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RESUMO 
 

O gênero Ischnocnema compreende 33 espécies divididas em quatro séries. Dentre 

elas, a série de I. guentheri conta com 10 espécies que se distribuem principalmente pela Mata 

Atlântica brasileira. Dentro desta série, algumas espécies têm status taxonômico bastante 

complexo e sua posição filogenética, mesmo tendo sido testada de maneira robusta, tem se 

mostrado bastante instável. Assim, o presente trabalho faz uma revisão taxonômica dos 

membros da série de I. guentheri baseando-se em dados bioacústicos, morfológicos e 

moleculares, além de testar o monofiletismo da série de I.guentheri como hoje é conhecida. 

Como resultado, são descritas duas espécies relacionadas a I. oea dos estados de Minas Gerais 

e Espírito Santo e duas espécies relacionadas a I. venancioi e I. hoehnei  dos estados do 

Espírito Santo e Rio de Janeiro com base em dados morfológicos, bioacústicos e moleculares. 

O posicionamento filogenético dessas espécies também é inferido utilizando-se marcadores 

moleculares, e um novo arranjo de séries dentro do gênero é proposto. Além disso, dados de 

sequenciamento de alto rendimento aliados a dados bioacústicos revelam que, como 

suspeitado anteriormente, há pelo menos seis espécies diferentes sendo tratadas sob o nome 

de I. guentheri ou I. henselii. Estas espécies, apesar de serem morfologicamente 

indistinguíveis entre si, são linhagens que possuem fluxo gênico nulo ou muito pequeno. Por 

fim, o genoma mitocondrial de cinco espécies de Ischnocnema da série de I. guentheri  é 

construído utilizando-se os dados crus do sequenciamento de alto rendimento.  

 

 

Palavras-chave: Bioacústica, Brachycephaloidea, Sistemática, Taxonomia, Terrarana. 



        
  

 

 

ABSTRACT 
 

The Ischnocnema genus comprises 33 species divided into four series. Among them, 

the I. guentheri series houses 10 species distributed mainly through the Brazilian Atlantic 

Forest. This phylogenetic position of this species series, even though it has been robustly 

tested, has been shown to be quite unstable and some of its species have a very complex 

taxonomic status. Thus, in the present thesis we make a careful taxonomic review of the 

members of the I. guentheri series based on bioacoustic, morphological and molecular data, 

and to test its monophyly as it is known today. We describe two species related to I. oea from 

the states of Minas Gerais and Espírito Santo and two species related to I. venancioi and I. 

hoehnei from the states of Espírito Santo and Rio de Janeiro based on morphological, 

bioacoustic, and molecular data. We also propose a new phylogenetic hypothesis for 

Ischnocnema using molecular markers, and based on this hypothesis we propose a new 

arrangement of species series. In addition, high-throughput sequencing coupled with 

bioacoustic data reveal that, as previously suspected, there are at least six different species 

being treated under the names I. guentheri or I. henselii. These species, although 

morphologically indistinguishable from each other, are lineages that show no or very little 

gene flow. Finally, we construct the mitochondrial genome of five Ischnocnema species from 

the I. guentheri series using raw high-throughput sequencing data. 

 

Keywords: Bioacoustics, Brachycephaloidea, Sistematics, Taxonomy, Terrarana. 
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INTRODUÇÃO GERAL 

  

A superfamília Brachycephaloidea Günther, 1858 compreende mais de 1000 espécies 

(FROST, 2018) de anfíbios anuros neotropicais de desenvolvimento direto e representa boa 

parte da diversidade dos anfíbios atuais. A taxonomia desta superfamília tem sido bastante 

discutida nos últimos anos e seu conteúdo pode variar de três (PADIAL; GRANT; FROST, 

2014) a cinco famílias (HEINICKE et al., 2018) dependendo do autor. Apesar das diferentes 

classificações, a validade da família Brachycephalidae Günther, 1858 é senso comum entre os 

autores e inclui os gêneros Brachycephalus Fitzinger, 1826 e Ischnocnema Reinhardt e 

Lütken, 1862. 

