this last one leading to a white circumbuccal chromatoge-
netic field that, in all but S. inustus, includes a mustache, and this is the most evident
feature of this genus (Hershkovitz, 1977). Ears of species/subspecies of Tamarinus are
hairy (Hershkovitz, 1977). Cranial length varies from 49.6 to 52.1 mm, the il is as wide
as it is long, and the M2 reduction index is 49.2 to 64.5% (Natori 1988; Garbino and
Martins-Junior 2018). Enamel of the lower incisor is moderate-thick on the labial side
and thin on the lingual side (Nogami & Natori, 1986). Lower maxillary zygomatic suture
is at a more distant position in the median plane of the skull (Nogami & Natori, 1986;
Athaydes et al., 2021). Alveolar process plus piriform aperture larger than in other genera
(Hanihara & Natori, 1989). Long calls have 10-19 syllables (Snowdon & Hodun, 1985;
Snowdon, 1993; Windfelder, 2001) with frequency between 8 and 12 kHz (Snowdon &
Hodun, 1985; Masataka, 1988; Windfelder, 2001).

Genus Oedipomidas Reichenbach, 1862
Contents: Oedipomidas geoffroyi, Oedipomidas leucopus, and Oedipomidas oedipus.

Diagnostic characters: Dorsal pelage mottled unpatterned, absence of hair on face, short
or long silver hair on forehead, posterior portion of cheeks and crown, ears are small and
square except in O. leucopus (Pocock, 1917; Hershkovitz, 1968, 1977). Cranial length
varies from 46.5 to 56.4 mm (Hershkovitz, 1977; Garbino and Martins-Junior 2018).
Maxilla narrower than in other genera (Natori & Hanihara, 1988), superior zygomaxillary
closer to the median plane of skull than in other genera, and posterior portion of the zy-
gomaticomaxillary suture runs posteriorly along the zygomatic arch (vs. running inferi-
orly) (Natori, 1988). The M2 reduction index is 36.1 to 55.0% (Kanazawa & Rosenberger
1988; Garbino and Martins-Jinior 2018). Modified nonserial pattern of dental enamel;

moderately thin on lower incisors on the labial side and very thin on the lingual side
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(Nogami & Natori, 1986). Hypocone on upper molar reduced, except in O. leucopus (Na-
tori, 1988). Upper canine and upper premolars with larger and buccolingual crown diam-
eters (Hanihara & Natori, 1987; Natori & Hanihara, 1988). The long calls have 14 syl-
lables with emission frequency between 1-3 kHz (Snowdon and Hodun, 1985; Savage et

al., 1993; Windfelder, 2001).

Genus Saguinus Hoffmannsegg, 1807
Contents: Saguinus bicolor,  Saguinus martinsi (Saguinus martinsi martinsi, — Sagu-

inus martinsi ochraceus) Saguinus midas, Saguinus niger, and Saguinus ursulus.

Diagnostic characters: Dorsal pelage unpatterned with pronounced depigmentation in
circumbuccal, head, back, chest and belly regions (Hershkovitz, 1977). Cranial length
varies from 46.5 to 55.7 mm (Hershkovitz, 1977), M2 reduction index <50% (Garbino &
Martins-Junior, 2018). Nasal bones (rhinion and prosthetic) in different positions from
that found in the genera Tamarinus and Oedipomidas (Natori & Hanihara, 1988). Dental
enamel varies from nonserial modified (S. midas) to highly modified (S. bicolor/S. mar-
tinsi ), enamel of lower incisor on labial side from thin (S. midas) to moderate (S. bi-
color/S. martinsi), and thin (S. midas) or very thin (S. bicolor/S. martinsi) on lingual side
(Nogami & Natori, 1986). Premetacristid runs distally from mesial corner sharply down-
ward to lower premolar (Natori, 1988); upper premolars (P3 and P4) with larger mesi-
odistal crown diameters; smallest height of alveolar process with a pyriform aperture and
wider inner orbital breadth (Hanihara & Natori, 1989). Long calls with 46 syllables, with
emission frequency between 5-9 kHz (Wittiger, 2002; Sobroza et al., 2021).

4. Discussion

Here, we use the ddRAD data set to generate the most complete phylogeny of the genus
Tamarinus, with all subspecies, including the new species. Cikely it is also the first study
to assess the evolutionary history of the Tamarinus. Furthermore, this is the first study to
include all species of the genera Oedipomidas and Saguinus. Although the taxonomy and
systematics of the genera Tamarinus, Oedipomidas and Saguinus have been the subject
of discussion since Hershkovitz's (1977) seminal study, the taxonomy of Tamarinus
remained virtually unchanged, thus, we provide the first comprehensive phylogeny for
three genera of Neotropical primates throughout an extensive molecular analysis.

Tamarinus imperator and Tamarinus subgrisescens
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Our analyses confirm the existence of two species of Tamarinus previously subsumed
under the specific epithet of Tamarinus imperator. Not only is there decisive support for
the two species 7. imperator and T. subgrisescens, but these species are also estimated to
have diverged 1.63 ma. The time of this divergence is greater than all other sister species
divergences observed in the genera Tamarinus, Saguinus and Oedipomidas. Tamarinus
imperator and T. subgrisescens also exhibit markedly different phenotypes and have non-
overlapping geographic distributions. Despite the distinct phenotypes of the two species,
T. imperator was considered a single species with great individual and ontogenetic
variation (Hershkovitz, 1977). Hershkovitz (1977) based his taxonomy mostly on
specimens of 7. subgrisescens. Thus, after analyzing other specimens of 7. imperator,
Hershkovitz (1979) realized that the phenotypes were different and that they were two
subspecies. Recent studies could not clarify the taxonomy of these species as only 7.
subgrisescens were analyzed (Athaydes et al., 2021; Brcko et al., 2022). Only Araripe et
al. (2008) enclosed both species in their study, and two significant lineages were found,
suggesting the existence of two species. Furthermore, the most recent studies could not

clarify the taxonomy of these species (Athaydes et al., 2021; Brcko et al., 2022).

Tamarinus inustus

We confirmed that 7. inustus is a member of the genus Tamarinus. While Hershkovitz
(1977) considered 7. inustus an enigma due to its unclear relationship to other tamarins
and proposed a separate species group to accommodate it, molecular and morphological
phylogenies as well as dental morphology have supported its close, although often
unresolved phylogenetic relationship to another member of the genus Tamarinus (Natori
and Hanihara 1992; Cropp et al., 1999; Boubli et al., 2015; Buckner et al., 2015; Athaydes
et al., 2021; Brcko et al., 2022). In our analyses we find two alternates, albeit strongly
supported phylogenetic relationships. In the STARBEAST?2 analysis 7. inustus is sister
to T. thomasi (Fig. 6, 7). In the SVDquartets analysis 7. inustus is sister to the clade
formed by T. thomasi and T. labiatus (Figure 5).

Both phylogenetic relationships are plausible, and potentially reflect a complex history
of divergence of T. thomasi. Since T. thomasi is phenetically similar to 7. labiatus, the
sister taxon relationship of 7. inustus and T. thomasi + T. labiatus as inferred in
SVDquartets would appear non-controversial. Tamarinus thomasi is, however, separated

by over 300 km and the Amazon River from 7. labiatus, but it’s distribution is parapatric
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to that of 7. inustus. This parapatry might have permitted hybridization between 7.
thomasi and T. inustus indicated at sister taxon relationship recovered in the
STARBEAST?2 analysis. While the raw genomic data for both analyses is identical,
extraction of SNPs in DiscoSnp-RAD (Gauthier et al., 2020) and sequences in pyRAD
(Eaton 2014) results in slightly different final datasets. Similarly, while both SVDquartets
and STARBEAST?2 analyses are both fully coalescent analyses, they may recover
alternate evolutionary histories (Collins and Hrbek, 2018).

Phylogeny of tamarins

Our phylogenetic analyses recover high clade support for all species, and for relationships
between species. The divergence of Tamarinus, Oedipomidas, Saguinus, and
Leontocebus occurred in the Middle to Late Miocene. The timing of this diversification
coincides with the diversification of other primate groups (Lynch Alfaro et al., 2012a;
Byrne et al., 2016; Ruiz-Garcia et al., 2016, 2018 Lima et al., 2018), which may indicate

geological or climatic events that may have similarly affected different groups.

One genus or three? Assessing whether large-bodied tamarins should be divided into
three genera

Although there are taxonomic proposals for defining supraspecific categories (Schaefer,
1976; Dubois, 1988; Avise and Johns, 1999), genera generally represent a consensual
classification among taxonomists, as the use of these categories is relevant not only
because it reflects phylogenetic relationships (de Queiroz, 1988, 1997; Dubois, 1988), but
are also relevant in communicating, estimating, evaluating, investigating patterns and
processes, and retrieving information on biodiversity (Simpson, 1961; Clayton, 1972;
Dubois, 1988ab; Nee et al., 1994; Barraclough, 2010). Within a zoological concept, a
genus would be a well-defined and well-supported monophyletic group of closely related
species that share several characters, with morphological, behavioral and ecological

diagnoses (Dubois 1988; Dubois and Raffaélli, 2009).

Some authors have even discussed what a genus means and have proposed some criteria
to recognize and delimit genera (Mayr, 1943; Simpson 1945; Mayr, 1950; Cain, 1956;
Michener, 1957; Cain 1958; Inger, 1958; Simpson, 1961; Hennig, 1966; Mayr, 1969;
Dubois, 1982; Clayton, 1983; Dubois 1988ab, Allmon, 1992; Goodman et al., 1998;
Groves, 2001, 2004; Isler et al., 2013; Vences et al., 2013 ; Garbino 2015ab; Garbino et
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al. 2019). One of the few widely accepted criteria for delimiting a genus is that the genus
in question be monophyletic (Hennig, 1966; Mayr, 1969; Dubois, 1982; Groves, 2001,
2004; Isler et al., 2013; Vences et al., 2013; Garbino 2015a), the other criteria would be
divergence time, phylogenetic gaps, and adaptive zone (Simpson, 1944; Mayr, 1950;
Simpson, 1953; Hennig, 1966, 1969; Mayr, 1969; de Queiroz, 1994; Avise and Johns,
1999; Wood and Collard, 1999; Groves, 2001, 2004; Groves and Grubb, 2011; Vences et
al., 2013). The adoption of these criteria was to make the delimitation of genres objective
(Groves, 2001, 2004; Groves and Grubb, 2011). However, there are several criticisms of
applying these criteria in isolation, as some of them are not comparable across animal
genera (van Valen, 1973; Avise and Mitchell, 2007 Talavera et al., 2013; Garbino,
2015a). Thus, using multiple lines of evidence makes genus delimitation more robust

(Lynch Alfaro et al., 2012b; Garbino, 2015a).

There are several arguments against changes in the number of Neotropical genera
(Rosenberger, 2012; Ruiz-Garcia et al., 2012; Garbino 2015a; Ruiz-Garcia et al., 2016;
Rosenberger, 2020), and to the tamarin species groups in particular (Garbino, 2015b;
Garbino and Martins-Junior, 2018; Garbino et al., 2019). The arguments are largely based
on the convenience of taxonomic stability (Garbino and Martins-Junior, 2018). Garbino
(2015a) and Garbino and Martins-Junior (2018) proposed the use of subgenera to avoid
change and maximize taxonomic stability. However, stable classifications are not the goal
of phylogenetic systematics (Mickevich, 1978; Gaftney, 1979; Kluge, 1989; Dominguez
and Wheeler 1997; Grant and Kluge 2005; Padial and De La Riva 2006) and taxonomy
must be constantly updated in the face of new data (Dominguez and Wheeler, 1997,

Padial and De La Riva, 2006; Baker et al., 2021).

Although the divergence times in primates have been used as a criterion for determining
divisions into separate genera (Goodman et al., 1998; Groves, 2001), divergence time
alone is insufficient and a phylogenetic approach, associated with morphological,
behavioral and ecological characteristics is essential for the reclassification of any group
(Dubois 1982; Matauschek, 2010; Lynch Alfaro et al., 2012b; Isler et al., 2013; Garbino,
2015a; Byrne et al., 2016; Rylands et al., 2016). In this sense, we support the division of
the genus Saguinus into three genera as proposed by Brcko et al. (2022). The phylogenetic
relationships found here for Tamarinus, Oedipomidas and Saguinus are also supported

by phylogenetic signal based on morphology and behavioral characters (Snowdon, 1993;
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Wittiger, 2002; Garbino and Martins-Junior, 2018); this reinforces the synapomorphies
of each of these genera. These genera are also geographically disjoint, which reinforces
their distinct radiations and ecological differences (Simpson, 1944, 1953; Dubois 1982,
1988ab; Lemen and Freeman 1984; Garber, 1993; Wood and Collard 1999).

Genus Tamarinus

The geographic distribution of Tamarinus is in the western Amazon, from the left bank
of the Madeira River, on the south bank of the Solimdes/Amazonas River, except 7.
inustus and T. labiatus which occurs on the northern bank of the Solimdes/Amazonas
River, from the right bank of the Negro River, with 7. inustus extending west into
Colombia (Hershkovitz, 1977; Rylands et al., 1993; Figure 1). The species of genus
Tamarinus are otherwise largely sympatric with the members of genus Leontocebus
(Hershkovitz, 1977). The species/subspecies of genus Tamarinus show foraging behavior
that involves searching for exposed prey (second pattern of Garber 1993). They exploit
insects on leaves and branches in the lower and middles levels of the forest canopy (> 6
m), and use quadrupedal walking and leaping, use visual search with fast foraging
movements such as lunges and pounces (Mittermeier & van Roosmalen, 1981; Yoneda,
1981; Terborgh, 1983; Yoneda, 1984; Garber, 1988; Norconk, 1990; Garber, 1993; Peres,
1993b; Yoneda, 1984; Buchanan-Smith, 1999; Heymann & Buchanan-Smith, 2000;
Nadjafzadeh & Heymann, 2008). The ecological distinctiveness between
species/subspecies of genera Leontocebus and Tamarinus permit sympatry between them,

and there is no niche overlap (Garber, 1993; Heymann, 1997).

Genus Oedipomidas

Species of the genus Oedipomidas have a geographical distribution in Colombia and
Panama and have disjunct distributions in relation to the genera Tamarinus and Saguinus
(Hershkovitz, 1977; Rylands et al., 1993; Figure 1). The species of this genus present the
first pattern of foraging behavior (Garber, 1993). Insects are hunted on thin flexible
branches (5—10 c¢m in circumference) in the low shrub layer of the forest understory, some
1-5 m above the ground, using a series of energetically costly locomotor and postural
activities, including climbing, grasping, and jumping (Moynihan, 1970; Garber, 1980,
1984, 1993). Foraging success is related to ability to move cryptically with minimal
disturbance, and prey are gleaned strikingly rapidly with the forelimbs while the
hindlimbs maintain a firm grasp on the supporting vegetation (Garber, 1980, 1984, 1993).
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Genus Saguinus

The distribution of the species of the genus Saguinus occurs in the Guiana Shield, from
the left bank of the Negro River, on the north bank of the Amazon River, and the Brazilian
Shield, from the left bank of Xingu River, on the south bank of the Amazon River
(Hershkovitz, 1977; Rylands et al., 1993; Figure 1). Species/subspecies of this genus can
be found in continuous primary and secondary forests, campinarana (forest on white sand)
and in disturbed habitats, they use upper, middle and lower forest strata (Thorington,
1968; Fleagle and Mittermeier, 1980; Mittermeier & van Roosmalen, 1981; Egler,
1992; Kessler, 1995; Ferrari & Lopes 1996; Day & Elwood, 1999; Oliveira & Ferrari,
2000; Oliveira et al., 2004; Gordo, 2012; Sobroza et al., 2021). During foraging behavior
species can move rapidly on horizontal and vertical substrates, and use quadrupedal
walking, running, bounding and leaping, preys are hunted in tree trunks, branches, and

leaves (Bates, 1864; Thorington, 1968; Fleagle and Mittermeier, 1980; Egler, 1992).