O gênero Ischnocnema atualmente compreende 33 espécies divididas nas séries de I. 

guentheri, I. lactea, I. parva e I. verrucosa (CANEDO; HADDAD, 2012; PADIAL; GRANT; 

FROST, 2014). Dentre estas, a série de I. guentheri contém 10 espécies: I. epipeda (Heyer, 

1984), I. erythromera, (Heyer, 1984), I. gualteri (B. Lutz, 1974), I. guentheri (Steindachner, 

1864), I. henselii (Peters, 1870), I. hoehnei (B. Lutz, 1958), I. izecksohni (Caramaschi e 

Kisteumacher, 1989), I. nasuta (A. Lutz, 1925), I. oea (Heyer, 1984) e I. venancioi (B. Lutz, 

1958). As espécies da série de I. guentheri se distribuem pela Mata Atlântica brasileira, sendo 

que I. henselii chega até a província de Misiones, na Argentina (GEHARA et al., 2013; 

HEDGES; DUELLMAN; HEINICKE, 2008). Até pouco tempo, Ischnocnema era sinônimo 

júnior do gênero Eleutherodactylus Duméril e Bibron, 1841 (CARAMASCHI; CANEDO, 

2006) e muito tem se discutido sobre a taxonomia e sobre a posição filogenética do gênero, 

bem como da série de I. guentheri e seus membros nos últimos anos. 

  

HISTÓRICO TAXONÔMICO 

  

Os Eleutherodactylus da Mata Atlântica brasileira (hoje pertencentes a três gêneros, 

incluindo Ischnocnema) eram divididos em quatro grupos taxonômicos baseandos na 

morfologia dos dedos e na pele do ventre (LYNCH, 1976). Dentre estes grupos, o de E. 

binotatus continha seis espécies (três delas na atual série de I. guentheri): E. binotatus (Spix, 

1824), E. gualteri, E. guentheri, E. nasutus, E. octavioi Bokermann, 1965 e E. plicifer 

(Boulenger, 1888). 

Alguns anos mais tarde, o grupo de E. guentheri foi criado (no original em inglês foi 

chamado de “cluster” de E. guentheri) para alocar uma parte dos membros do grupo de E. 
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binotatus (HEYER, 1984). Apesar desta hipótese não ter sido testada, o grupo foi considerado 

como sendo um arranjo natural dentro do grupo de E. binotatus. O grupo de E. guentheri 

continha seis espécies, todas na atual série de I. guentheri: E. epipedus, E. erythromerus, E. 

gualteri, E. guentheri, E. nasutus e E. oeus. 

Depois de algum tempo foi criado o subgênero Eleutherodactylus, que foi dividido em 

cinco séries de espécies (LYNCH; DUELLMAN, 1997). Uma destas séries era a de E. 

binotatus, que continha o grupo de E. binotatus (sensu HEYER, 1984) e outros três grupos, 

totalizando 19 espécies, a maioria da Mata Atlântica brasileira. Ao grupo de E. binotatus 

ainda foram adicionados E. heterodactylus (Miranda-Ribeiro, 1937), E. hoehnei, E. izecksohni 

(Caramaschi e Kisteumacher, 1989) e E. juipoca (Sazima e Cardoso, 1978). 

Até recentemente, o gênero Ischnocnema possuía apenas uma espécie na Mata 

Atlântica, I. verrucosa (Reinhardt e Lütken, 1862), e as outras cinco espécies do gênero 

habitavam os Andes e regiões vizinhas (PADIAL et al., 2005). Porém, características 

osteológicas presentes em I. verrucosa, espécie tipo do gênero, fizeram com que o gênero 

Ischnocnema fosse colocado na sinonímia de Eleutherodactylus (onde a maioria dos 

Brachycephaloidea se encontrava na época) e o gênero Oreobates Jiménez-de-la-Espada, 

1872 fosse revalidado para alocar as outras cinco espécies andinas. Porém, logo um estudo 

filogenético incluindo diversas espécies de Eleutherodactylus (HEINICKE; DUELLMAN; 

HEDGES, 2007) foi realizado, e o gênero Ischnocnema foi revalidado para alocar a maioria 

das espécies de Eleutherodactylus da Mata Atlântica brasileira. 

Posteriormente foi feita uma nova classificação baseada em um extensivo estudo 

filogenético abrangendo inúmeras espécies de anuros do novo mundo que possuíam 

desenvolvimento direto (atualmente Brachycephaloidea) e Ischnocnema foi dividido em cinco 

séries de espécies, uma delas sendo a série de I. guentheri (HEDGES; DUELLMAN; 

HEINICKE, 2008). Este táxon continha 11 espécies, muitas delas presentes no grupo de E. 

guentheri de classificações anteriores, porém com algumas novidades. São elas: I. epipeda, I. 

erythromera, I. gualteri, I. guentheri, I. henselii (que havia sido recentemente retirada da 

sinonímia de I. guentheri; KWET; SOLÉ, 2005), I. hoehnei, I. izecksohni, I. nasuta, I. 

octavioi, I. oea e I. vinhai. Porém, logo em seguida, I. octavioi foi retirada da série de I. 

guentheri e realocada para a série de I. verrucosa, com base em características morfológicas 

(CANEDO et al., 2010). 