The taxonomic proposal of three genera reflects the relatively old divergence comparable
to the divergence of other genera of Neotropical primates, and the phenotypic,
morphological, and behavioral discontinuities among the species of the different genera.
This taxonomic proposal clearly conveys this information. Other taxonomic scenarios
such as species groups are informal and non-standard classification schemes, while
subgenera are even more polemic and arbitrary taxonomic categories, and do not appear
in the species name (Dubois, 1988ab; Garbino, 2015b; Garbino and Martins-Junior,
2018). Finally, the current taxonomic proposal requires no nomenclatural novelty, since
the genus names Tamarinus and Oedipomidas are available, were used on previous
occasions and are non-controversial with respect to species membership (Reichenbach,
1862; Trouessart, 1904; Elliot 1913; Pocock, 1917; Thomas, 1922; Hershkovitz, 1949;
Cabrera, 1957; Hill, 1957; Rylands et al., 2016; Garbino and Martins-Junior, 2018).

Conclusion

The taxonomy of the Tamarinus has remained practically the same since the seminal
review of Hershkovitz (1977, 1979). Here, we provide the first complete phylogeny for
the genus Tamarinus, with clarification of the phylogenetic relationships of all species in
this genus. In addition, we also upgraded Tamarinus imperator and Tamarinus
subgrisescens to species level based on robust genomic evidence. Here, we use all species

and subspecies of the genera Saguinus, Oedipomidas and Tamarinus to generate the first
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complete phylogeny using ddRAD for these three callitrichid genera, with clarification
of the phylogenetic relationships of all species and subspecies in these genera. Therefore,
we reiterate and ratify the division of Saguinus into three genera, which supports the

taxonomic proposal for these three genera.
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Capitulo 3

Biogeografia do género Tamarinus (Primates, Callitrichidae)

Resumo
Neste capitulo fornecemos um teste filogenético biogeografico estatistico para o género
Tamarinus, a fim de inferir a histdria biogeografica e sua relacdo com a evolucao da paisagem
amazoOnica. Assim, testamos a hipdtese de os rios amazonicos como promotores da
diversificagdo das espécies do género Tamarinus. Nossa reconstrugdo mostrou maior
probabilidade de a origem do ancestral de Tamarinus ser a por¢do sul do interflavio Japura-
Negro, com a separacdo inicial do ancestral de Oedipomdias/Saguinus ha 7,21 ma. A dispersdo
a oeste era limitada pelo grande lago, ja a dispersao do ancestral 7amarinus para Inambari pode
ser associada ao estabelecimento das florestas, a medida que os ambientes mudaram de habitats
inundados para terrestres. Nossa reconstrucdo biogeografica associa o papel dos rios
amazOnicos como agentes vicariantes para a maioria das espécies, porém ressaltamos que para
algumas espécies houve uma possivel dispersdo através de uma barreira. Nossos resultados
mostram que o0s rios amazOnicos atuaram como agentes vicariantes primarios para a

diversificacao de Tamarinus.
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Introducio

A Amazonia ¢ a floresta tropical mais diversa do mundo (von Humboldt 1808; Wallace
1852; Bates 1860; Sioli, 1984; Laurance et al., 2001; Eva et al., 2005; Silva et al., 2005; Junk,
2011; van der Sleen & Albert 2017), porém os processos que moldaram a diversificagdo da
biota amazonica ¢ uma das grandes questdes que vem intrigando cientistas (Wallace, 1852;
Bates 1863; Wallace 1876; Haffer, 1969; Vanzolini & Williams, 1970; Hershkovitz, 1977;
Endler, 1982; Cracaft, 1985; Salo et al., 1986; Whitmore & Prance, 1987; Ayres & Clutton-
Brock, 1992; Colinvaux, 1993; Marroig & Cerqueira, 1997; Nores, 1999; Gascon et al., 2000;
Bates, 2001). As mudangas que ocorreram na Amazonia, associadas a elevagdo dos Andes e
efeitos climaticos associados e, transgressdes marinhas, causaram impactos diretos na
drenagem e sedimentagdo da Amazonia (Wesselingh et al., 2002; Insel et al., 2009; Figueiredo
et al., 2009; Jaramillo et al., 2017), que afetaram os padrdes de diversificag@o e distribuicdo de
uma ampla gama de organismos (Hoorn et al., 2010; Antonelli & Sanmartin, 2011). Isso mostra
que a historia geomorfoldgica da Amazonia e sua biodiversidade estdo diretamente ligadas as
configuragdes da drenagem (Albert et al., 2018; 2021).

Alguns estudos mostraram que a evolu¢do da paisagem hidrologica amazonica ¢
complexa e dindmica (Bush, 1994; Smith et al., 2014; Silva et al., 2019) e, ha um debate em
andamento em torno da datagdo dos principais eventos geologicos da Amazodnia (Campbell et
al., 2006; Figueiredo et al., 2009; Hoorn et al., 2010, Latrubesse et al., 2010; Heinrich &
Zonneveld, 2013; Jaramillo et al., 2017). Duas hipoteses paleogeograficas tentam explicar a
evolucdo da drenagem amazodnica (Campbell et al., 2006; Figueiredo et al., 2009; Hoorn, et al.,
2010; Latrubesse et al., 2010; Ribas et al., 2012). A primeira hipotese (“Old Amazon™) sugeriu
que o soerguimento dos Andes, convecgdes do manto e incursdoes marinhas (Risénen et al.,
1995; Vonhof et al., 1998; Hoorn et al., 2010; Shephard et al., 2010; Eakin et al., 2014) levaram
ao estabelecimento do Pebas Mega-Wetland System na Amazonia Ocidental no inicio do
Mioceno (Nuttal, 1990; Résinen, 1995; Wesselingh et al., 2002; Wesselingh & Salo, 2006),
com o estabelecimento do sistema de drenagem da Amazonia como ¢ hoje a partir de 11 Ma
(Damuth & Kumar, 1975; Milliman, 1979; Hoorn et al., 1995; Dobson et al., 2001; Pasley et
al., 2005; Wesselingh & Salo, 2006; Figueiredo et al., 2009; 2010; Hoorn et al., 2010; Shephard
et al., 2010; Gorini et al., 2013; Hoorn et al., 2017).

Na segunda hipotese (“Young Amazon™), um grande lago Amazonico foi estabelecido
mais recentemente no oeste da Amazonia (a partir de 6 Ma) (Klammer, 1984; Marroig &

Cerqueira, 1997; Campbell et al., 2006) e, o atual sistema de drenagem foi estabelecido durante
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o Plio-Pleistoceno (2-3 Ma) (Rossetti et al., 2005, Campbell et al., 2001; 2006; Campbell,
2010; Latrubesse et al., 2010; Ribas et al., 2012, Nogueira et al., 2013; Horbe et al., 2013;
Rossetti et al., 2015).