Uma nova hipótese filogenética, abrangendo diversas espécies de Brachycephaloidea e 

contando com a maioria das espécies de Ischnocnema descritas até então (aproximadamente 

80 %), foi realizada e a série de I. guentheri sofreu algumas modificações (CANEDO; 
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HADDAD, 2012). Com base nos resultados da filogenia, I. vinhai foi realocada para o gênero 

Pristimantis Jiménez-de-la-Espada, 1870 e I. venancioi, anteriormente na série de I. lactea 

(HEDGES; DUELLMAN; HEINICKE, 2008), se tornou parte da série de I. guentheri. 

Ischnocnema epipeda e I. gualteri não foram testadas, mas com base em similaridades 

morfológicas foram mantidas na série de I. guentheri. 

Além da intensa discussão acerca da posição filogenética e da taxonomia da série de 

Ischnocnema guentheri como um todo, o status taxonômico de algumas espécies dentro da 

série tem se mostrado complexo e isso gerou discussão na literatura. Ischnocnema guentheri 

foi considerada durante muito tempo uma espécie de ampla distribuição ao longo da Mata 

Atlântica (GEHARA et al., 2013; HEYER, 1984). Sua localidade tipo é a Floresta da Tijuca, 

dentro da cidade do Rio de Janeiro, (HÄUPL; TIEDEMAN; GRILLITSH, 1994) e a espécie 

era considerada presente em mais seis estados brasileiros (HEYER, 1984): Espírito Santo, 

Minas Gerais, Paraná, Rio Grande do Sul, Santa Catarina e São Paulo. A morfologia da 

espécie é similar ao longo de toda esta distribuição, mas I. henselii foi retirada da sinonímia 

de I. guentheri (KWET; SOLÉ, 2005) com base em bioacústica, posição em que havia sido 

colocada por estudos anteriores baseados em morfologia (COCHRAN, 1955; HEYER, 1984). 

Os cantos analisados no estudo que revalidou I. henselii eram oriundos dos estados de Santa 

Catarina, norte do Rio Grande do Sul e província de Misiones, Argentina, o que levou os 

autores a concluir que esta era a distribuição de I. henselii. No mesmo trabalho, também 

foram comparados cantos de populações de localidades distintas atribuídas a I. guentheri. 

Devido à grande variação nesses cantos, os autores chegaram à conclusão de que I. guentheri 

era provavelmente um complexo de espécies. Mais tarde, um estudo utilizando dados 

moleculares e bioacústicos e envolvendo inúmeras populações de atribuídas a I. guentheri e I. 

henselii dentro da distribuição conhecida dessas espécies, concluiu algo um tanto 

surpreendente. Ischnocnema guentheri, uma espécie até então de distribuição bastante ampla, 

constituía uma única linhagem que estava restrita à Floresta da Tijuca, um fragmento de mata 

urbano com cerca de 12.500 ha (GEHARA et al., 2013). Este mesmo estudo também concluiu 

que, além das duas espécies já descritas, o complexo de I. guentheri possuía pelo menos mais 

quatro espécies, sendo várias delas sintópicas, e que a distribuição de I. henselii se estende por 

pelo menos 600 km ao norte da distribuição até então conhecida para a espécie (chegando até 

o estado de São Paulo). Entretanto, o trabalho é concluído indicando a necessidade de uma 

revisão taxonômica e uma avaliação mais detalhada das espécies aparentemente novas para a 

ciência. 



16 
 

 

Ischnocnema izecksohni era considerada endêmica do Quadrilátero Ferrífero, porção 

sul da Cadeia do Espinhaço, no estado de Minas Gerais (LEITE; JUNCÁ; ETEROVICK, 

2008). A espécie, descrita da cidade de Belo Horizonte, tem como espécie mais próxima I. 

nasuta (CARAMASCHI; KISTEUMACHER, 1989) e teve o canto descrito recentemente 

(TAUCCE et al., 2012). Além disso, com base em morfologia e bioacústica, sua distribuição 

foi estendida para várias outras localidades no estado de Minas Gerais, todas na Serra da 

Mantiqueira. Devido às diferenças morfológicas subjetivas entre I. izecksohni e I. nasuta, 

também foi constatado que estas espécies poderiam ser sinônimos e mais dados deveriam ser 

levantados, principalmente com relação a I. nasuta em sua localidade tipo, Nova Friburgo, 

região serrana do estado do Rio de Janeiro (A. LUTZ, 1925), para que o status taxonômico 

dessas duas espécies fosse confirmado (TAUCCE et al., 2012). Na árvore resultante do 

trabalho de Canedo e Haddad (2012), I. nasuta se mostrou parafilética com relação a I. 

izecksohni, porém não foi analisado material de Nova Friburgo, apenas de Minas Gerais e 

Espírito Santo. Além de toda informação presente na literatura, saídas de campo e visitas às 

coleções taxonômicas também revelaram espécies ainda não descritas pela ciência (P.P.G. 