Os rios podem ser barreiras eficazes a dispersao e ao fluxo génico, o que pode ocasionar
a diferenciacdo geografica e especiacdo (Colwell, 2000; Dias et al., 2013; Thomaz et al.,
2016). Deste modo, muitos estudos tém ligado a formagdo dos rios amazonicos como
impulsionador da diversificacdo da biota (Haffer, 1974; Cracraft 1985; Aleixo, 2004; 2006;
Aleixo & Rossetti, 2007; Antonelli et al., 2010a; Ribas et al., 2012; d’Horta et al., 2013;
Fernandes et al., 2012; 2013; Sousa-Neves et al., 2013; Fernandes et al., 2014; Weir et al., 2015;
Carneiro et al., 2018; Naka & Brumfield 2018). Nos ultimos 2,5 milhdes houve intensa
diversificacao em varios taxons amazonicos (Ribas et al., 2005; Patel et al., 2011; d'Horta et al.,
2013; Ribas et al., 2012; Fernandes et al., 2012; Boubli et al., 2012; Sousa-Neves et al., 2013;
Fernandes et al., 2014; Lynch Alfaro et al., 2015; Boubli et al., 2015; Thom & Aleixo, 2015;
Schultz et al., 2017; Carneiro et al., 2018; Berv et al., 2021), isso sugere que o estabelecimento
dos principais rios da Amazonia pode ter tido um papel importante na origem das espécies, 0
que estd de acordo com a hipotese a hipdtese “Young Amazon”.

Os primatas neotropicais apresentam uma diversidade alta na Amazonia (Hershkovitz,
1977; Rylands & Mittermeier, 2013; Rossato et al., ,2017), o que faz deles um modelo ideal
para testar hipoteses biogeograficas (Buckner et al., 2015; Boubli, et al., 2015; Lynch Alfaro et
al., 2015; Lima et al., 2017;), ja que espécies diferentes ocorrem em lados opostos dos rios
Amazonicos (Wallace, 1852; Hershkovitz, 1977; Ayres & Clutton-Brock, 1992; Silva & Oren
1996). Isso foi observado pela primeira pelo naturalista inglés Alfred Russel Wallace, que foi
um dos primeiros a propor uma explicagdo para explicar a alta diversidade de espécies de
primatas na Amazonia, bem como o porqué de espécies diferentes ocorrerem em margem
opostas dos rios (Wallace, 1852). A partir dessas observagdes, ele postulou que os rios
funcionavam como barreiras para a dispersao das espécies de primatas. Esse padrdo também
foi observado para outros organismos (Hafter, 1974; Brown, 1979; Cracraft, 1985).

Essa hipotese, que ficou conhecida hipdtese da barreira ribeirinha, postula que os
principais rios amazonicos reduzem ou impedem o fluxo génico entre as populacdes que
habitam as margens opostas dos rios, 0 que causaria a especiacdo (Wallace, 1852; Ayres &
Clutton-Brock 1992; Peres et al., 1996; Aleixo, 2004). Sob este modelo, as populagdes de
margens opostas de rios formam linhagens irmas que compartilham um ancestral comum mais

recente. Além disso, a divergéncia genética entre as populacdes irmas ao longo das margens ¢
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reduzida em dire¢do as cabeceiras, conforme a largura e a vazao de um rio diminuem, o que
permite o fluxo génico e, hibridizacdo (Ayres & Clutton-Brock 1992), porém isso ndo parece
perturbar o padrdo geral de grandes rios como as principais barreiras que delimitam as
distribui¢des atuais de muitos vertebrados na Amazodnia (Ayres & Clutton-Broock 1992). Como
os rios tém sido propostos como barreiras significativas para os dispersdo dos primatas (ex.
Wallace, 1852; Hershkovitz, 1977; Ayres & Clutton-Broock 1992), provavelmente as mudangas
na configuracdo hidrologica pode ter tido influéncia na determinagdo das distribuicdes
geograficas das espécies atuais.

Os saguis de bigode do género Tamarinus (Brcko et al., 2022; Lopes et al., 2022 em
revisdo), sdo uma radiagdo de primatas que pode ser modelo para avaliar a dindmica da
diversificacdo da Amazodnia. A taxonomia e filogenia deste género foi esclarecida recentemente
(Lopes et al., 2022 em revisdo). As espécies/subespécies de Tamarinus incluem: Tamarinus
imperator (Goeldi, 1907), Tamarinus subgrisescens Lonnberg, 1940, Tamarinus inustus
(Schwarz, 1951), Tamarinus labiatus labiatus (E. Geoffroy, 1812), Tamarinus labiatus
rufiventer (Gray, 1843), Tamarinus thomasi (Goeldi, 1907), Tamarinus mystax (Spix, 1823),
Tamarinus pileatus pluto (Lonnberg, 1926), Tamarinus pileatus pileatus (1. Geoffroy Saint-
Hilaire & Deville, 1848) e, Tamarinus kulina (Lopes et al., 2022 em revisao; Lopes et al., 2023).

A maioria dos representantes do género Tamarinus estd distribuida ao sul do
Solimdes/Rio Amazonas (Figura 1), na Amazonia ocidental. 7. thomasi e T. inustus distribuem-
se ao norte do rio Solimdes/Amazonas, todos os taxons tém sua distribui¢do limitada por rios
(Lopes et al., 2022 em revisdo). As espécies de Tamarinus sao encontradas principalmente em
florestas de terra firme (Peres 1997) e, sdo altamente propensas a divisdo por barreiras

geograficas (Rylands et al., 1993).
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Figura 1. Distribuigdo das espécies do género Tamarinus na Amazonia. Poligonos modificados
da IUCN e Sampaio et al. (2018).

O mais recente estudo molecular mostrou que o género 7Tamarinus apresenta divergéncia
de 7,21 ma em relagdo aos géneros irmaos Saguinus ¢ Oedipomidas (Lopes et al., 2022 em
revisao). Entretanto, a diversificagdo das espécies de Tamarinus s6 comegou a partir de 3,9 ma.
Esta diversificagdo ¢ congruente com a hipotese do modelo geoldgico da ““Young Amazon”,
portanto, esperamos que a histdria evolutiva das espécies do género Tamarinus seja congruente
com as mudancgas na configura¢do da hidrologia, o que podera contribuir para a compreensao
das relacdes entre a mudanga da paisagem Amazonia e a diversificacdo de organismos na
Amazonia.

A primeira hipdtese sobre a biogeografia de Tamarinus foi proposta por Hershkovitz
(1977). Sua hipétese foi baseada nas distribuicdes geograficas e no principio do
metacromatismo (a evolugdo da coloragdo da pelagem por vias unidirecionais especificas)
(Hershkovitz, 1977). Esta hipotese postulava um ancestral de Tamarinus ao sul do rio
Amazonas e a oeste do rio Madeira (Amazodnia ocidental), onde esté a distribuicdo da maioria
das espécies do género Tumarinus. Este ancestral teria dispersado da Amazonia oriental para a
Amazonia ocidental através da barreira formada pelo rio Madeira. A partir da Amazonia

Ocidental, o ancestral de Tamarinus se dispersou para o Escudo das Guianas e deu origem aos
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grupos S. midas e S. bicolor. Outra onda de dispersdo para o norte resultou nas espécies
existentes no Norte, Tamarinus inustus, além das espécies de Saguinus da Colombia e Panama
(Hershkovitz, 1977). Entretanto, o principio do metacromatismo que nao foi corroborado por
analises filogenéticas moleculares e morfologicas (Jacobs e tal. 1995; Athaydes et al., 2021),
nem por uma avaliacdo da coloragdo facial em primatas neotropicais (Santana et al., 2012).
Ferrari (1993) elaborou a segunda hipdtese geografica para Tamarinus/Saguinus/Oedipomidas.
Sua hipotese foi baseada a partir conceito de nanismo filético. Este conceito explica a reducao
do tamanho corporal ao longo da evolugdo do calitriquideos (Ferrari, 1993). O tamanho maior
dos espécimes de S. midas indicaria que este clado seriam o primeiro a divergir dentro do género
Tamarinus/Saguinus/Oedipomidas e, que o ancestral teria origem perto da area de distribui¢do
de S. midas (Ferrari, 1993). Uma dispersao posterior para o norte € para oeste deu origem aos
grupos S. oedipus e T. inustus, respectivamente. Outra dispersdo para sudoeste deu origem ao
grupo 7. mystax (Ferrari, 1993).