Taucce, dados não publicados). 

Tendo tudo isto em vista, o presente trabalho teve como objetivo testar o 

monofiletismo da série de Ischnocnema guentheri como hoje é conhecida, bem como seu 

relacionamento dentro do gênero Ischnocnema. Também se objetivou realizar uma cuidadosa 

revisão taxonômica dos membros da série de I. guentheri, utilizando três fontes de evidência 

principais: molecular, bioacústica e morfológica. Para isto, esta tese se divide em quatro 

capítulos. O primeiro deles trata de I. oea e duas novas espécies proximamente relacionadas a 

ela, e do posicionamento filogenético deste clado dentro da série de I. guentheri. O segundo 

capítulo engloba uma filogenia para o gênero Ischnocnema, com a redefinição de suas séries 

de espécies e a descrição de duas novas espécies relacionadas a I. hoehnei e I. venancioi. O 

terceiro capítulo trata de I. guentheri e I. henselii, utilizando quase 400 marcadores 

moleculares oriundos de sequenciamento de alto rendimento, aliados a dados bioacústicos e 

morfológicos, para corroborar a suspeita de que na verdade estas duas espécies são um 

complexo de espécies morfologicamente crípticas. Este capítulo também trata da série tipo de 

I. nasuta e de Elosia divisa Wandolleck, 1907, um nome atualmente sob a sinonímia de I. 

guentheri (COCHRAN, 1955; HEYER, 1984; KWET; SOLÉ, 2005) e que pode ser 

revalidado. Por último, o quarto capítulo usa técnicas de bioinformática para construir os 

genomas mitocondriais de cinco espécies da série de I. guentheri, utilizando os dados crus do 
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sequenciamento de alto rendimento utilizado no capítulo anterior. Os capítulos foram 

formatados segundo modelo dos periódicos científicos os quais foram ou serão submetidos. 
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ABSTRACT: We describe two new species of Ischnocnema from the states of Minas 26 

Gerais and Espírito Santo, southeastern Brazil, based on morphological, bioacoustical, and 27 

molecular data. We use three mitochondrial and two nuclear genes in Bayesian inference and 28 

maximum likelihood analyses to assess their phylogenetic placement within the I. guentheri 29 

series. The two new species group with I. oea in a well-supported clade in both analyses and 30 

have a calcar tubercle that is at least as long as wide. This type of tubercle seems to be a 31 

putative synapomorphy for the clade. We provide a revised diagnosis for the I. guentheri 32 

series, with characters shared by all its members, and discuss the close relationship between 33 

the I. parva and the I. guentheri series. 34 

 35 

Key words: Advertisement call; External morphology; Integrative taxonomy; 36 

Ischnocnema feioi sp. nov.; Ischnocnema garciai sp. nov.; Ischnocnema oea; Molecular 37 

phylogeny 38 
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THE GENUS Ischnocnema Reinhardt & Lütken, 1862 “1861”comprises 33 species (Frost 2016) 39 

and it is currently divided into four series: I. guentheri, I. lactea, I. parva, and I. verrucosa 40 

(Canedo and Haddad 2012, Padial et al. 2014). Ten species are currently recognized in the I. 41 

guentheri series: I. epipeda (Heyer 1984), I. erythromera (Heyer 1984), I. gualteri (B. Lutz 42 

1974), I. guentheri (Steindachner 1867), I. henselii (Peters 1870), I. hoehnei (B. Lutz 1958), I. 43 

izecksohni (Caramaschi and Kisteumacher 1989 "1988"), I. nasuta (A. Lutz 1925), I. oea 44 

(Heyer 1984), and I. venancioi (B. Lutz 1958). The series occurs throughout the Atlantic 45 

Forest in southeastern and southern Brazil and adjacent northern Argentina (Frost 2016). The 46 

systematics of the I. guentheri series has experienced many changes over the past few 47 

decades. 48 

Lynch (1976) divided the former Eleutherodactylus Duméril and Bibron 1841 from 49 

the Brazilian Atlantic Forest into four species groups based on finger morphology and venter 50 

skin texture: the E. binotatus, E. lacteus, E. parvus, and E. ramagii groups. The E. binotatus 51 