O estudo de Cropp et al., (1999) foi o primeiro a apresentar um padrao biogeografico
baseado em filogenia molecular e teve congruéncia com a proposicao de Ferrari (1993). A
excecdo foi o ancestral de Tamarinus/Saguinus que dispersou a partir da margem sul do rio
Amazonas, a oeste do rio Madeira, como sugerido por Hershkovitz (1977). O grupo 7. mystax
teve sua diversificagdo na area de origem do ancestral de Tamarinus/Saguinus. Duas ondas de
dispersdo aconteceram, uma para o norte do rio Solimdes/Amazonas que deu origem a 7.
inustus, a outra foi para o nordeste, no Escudo das Guianas, com outra dispersdo depois para a
Colombia e o Panamad, que resultou no grupo S. oedipus.

No modelo biogeografico de Buckner et al., (2015) foi proposto um ancestral
Leontocebus/Tamarinus/Saguinus amplamente distribuido na regido oeste do grande lago até
11 ma, com divergéncia gradual ao norte e ao sul. A retracdo do lago Pebas e o florestamento
da Amazonia central permitiu que eles se expandissem e se diversificassem, pois os rios da
bacia Amazonica ndao haviam se formado para impedir a dispersdo. A rota de dispersao seria ao
sul e leste do lago para Leontocebus e, Tamarinus/Saguinus ao norte e leste do lago (Buckner
et al.,, 2015). Antes de 6 ma o ancestral Tamarinus/Saguinus foi dividido em um clado
(Tamarinus) no Sudoeste (Inambari) e outro (Saguinus) isolado ao norte. O ancestral de
Saguinus se dispersou para Guianas, Choc¢é e sudeste da Amazonia, dando origem as espécies
atuais. O ancestral de 7Tamarinus se diversificou em Inambari, com uma dispersao de 7. mystax
ao norte do Solimdes/Amazonas ha mais de 1 ma, que deu origem a 7. inustus. Neste estudo, a

diversificacdo dos taxons de Tamarinus/Saguinus ndo se inicia antes de 5 Ma, o que ¢
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consistente com o estabelecimento de um sistema de drenagem mais recentemente para a
Amazonia (Buckner et al., 2015).

A hipoétese biogeografica mais recente postulou uma area ampla, incluindo o norte do
rio Solimdes/Amazonas e Guianas, mas também em Inambari, para a origem do ancestral
Leontocebus/Tamarinus/Saguinus (Athaydes et al., 2021). O oeste de Inambari seria a regido
mais provavel para o surgimento do ancestral, que seria limitado pelo lago Pebas até 8§ ma,
quando a recessao terminou, hd 7 ma a atual configuracao hidrologica amazonica teria se
estabelecido, o que estd de acordo com a hipotese “Old Amazon”.

Com a retrag@o do lago Pebas houve expansao a leste, com Leontoncebus/Tamarinus se
diversificando em Inambari e, o ancestral Saguinus se dispersou para o norte da Amazonia e
para as Guianas (Athaydes et al., 2021). Como a configuracdo hidroldgica ja havia se
estabelecido e, os rios j4 atuavam como barreiras para a dispersdo, a explicacdo para a
ocorréncia de Saguinus ao norte, bem como a diversificagdo em Zamarinus seria dispersao em
saltos, o que explicaria a atual distribuicdo de 7. inustus e T. thomasi, além das espécies de
Saguinus (Athaydes et al., 2021).

Houve uma discordancia entre as hipdteses em relagdo aos periodos de expansdo de
Tamarinus, 5 ma (Buckner et al., 2015) e 7 ma (Athaydes et al., 2021). Entretanto, ambas
invocaram o estabelecimento da drenagem amazdnica como tendo influéncia na diversificagao
de Tamarinus/Saguinus, embora de maneiras diferentes.

Embora esses ultimos estudos tenham utilizado uma abordagem molecular e estatistica
para testar a biogeografia de Tamarinus/Saguinus, eles foram limitados pela auséncia de alguns
taxons de Tamarinus, uma vez que este gé€nero comporta nove espécies atualmente (Lopes et
al., 2021), isso pode ter enviesado as hipdteses filogenéticas e biogeograficas propostas. Isso
fica claro no estudo de Buckner et al., (2015), pois as relagdes filogenéticas de 7Tamarinus foram
diferentes de outros estudos (Boubli et al., 2015; Athaydes et al., 2021; Brcko et al., 2022),
assim como no estudo de Athaydes et al., (2021), onde as hipdteses biogeograficas testadas nao
esclareceram a historia biogeografica de Tamarinus, pois o estudo foi limitado pelo uso de
somente alguns taxons.

Aqui fornecemos um teste filogenético biogeografico estatistico para esses primatas,
utilizando todos os taxons do género Tamarinus (Lopes et al., 2022 em revisdo) para inferir a
histéria biogeografica e sua relagdo com a evolugao da paisagem amazodnica. Utilizamos os

dados publicados anteriormente (Lopes et al., 2022 em revisdo) e, produzimos uma hipdtese
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para avaliar o papel dos rios amazonicos como promotores da diversificagdo das espécies do

género Tamarinus.

Material e Métodos
Nos utilizamos a representagdo reduzida do genoma (ddRAD) e as mesmas sequéncias
genéticas de Lopes et al., (2023, em revisdo) para os géneros Tamarinus Oedipomidas e

Saguinus.

Reconstrucio filogenética

Construimos a arvore de espécies utilizando inferéncia bayesiana através do pacote
STARBEAST2 do programa BEAST v2.6 (Bouckaert et al., 2014). Primeiro, executamos o
PartitionFinder2 (Lanfear et al., 2017) em nosso alinhamento gendmico para selecionar um
numero ideal de parti¢cdes e seus respectivos modelos de evolugdo molecular, agrupando os 512
loci ddRAD em 140 parti¢des. Usamos o modelo Yule de especiacio, gerando 10® topologias,
amostrando a cada 10* topologia e descartando as primeiras 15% topologias como burni-in apds
verificar a estacionaridade no Tracer vl .7 (Rambaut et al., 2018). Uma arvore final de
credibilidade méaxima do clado foi gerada usando TreeAnnotator v1.6.2 (Rambaut &
Drummond, 2015) ap6s descartar 15% de burn-in. A arvore de credibilidade méaxima do clado
e os tempos de divergéncia foram calibrados usando a divergéncia média = 5,8207 (+ 0,15
milhdes de anos) entre Leontocebus e Tamarinus/Oedipomidas/Saguinus de Perelman et al.,

(2011) e, visualizada e editada no FigTree v1.3 (Rambaut, 2010) .

Reconstrucio biogeografica

A historia biogeografica de Tamarinus ao longo do tempo no espago continuo foi feita
usando a abordagem Relaxed Random Walk (RRW) (Lemey et al., 2010). Este modelo utiliza
estrutura bayesiana para reconstruir a historia filogeografica em uma paisagem continua através
de um processo de difusdo Browniano padrao usando coordenadas geogréficas, genealogia
filogenética e trago continuo (Lemey et al., 2010). Utilizamos o software SPREAD (Bielejec et
al., 2011), que gerou um arquivo Keyhole Markup Language (KML), em seguida plotamos e
visualizamos no Google Earth (http://earth.google.com).
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Resultados

Todos as relagdes foram altamente suportadas. Nossas estimativas de divergéncia
mostraram que a divergéncia entre Tamarinus ¢ Oedipomidas/Saguinus foi no Mioceno (7,21
ma) (Figura 2). Porém a diversificacdo de Tamarinus s6 comecou no Plioceno, a partir de 3,9
ma. Em Tamarinus recuperamos trés clados, o primeiro clado chamamos de clado ‘imperator’,
que ¢ formado pelas espécies 7. imperator and T. subgrisescens, este clado é o irmao dos outros
dois clados. O segundo ¢ o clado ‘labiatus’, que ¢ formado pelas espécies 7. inustus, T. thomasi
e T. labiatus. O terceiro clado chamamos de clado ‘mysxtax’ ¢ composto pelas espécies 7.

mystax, T. kulina e T. pileatus.

0.62 T. p. pileatus
A‘ET . p. pluto
T. kulina
2.34 0.75 T. mystax

ET . 1. labiatus
2.14 0.40“—T. L. rufiventer
—7T. inustus

1.35%———T. thomasi
T. imperator

1.64——T. subgrisescens

3.90
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8.42 2.33
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Leontocebus
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Figura 2. Arvore de espécies com tempos de divergéncia de Tamarinus. Numero acima dos nos
correspondem ao tempo em milhdes de anos e, as barras representam intervalos de
probabilidade. A barra laranja representa o ponto de calibragao.

Reconstrucio biogeografica

A reconstru¢do biogeografica sugeriu queo ancestral de Tamarinus e
Oedipodmidas/Saguinus provavelmente se originou onde hoje ¢ o interflavio Japura- Negro,
proximo onde hoje ¢ o Rio Unini, divisa entre a area de endemismo do Jau e Imeri (Figure 3a),
com uma diversificagio dando origem ao ancestral de Tamarinus e ao ancestral de

Oedipodmidas/Saguinus (Figure 3b). Houve uma difusdo espacial ao sul, para a area onde hoje
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¢ a margem leste do baixo rio Jurud, interflavio Jurua-Tefé (Figura 3c), com o estabelecimento

do ancestral nessa area, pois uma barreira formada pelo grande lago impedia a dispersdo ao sul

(Figura 3d).

Wi

Figura 3. Reconstrucdo espago-temporal do género Tamarinus. A. Ancestral Tamarinus
Oedipomidas/Saguinus ocupa a regido onde hoje ¢ o sul do interflavio Japura-Negro. B)
Separacdo dos ancestrais de Tamarinus e Saguinus/Oedipomidas. C. O ancestral de Tamarinus
dispersa ao sul onde hoje ¢ o interflivio Jurua—Tefé. D. A ancestral permanece nessa area devido
a limitacdo imposta pelo grande lago.

Com a regressao da barreira, houve uma extensa difusdo espacial para o sul (Figura 4a),
seguida da diversificagdo ha 3,9 ma que separou o ancestral do clado ‘imperator’ do ancestral
do restante das espécies (Figura 4b), a diversificacdo pode ter sido causada por oscilagdes no
nivel da dgua do grande lago, gerando isolamento da populacao em duas por¢des. O ancestral
do clado ‘imperator’ ocupou a area no Sul onde hoje ¢ o interflivio Jurué-Purus, na atual
margem direita do alto rio Jurua (Figura 4c).

Uma divergéncia ha 2,34 ma separou o ancestral do clado ‘labiatus’ do ancestral do
‘mystax’ (Figura 4d). Dentro do clado ‘labiatus’ outra diversificacdo ocorreu hd 2,14 ma

separou o ancestral de 7. inustus/T. thomasi do ancestral de T. [. labiatus/ T. . rufiventer.
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Figura 4. Reconstrugdo espago-temporal do género Tamarinus. A. Expansao ao sul do ancestral
Tamarinus. B. Uma diversificagdo ha 3,9 ma separou o ancestral do clado ‘imperator’ do
ancestral do restante das espécies. C. Uma diversificacdo ocorreu ha 2,34 ma dando origem aos
ancestrais dos clados ‘labiatus’ e ‘mystax’. D. Uma divergéncia ha 2,14 ma separou os
ancestrais de 7. inustus/T. thomasi e T. l. labiatus/T. l. rufiventer.

Uma divergéncia hd 1,64 ma separou os ancestrais das espécies 7. imperator e T.
subgrisescens (Figura 5a), esta ultima se dispersou a leste e depois teve uma ampla expansao,
enquanto 7. imperator dispersou a sudeste e ficou restrita onde hoje € o interflavio Acre—Purus
(Figura 5b). A préoxima divergéncia foi ha 1,35 ma e separou os ancestrais de 7. thomasi e T.
inustus (Figura 5b). Ja o ancestral de T. /. labiatus/T. . rufiventer dispersou para o interflavio
Purus-Madeira (Figura 5a) e se estabeleceu na sua atual area de distribui¢do alcangou sua area
(Figura 5bc).

O ancestral do clado ‘mystax’ permaneceu na area de origem e, ha 1,12 ma houve um
evento de diversificacdo que separou os ancestrais de 7. mystax/T. kulina do ancestral de T. p.
pileatus/T. p. pluto (Figura 5c¢), seguida das respectivas dispersdes, uma a oeste e outra a leste.
A oeste houve uma diversificagdo ha 0,75 ma que deu origem as linhagens 7. mystax e T. kulina
(Figura 5d). A dispersao a leste, seguida da diversificacao ha 0,62 resultou em 7. p. pileatus e
T. p. pluto (Figura 5e). Uma divergéncia mais recente ha 0,4 deu origem a T. /. labiatus e T. I.

rufiventer (Figura 5f1).
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T. imperator 7. imperator

T. imperator

Figura 5. Reconstrugdo espago-temporal do género Tamarinus. A. Diversificacdo das linhagens
T. imperator ¢ T. subgrisescens. B. Diversificacao do ancestral de 7. inustus/T. thomasi e do
ancestral das linhagens 7. labiatus/T. rufiventer. C. Diversificacdo dos ancestrais das linhagens
T. mystax/T. kulina do ancestral das linhagens T. p. pileatus/T. p. pluto D. diversificacdo das
linhagens 7. mystax e Tamarinus sp. e, das linhagens T. pluto e T. pileatus. E. Diversificagao
das linhagens T. labiatus e T. rufiventer.

Discussao

Nossa reconstru¢ao mostrou maior probabilidade de a origem do ancestral de Tamarinus
ser a por¢do sul do interfluvio Japura-Negro, com a separagdo inicial do ancestral de
Oedipomdias/Saguinus ha 7,21 ma, embora a area ancestral seja ampla, abrangendo também

uma parte do atual sul do rio Solimdes/Amazonas. A dispersdo a oeste era limitada pelo lago
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Pebas, ja a dispersdo do ancestral Tamarinus para Inambari pode ser associada ao
estabelecimento das florestas, a medida que os ambientes mudaram de habitats inundados para
terrestres (Latrubesse et al., 2010; Nogueira et al., 2013).

Nossos resultados apoiam a reconstru¢do biogeografica de Rohe (2021), que propds uma
area de origem mais proxima da 4rea aqui proposta para o ancestral de
Leontocebus/Tamarinus/Saguinus, com uma intensa diversificagdo nos ultimos 2 ma. Nosso
modelo ¢ parcialmente congruente com Buckner et al., (2015) e, Athaydes et al., (2020) que
postularam Inambari como o centro de diversificacdo de Tamarinus.