(currently Haddadus binotatus [Spix, 1824]) group contained six species, three of them in the 52 

current I. guentheri series: I. gualteri, I. guentheri, and I. nasuta. Ischnocnema henselii and I. 53 

hoehnei were not assigned to this group due to lack of data and I. venancioi was placed into 54 

the E. lacteus group. Heyer (1984) studied the variation, systematics, and zoogeography of 55 

the former E. guentheri (= I. guentheri) and created what he called the “E. guentheri cluster,” 56 

based on external morphology. His grouping was a part of the E. binotatus group (sensu 57 

Lynch, 1976), and included I. gualteri, I. guentheri, I. nasuta, and three new species he 58 

described at the time: I. epipeda, I. erythromera, and I. oea. Just over a decade later, Lynch 59 

and Duellman (1997) created the E. binotatus series to allocate all the Atlantic Forest 60 

Eleutherodactylus species, including the E. binotatus, E. lacteus, E. parvus, and E. ramagii 61 

groups (sensu Lynch, 1976). Their E. binotatus group included the members of the E. 62 

binotatus group proposed by Lynch (1976), the members of the E. guentheri cluster proposed 63 
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by Heyer (1984), I. hoehnei, I. izecksohni, and two other species. Ischnocnema venancioi was 64 

placed in the E. binotatus series but was unassigned to any goup. Heinicke et al. (2007), in a 65 

molecular study assessing several Eleutherodactylus from all over the American continent, 66 

reallocated most of the Eleutherodactylus from the Brazilian Atlantic Forest to the genus 67 

Ischnocnema, and Hedges et al. (2008) divided the genus into five series.  They placed I. 68 

venancioi in the I. lactea series, and their I. guentheri series included 11 species: all the 69 

members from the former E. guentheri cluster (Heyer 1984) plus I. henselii, I. hoehnei, I. 70 

izecksohni, I. octavioi (Bokermann 1965), and I. vinhai (Bokermann 1975" 1974"). Shortly 71 

thereafter, Canedo et al. (2010) examined the external morphology of I. octavioi and based on 72 

these observations reallocated the species to the I. verrucosa series. Canedo and Haddad 73 

(2012) made the first phylogenetic study encompassing most species of Ischnocnema (more 74 

than 80% of the described species at the time), and transferred I. vinhai to the genus 75 

Pristimantis Jiménez de la Espada 1870. They also included I. venancioi in the I. guentheri 76 

series based on its phylogenetic placement. Gehara et al. (2013) did the first attempt in 77 

assessing the taxonomy of the I. guentheri series using molecular and acoustic data together. 78 

Authough they did not make any taxonomic decision, they found four candidate species 79 

related to I. guentheri and I. henselii, showing that the species richness in the I. guentheri 80 

series is probably underestimated. 81 

Recent field work in the state of Minas Gerais and museum visits resulted in the 82 

discovery of two unnamed species of the I. guentheri series with overall morphology similar 83 

to I. oea, from the localities of Serra do Brigadeiro, municipalities of Ervália and Muriaé, and 84 

Usina da Fumaça, municipality of Muriaé. The aims of this paper are primarily to: (1) 85 

describe the two new species using morphological, bioacoustical, and molecular data; (2) 86 

evaluate the phylogenetic position of the two new species within the I. guentheri series; and 87 

(3) reevaluate the diagnostic characters proposed in recent literature for the I. guentheri series. 88 
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 89 

MATERIAL AND METHODS 90 

 91 

Taxon and Gene Sampling 92 

 93 

Aiming to assess the phylogenetic position of the two new species we compiled a 94 

molecular dataset with all nominal species of Ischnocnema available in GenBank (all 95 

terminals and respective Genbank accession numbers are listed in Appendix I) and also the 96 

four unnamed candidate species related to I. guentheri from the Gehara et al. (2013) study. 97 

Outgroup selection was based on previous phylogenetic studies (Canedo and Haddad 2012; 98 

Padial et al. 2014) and included members of the superfamily Brachycephaloidea Günther 99 

1858: Barycholos Heyer 1969, Brachycephalus Fitzinger 1826, Craugastor Cope 1862, 100 

Eleutherodactylus, Haddadus Hedges et al. 2008, Hypodactylus Hedges et al. 2008, Lynchius 101 

Hedges et al. 2008, Pristimantis, and Yunganastes Padial et al. 2007. We selected the 102 

mitochondrial 12S rRNA, tRNAVal, and partial sequence 16S rRNA genes, and partial 103 

sequences of the nuclear tyrosinase precursor (Tyr) and recombination activating gene 1 104 