Na proposicdo de Athaydes et al., (2020), apesar de os modelos terem fornecidos
hipdteses inconclusivas para a area de origem do ancestral de Tamarinus, foi colocado o
extremo oeste de Inambari seria a drea mais provavel para a origem do ancestral. Essa area
ancestral e o padrao de dispersao a leste ¢ exatamente o oposto do encontrado aqui, assim como
dos outros (Buckner et al., 2015; Rohe, 2021), porém ¢ similar a area ancestral proposta por
Hershkovitz (1977). A area ancestral no modelo apresentado parece ter sido baseada no fato de
que T. imperator ¢ a primeira espécie que se diversificou, entdo a area mais provavel seria
proxima a distribuicdo desta espécie. Além disso, a dispersdo foi invocada como o principal
fator de diversificacdo das espécies. Entretanto, apesar de os rios amazonicos serem barreiras
permedveis para alguns primatas (Boubli et al., 2015), para as espécies de Tumarinus é uma
barreira a dispersao (Ayres & Clutton-Brook 1992; Peres et al., 1996). Nesse caso, o ancestral
teria que ter dispersado através das barreiras a dispersdo varias vezes, j4 que os rios da
Amazonia ja teriam se formado, considerando que foi invocado a hipétese “Old Amazon”
(Hoorn et al., 2010). Além disso, a expansdo das espécies de seus centros de origem pode ser
interrompida pela presenca de grandes cursos de dgua, portanto, eles podem ficar restritos a
uma margem (Hershkovitz, 1977).

Ressaltamos que as hipdteses biogeograficas propostas por Athaydes et al., (2020)
podem ter sido enviesadas devido a ausé€ncia de algumas espécies de Tamarinus, bem como foi
limitado pela auséncia de uma filogenia em nivel de espécie com todos os tdxons de Tamarinus,
uma vez que hipdteses filogenéticas robustas sao fundamentais para a compreensao dos padrdes
de diversificacdo e dos processos que conduzem as distribui¢des atuais e historicas. Além disso,
uma amostragem extensa ao longo das distribui¢cdes das unidades taxonémicas é essencial em
estudos biogeograficos e filogeograficos (Hawkins, 2006; Buckley, 2009).

Embora nossa reconstru¢do mostre que o ancestral tenha se originado na por¢ao sul do

interflavio Japura-Negro, ¢ importante observar que ndo ha nenhuma espécie de calitriquideo
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nesta area atualmente. Este fato pode estar associado a intensa instabilidade e dinamica fluvial
nessa regido (Rossetti et al., 2005; Rossetti et al., 2014; Pupim et al., 2019), o que pode ter
causado extingdes/dispersoes, uma vez que as espécies de Tamarinus € Saguinus geralmente
sdo restritas as florestas de terra firme (Ayres & Clutton-Brock 1992; Peres, 1993).

A diversificagdao dentro de Tamarinus s6 comegou mais recentemente, ha 3,9 ma, em
Inambari. Isso apoia a hipotese de que provavelmente um grande lago impedia a dispersdo a
oeste e, a intensa diversificagdo mais recente apoia a hipotese “Young Amazon”, com o
estabelecimento do sistema de drenagem mais recentemente (Ribas et al., 2012; Lynch Alfaro
et al., 2015; Byrne et al 2018; Rohe 2021). Além disso, assim como proposto aqui, outros
estudos anteriores também propuseram que a diversificagdo de Tumarinus foi em Inambari
(Cropp et al., 1999; Buckner et al., 2015; Rohe, 2021; Athaydes et al., 2021).

A dispersdao da linhagem ancestral de 7. imperator/T. subgrisescens para o sul
provavelmente foi possivel pela retragcdo do lago e pela formagao gradual das florestas de terra
firme da Amazonia central (Bates, 2001; Latrubesse et al., 2010; Nogueira et al., 2013; Pupim
et al., 2019). A divisao das linhagens 7. imperator e T. subgrisescens pode estar associada a
formacdo do rio Purus, uma vez que a formagado desse rio (Ribas et al., 2012) est4 dentro do
intervalo da divergéncia destas linhagens, bem como outras espécies de primatas e outros
vertebrados tém suas diversificagdes associadas a formacao deste rio (Lynch Alfaro et al., 2015;
Rohe, 2021).

Nossos dados indicam que a divergéncia entre o ancestral do clado ‘labiatus’ e do clado
‘mystax’ pode ter sido causada pela formagdo do rio Solimdes/Amazonas, pois o tempo da
divergéncia entre eles ¢ congruente com o estabelecimento do rio Solimdes/Amazonas
transcontinental (Campbell et al., 2006; Latrubesse et al., 2010; Ribas et al., 2012). Porém
Athaydes et al., (2021) propds que 7. inustus teria chegado a sua atual area de distribuicao
através da dispersdo por saltos, pois o rio Solimdes/Amazonas j4 estaria no lugar. J& Buckner
et al. (2015) propds que 7. mystax teria dispersado para o norte e esse isolamento teria resultado
em 7. inustus, um cenario inviavel, pois na filogenia 7. mystax ¢ irmao de 7. inustus, nao o
ancestral (Buckner et al., 2015).

A divergéncia do ancestral de 7. inustus/T. thomasi do ancestral de T. [. labiatus/T. .
rufiventer pode ser associada ao estabelecimento do baixo curso do rio Japurd, isso
provavelmente pode ter sido responsavel pelo isolamento e diversificagdo inicial do clado
‘labiatus’. J& a divergéncia entre os ancestrais de 7. thomasi e T. inustus pode ter sido causada

pela dispersdo através de uma barreira, no caso o rio Japurd. O ancestral de 7. thomasi
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provavelmente dispersou através deste rio, uma vez que ha uma intensa dindmica de mudanca
espacial e temporal de canais do baixo curso deste rio (Peixoto et al., 2009), com erosdo e
deposicao de sedimentos em lagos de meandros com transferéncia passiva da biota de uma
margem a outra (Sioli, 1984; Ayres & Clutton-Brock 1992). Além disso, a diversificacdo em
outras espécies de primatas € coincidente com a pois a reorganizacao do curso deste rio (Rohe,
2021).

Ja o ancestral de T. [. labiatus/T. l. rufiventer pode ter sido cada vez mais isolado ao
leste, uma vez que regido que ele ocupava ¢ aquela que apresentou intensa instabilidade e
dinamica fluvial (Rossetti et al., 2005; Pupim et al., 2019). Esses fatores podem ter contribuido
para que o ancestral fosse sendo isolado a leste e acabou se dispersando de volta ao sul do rio
Solimdes, chegando ao interflivio Purus-Madeira e, se expandindo ao longo desse interflavio.
As mudangas do curso do rio Ipixuna (Hayakawa et al., 2010) podem ser associadas a
diversificacdo recente entre 7. /. labiatus e T. I. rufiventer.

A dispersdo, associada as mudangas na paisagem, bem como a formagao e reorganizagao
das drenagens provavelmente atuaram na separagdo dos ancestrais de 7. mystax/T. kulina e T.
p. pileatus/T. p. pluto, uma vez que passaram a ocupar uma area ampla, a medida que houve a
disponibilidade de areas quando o grande lago regrediu e, houve a mudanca nas paisagens de
lacustre para fluvial. Esse evento de diversificagdo pode ter sido promovido pela formagao do
rio Tefé, que separou os ancestrais dessas linhagens. Com a formagao do rio Tefé, este passou
a ser uma barreira a oeste para o ancestral de 7. p. pileatus/T. p. pluto. J4 a diversifica¢do entre
os ancestrais de 7. p. pileatus e T. p. pluto pode ter sido causada pela formacao do rio Coari.
Tamarinus p. pileatus teve uma ampla expansao e, ocupa a maior parte do interflavio Purus-
Jurua, ao sul, sua distribuicao parece ser limitada pela ocorréncia de 7. subgrisescens, ja que
nenhuma barreira fisica separa a distribuicao das duas espécies.

A divergéncia de T. mystax e T. kulina provavelmente foi um evento vicariante, causada
pela mudancga de curso do rio Jurua, um dos rios mais instaveis da Amazonia Central (Rossetti
etal., 2021). O baixo rio Jurua era um afluente do rio Purus (Ruokolainen et al., 2019; Rossetti
et al., 2021), a mudanga de curso do baixo rio Jurué para o atual curso causou a separa¢ao do
ancestral de T. mystax/T. kulina, seguida da diversificagdo das espécies. Este evento também
influenciou a diversificacdo de Leontocebus avilapiresi e Leontocebus sp. 1 (Rohe, 2021), pois
a diversificacao destas linhagens ¢ congruente com a diversificagdo 7. mystax e T. kulina.

Quando 7. mystax ficou isolado na margem esquerda do rio Jurud, houve uma grande

expansao desta espécie. Essa expansdo provavelmente foi facilitada pela auséncia de outra



espécie de Tamarinus, ja que as espécies desse género possuem ecologia similar, o que
provavelmente limitar a ocorréncia em simpatria (Rylands et al., 1993).

Embora os rios sinuosos da Amazonia como o Purus e Jurua ndo atuem como barreiras
para alguns grupos de organismos (Gascon et al., 2000; Aleixo, 2004; Antonelli et al., 2010;
Ribas et al., 2012), eles desempenham um papel importante para primatas (Ayres & Clutton-
Brock, 1992; Lynch Alfaro et al., 2015; Byrne et al., 2018; Rohe, 2021), incluindo as espécies
do género Tamarinus. Além disso, os rios da bacia Amazdnica apresentam diferencas em sua
historia, volume, velocidade de fluxo e quimica entre outros fatores e, essas diferencas podem
afetar significativamente a maneira como os rios afetam a distribuicao das espécies, bem como
constituem uma barreira fisica a dispersao (Ayres & Clutton-Brock, 1992).

Outro fator importante associado ao rio Jurua ¢ que diferentes porgdes deste rio atuaram
em tempos diferentes como eventos vicariantes. Por exemplo, a formacao do curso do médio e
alto Jurua foi o evento vicariante associado a diversificagdo de algumas espécies de
Leontocebus (Rohe, 2021). Porém para Tamarinus esta por¢do foi uma barreira a dispersao,
assim como parece ser atualmente em todo o curso. Embora haja registros de T.
subgrisescens na margem esquerda do alto rio Jurud no Brasil, dentro dos limites da distribuicdo
de T. mystax, sempre foram encontrados como grupos dispersos (Peres, 1993), pois as espécies
de Tamarinus geralmente sdo associadas as florestas de terra firme e, ocasionalmente sdo
encontrados em florestas sazonalmente alagadas, nos periodos da cheia na Amazodnia (Peres,
1993; 1997). Apesar da presenca de 7. subgrisescens dentro da distribui¢ao de 7. mystax, ndo
encontramos evidéncias de hibridizagdo entre as duas espécies. Ja a mudanca de curso do baixo
rio Jurud atuou como evento vicariante que separou as espécies 7. mystax e T. kulina.

Nossa reconstrugdo biogeografica associa o papel dos rios amazonicos como agentes
vicariantes, assim como para outros primatas (Lynch Alfaro et al., 2015; Hoyos et al., 2016;
Boubli et al., 2018; Byrne et al., 2018; Carneiro et al., 2020; Rohe, 2021). Também ressaltamos
uma possivel dispersdo através de uma barreira para o ancestral do clado 7. thomasi/T. inustus
e do ancestral de T. [. labiatus/T. I. rufiventer, assim como outros organismos (Ferrari &
Martins, 1992; Collins & Dubach, 2000; Hayes & Sewlal, 2004; Rabelo et al., 2014; Lynch
Alfaro et al., 2015; Byrne et al., 2018; Pirani et al., 2019; 2020). Nossos resultados mostram
que os rios amazdnicos atuaram como agentes vicariantes primarios para a diversificacao de
Tamarinus, porém eles também atuam como barreira secundaria ao impedir ou limitar o fluxo

génico (Ayres & Clutton-Brock, 1992).
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Nossos resultados, bem como outros estudos com primatas tém demonstrado
diversificagdo intensa na Amazodnia nos ultimos 2,5 ma (Lynch Alfaro et al., 2015; Hoyos et al.,
2016; Boubli et al., 2018; Byrne et al., 2018; Carneiro et al., 2020; Rohe, 2021), assim como
outros vertebrados (Aleixo, 2004; Ribas et al., 2005; Funk et al., 2007; Patel et al., 2011; d'Horta
et al., 2013, Ribas et al., 2012, Fernandes et al., 2012; Boubli et al., 2012; Sousa-Neves et al.,
2013, Fernandes et al., 2014, Lynch Alfaro et al., 2015, Boubli et al., 2015; Thom & Aleixo,
2015; Schultz et al., 2017; Carneiro et al., 2018; Berv et al., 2021). Embora muitos eventos de
diversificacdo sejam coincidentes com a formacao dos rios amazonicos (Aleixo, 2004; Funk et
al., 2007; Ribas et al., 2012; Boubli et al., 2015; Rohe, 2021), a diversificagdo da biota
amazonica pode também ser influenciada por diferentes processos atuando sobre diferentes
organismos (Moritz et al., 2000; Solomon et al., 2008; Antonelli et al., 2010b; Smith et
al., 2014; Fouquet et al., 2015; Héggi et al., 2017; Hernddez-Rangel et al., 2018; Pupim et
al., 2019; Ruokolainen et al., 2019; Silva et al., 2019; Rossetti et al., 2021). A consideragdo
desses fatores podem ser a solu¢ao para melhorar nossa compreensao dos diferentes processos

sobre a diversificagao dos taxons amazonicos.
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Conclusio geral

Nesta tese, investiguei a filogenia, a taxonomia e biogeografia das espécies que
compoem o género Tamarinus. Nossas hipoteses testadas suportam a descricdo de uma nova
espécie, Tamarinus kulina, bem como a mudanga de status taxondmico para o nivel de espécies
para Tamarinus mystax, Tamarinus pileatus, Tamarinus imperator € Tamarinus subgrisescens.
Nossas hipoteses filogenéticas recuperadas esclareceram as relagdes filogenéticas para as
espécies e subespécies do género Tamarinus. Além disso, geramos a primeira filogenia
completa calibrada no tempo de todas as espécies e subespécies dos géneros Saguinus,
Oedipomidas e Tamarinus, com esclarecimento das relacdes filogenéticas entre elas. Além
disso, essas as filogenias dao suporte e apoiam a divisdo de Saguinus em trés géneros, o que da
suporte a proposta taxondmica anterior para esses trés géneros. Nosso modelo biogeografico
associou a formacdo dos rios amazdnicos como agentes vicariantes primdrios para a

diversificacdo das espécies do género Tamarinus.

Perspectivas futuras

No primeiro capitulo as hipdteses taxondmicas testadas deram suporte a descri¢do de
uma nova espécie, bem como a mudanca do status de espécies para outras duas. Entretanto,
para Tamarinus pileatus pluto ainda ha necessidade de se realizar uma ampla amostragem
dentro de sua distribuicdo, a fim de se testar hipoteses taxondmicas baseadas na taxonomia
proposta aqui. Além disso, identificamos potenciais areas de contados entre Tamarinus kulina
e Tamarinus pileatus pileatus e entre esta ultima e Tamarinus pileatus pluto, o que pode indicar
potenciais eventos de hibridizacdo entres elas. Investigagdes adicionais podem ajudar a

esclarecer essas questdes.
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