(RAG1) genes because they were available for most Ischnocnema species.  105 

 106 

Laboratory Procedures 107 

 108 

We extracted whole cellular DNA from 100% ethanol-preserved muscle tissues using 109 

the Standard Ammonium Precipitation Method (Maniatis et al. 1982). PCR amplifications 110 

were carried out using Taq DNA Polymerase Master Mix (Ampliqon S/A, Denmark) and 111 

Axygen Maxygene thermocyclers. The standard PCR program consisted of a 3 min initial 112 

denaturing step at 95ºC, followed by 35–36 (nuclear 40–42) cycles of 20 s at 95ºC, 20 s at 45–113 
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60ºC, and 45 or 80 s at 68 or 72ºC, followed by a final extension step of 5 min at 68 or 72ºC. 114 

We carried out PCR product cleaning using enzymatic purifications (Shrimp Alkaline 115 

Phosphatase and Exonuclease I, Werle et al. 1994). Purified PCR products were sent to 116 

Macrogen Inc. (South Korea) where they conducted sequencing in an ABI 3730XL sequencer. 117 

Primer pairs are detailed in Table 1 and Genbank accession numbers are given in Appendix II.  118 

 119 

Alignment, Partition Schemes, and Nucleotide Substitution Model Selection 120 

 121 

We performed alignment using MAFFT v. 7.273 (Katoh and Standley 2013). For the 122 

nuclear gene fragments we used the FFT-NS-2 algorithm and for the 12S-tVal-16S 123 

concatenated fragment we used the E-INS-i algorithm, which is adapted for sequences with 124 

conserved domains and variable regions rich in gaps.  125 

We conducted a search for the best partition scheme and best fitting nuclear models 126 

with PartitionFinder v. 1.1.1 (Lanfear et al. 2012) using the Corrected Akaike Information 127 

Criterion (AICc; Hurvich and Tsai 1989) and considering each gene and each codon as 128 

separate partitions.  129 

 130 

Genetic Distance and Phylogenetic Analyses 131 

 132 

 We computed uncorrected pairwise distances using R version 3.2.4 (R Core Team 133 

2016) with the packages APE version 3.4 (Paradis et al. 2004) and SPIDER version 1.3-0 134 

(Brown et al. 2012). The fragment of the 16S rDNA employed in the genetic distance 135 

calculation was the one delimited by the primers 16S AR–BR (ca. 600 bp; Palumbi et al. 136 

1991). 137 
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 We conducted tree searches using both maximum likelihood and Bayesian inference 138 

optimality criterions. We computed maximum likelihood analysis in RAxML v. 8.2.2 139 

(Stamatakis 2014), searching the most likely tree 100 times and conducting 1000 non-140 

parametric bootstrap replicates. We computed Bayesian inference analysis in MrBayes 3.2.6 141 

(Ronquist et al. 2012) using two independent runs of 1.0 x 107
 generations, starting with 142 

random trees and four Markov chains (one cold), sampled every 1000 generations. We 143 

discarded 25% of generations and trees as burnin and performed the run with unlinked 144 

character state frequencies, substitution rates of GTR model, gamma shape parameters, and 145 

proportion of invariable sites between partitions. We used standard deviation of split 146 

frequencies (< 0.01), Estimated Sample Size (ESS > 100), and Potential Scale Reduction 147 

Factor (PSRF; Gelman and Rubin 1992; should approach 1.0 as runs converge) to assess run 148 

convergence. We used Eleutherodactylus as root for both analyses, and we draw phylogenetic 149 

trees using FigTree 1.4.2 (Rambaut 2014).  150 

 151 

Morphological Analyses 152 

 153 

 The following measurements were taken to the nearest 0.1 mm with a Mitutoyo® 154 

digital caliper under a stereomicroscope: snout-vent length (SVL), head length (from the tip 155 

of the snout to the angle of the jaw), head width (between the angles of the jaws), forearm 156 

length (from the elbow to the wrist), hand length (from the wrist to the tip of the third finger), 157 

thigh length (from the middle of the cloacal opening to the outer edge of the knee), tibia 158 

length (from the outer edge of the knee to the outer edge of the heel), tarsal length (from the 159 

outer edge of the heel to the inner metatarsal tubercle), and foot length (from the proximal 160 

border of the inner metatarsal tubercle to the tip of the fourth toe). Eye diameter (between 161 

anterior and posterior margins of the eye), tympanum diameter (between anterior and 162 
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posterior margins of the tympanum), eye to nostril distance (from the anterior margin of the 163 

eye to the posterior margin of the nostril), internarial distance (between the two medial 164 

margins of the nostrils), eye to eye distance (between the anterior margins of the eyes), third 165 

finger disk length (maximum width of disk on third finger), and fourth toe disk length 166 

(maximum width of disk on fourth toe) were taken with an ocular micrometer coupled to a 167 

stereomicroscope. Sex was determined by the observation of nuptial pads and vocal slits in 168 

males and gonads of females. Morphological nomenclature follows previous literature on 169 

Brachycephaloidea (Heyer 1984; Heyer et al. 1990; Hedges et al. 2008; Duellman and Lehr 170 

2009). Museum acronyms follow Sabaj (2016) and a full list of specimens examined is given 171 

in Appendix III. 172 

 173 

Call Analyses 174 

 175 

 We recorded advertisement calls from both of the new species using a Marantz PMD 176 

660, PMD 661 or a Tascam DR-40, coupled to a Sennheiser K6/ME66 unidirectional 177 

microphone. Recordings were carried out at 44.1 kHz on a 16 bit sampling size. To analyze 178 

the recordings we used the software Raven pro 1.4 (Bioacoustics Research Program 2011). 179 

Spectrograms were produced using window size of 512 samples, 75% overlap, hop size of 180 

128 samples, Discrete Fourier Transform (DFT) of 1024 samples, and window type Hann. 181 

Resolution, contrast, and brightness were program default. We obtained spectrogram and 182 

oscillogram figures using tuneR version 1.0 (Ligges et al. 2013) and seewave version 2.0.2 183 

(Sueur et al. 2008) packages of R platform version 3.2.4 (R Core Team 2016). Spectrogram 184 

figures were produced with window length of 512 samples, 75% overlap, hop size of 128 185 

samples, and window name Hanning. Call recordings of Pedro P. G. Taucce (PPGT 001–008) 186 

are deposited in the CFBH collection and remaining analyzed call recordings are deposited in 187 
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the Bioacoustics Collection of the Universidade Federal de Minas Gerais, Belo Horizonte, 188 

Minas Gerais, Brazil (CBUFMG 916–917) and in the voice collection of the Museu Nacional, 189 

Rio de Janeiro, Rio de Janeiro, Brazil (MNVOC 043:1–3). Voucher specimens are housed at 190 

CFBH, MZUFV, and UFMG. Full information for the recordings is listed in Appendix IV.  191 

 The following acoustic parameters were taken: call duration (= call length from 192 

Cocroft and Ryan 1995), call rise time (Hepp and Canedo 2013), dominant frequency 193 

(Cocroft and Ryan 1995), notes per call, note repetition rate (Gehara et al. 2013), and note 194 

repetition rate acceleration (Gehara et al. 2013). Ischnocnema oea recently had its 195 

advertisement call described (Hepp and Canedo 2013). Although we did not reanalyse the 196 

recordings used in this description, we measured note repetition rate acceleration for the sake 197 

of comparison with our recordings, since this parameter was not used by Hepp and Canedo 198 

(2013).  199 

   200 

RESULTS 201 

 202 

Alignment, Partition Schemes, and Nucleotide Substitution Model Selection 203 

 204 

 We obtained a final alignment of 3585 base pairs divided in three mitochondrial and 205 

two nuclear genes, respectively: 12S rRNA (1016 bp), tRNAVal (75 bp), partial 16S rRNA 206 

(1533 bp), partial RAG1 (417 bp), and partial Tyr (531 bp). The best-fit partition scheme 207 

comprised seven partitions, which are shown with respective substitution models used in the 208 

Bayesian inference analysis in Table 2. For the maximum likelihood analysis we used the 209 

General Time Reversible model with γ-distribution for all the partitions because RAxML does 210 

not support estimating different models for different partitions.  211 

 212 
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Genetic Distance and Phylogenetic Analyses 213 

 214 

The uncorrected pairwise distance of partial 16S rRNA between Ischnocnema oea and I. 215 

garciai was 10.4 to 10.7% and between I. oea and I. feioi was 9.9%. The genetic distance 216 

between I. feioi and I. garciai was 7.0 to 7.8%. Distances among these species and other 217 

closely related species within the I. guentheri series are summarized in Table 3. 218 

 The Bayesian inference and the maximum likelihood analyses resulted in the same 219 

topology. Mostly with high support, we recovered all currently recognized Ischnocnema 220 

series as reciprocally monophyletic groups, as well as the same relationships among series as 221 

those recovered by Canedo and Haddad (2012, Fig. 1). However, we recovered the I. 222 

guentheri and the I. parva series with low support (61% of posterior probability and 55% of 223 

maximum likelihood bootstrap, 91% of posterior probability and 62% of maximum likelihood 224 

bootstrap, respectively). Within the I. guentheri series, results were mostly consistent with 225 

previous hypotheses (Canedo and Haddad 2012; Gehara et al. 2013). Ischnocnema oea 226 

clustered with I. garciai and I. feioi in a well-supported clade (100% of posterior probability 227 

and maximum likelihood bootstrap) and was the sister species of I. garciai. 228 

 229 

Morphological Analyses 230 

 231 

 Morphological characteristics allowed us to distinguish the three new species within 232 

the Ischnocnema oea cluster from all other members from the I. guentheri series. The main 233 

character states distinguishing the three species are the calcar tubercle being at least as long as 234 

wide in adult males (absent or less long than wide in other species; Fig. 2) and smaller SVL. 235 

Among the three species, I. oea is morphologically indistinguishable from I. garciai, but I. 236 
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feioi has a larger SVL (Table 4) and a straight canthus rostralis in dorsal view (concave in the 237 

other two species).  238 

 239 

Call Analyses 240 

 241 

 We analyzed 52 advertisement calls from 12 individuals, and all of them showed the 242 

same basic structure: groups of short notes emitted sporadically, with irregular intervals 243 

between calls. The advertisement calls begin with low energy notes, increasing in energy 244 

gradually until a peak is reached, which is accordant with the other known calls of the 245 

Ischnocnema guentheri series. Despite having great genetic distance and being 246 

morphologically distinguishable (see above), I. oea and I. feioi have similar advertisement 247 

calls, exhibiting some degree of overlap in all analyzed parameters (Fig. 3A, 3B; Table 5). 248 

However, I. garciai has a notably distinct advertisement call (Fig. 3C; Table 5).  249 

 Based on the molecular, bioacoustical, and morphological data presented here we 250 

consider the three species within the Ischnocnema oea cluster as distinct evolving lineages. 251 

Here we redescribe I. oea and describe the other two new species.  252 

 253 

Species Accounts 254 

 255 

Ischnocnema oea (Heyer 1984) 256 

Figs. 4A, 5 257 

 258 

Eleutherodactylus oeus Heyer 1984: Heyer (1984:iii, 22 [his table 20], 23,  26, 27 [his fig. 259 

21], 31–33 [his fig. 26], 40), species description. 260 
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Eleutherodactylus (Eleutherodactylus) oeus: Lynch and Duellman (1997:229 [their appendix 261 

III]). 262 

Ischnocnema oea: Heinicke et al. (2007: by implication); Hedges et al. (2008:25, 27, 151 263 

[their appendix I]); Canedo et al. (2010: 632–633); Canedo and Haddad (2012: 611, 619 264 

[their table 3]), Padial et al. (2014:122 [their appendix II]). 265 

 266 

 Holotype.— MNRJ 1244, adult male. Municipality of Santa Teresa, state of Espírito 267 

Santo, Brazil. Collected by Augusto Ruschi in December 1942. 268 

 Paratypes.— USNM 235612, MZUSP 59684 (not examined).   269 

 Diagnosis.— In the Ischnocnema guentheri series by phylogenetic placement (Canedo 270 

and Haddad 2012, Fig. 1) and the following combination of characters: (1) long legs, tibia 271 

length > 60% of SVL; (2) one large, conspicuous, glandular appearing nuptial pad on Finger 272 

I; (3) dorsum smooth. Ischnocnema oea is distinguished from all other species of the I. 273 

guentheri series by the following combination of characters: (1) calcar tubercle at least as 274 

long as wide in adult specimens; (2) small size (SVL in males 13.5–17.8 mm, n = 13; females 275 

24.7–25.0, n = 2); (3) posterior face of the thigh uniform or mottled; (4) canthus rostralis 276 

concave in dorsal view; (5) Finger I approximately the same size as Finger II; (6) 277 

advertisement call duration 4.56–8.49 s; (7) dominant frequency 3.09–4.13 kHz; (8) 25–41 278 

notes per call; (9) note repetition rate 4.80–5.70 notes/s; (10) note repetition rate acceleration -279 

9–61%. 280 

 Redescription of the holotype.— Small size (SVL 17.1 mm). Head longer than wide; 281 

head length 44% of SVL, head width 33% of SVL; snout rounded in dorsal and lateral views; 282 

nostrils rounded; oriented laterally, located near the tip of the snout; canthus rostralis 283 

moderately distinct, curved; loreal region slightly concave; eyes protuberant and laterally 284 

oriented, eye diameter 30% of head length; tympanum distinct, rounded, tympanic membrane 285 
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indifferentiated, annulus present, visible externally, tympanum diameter 38% of eye diameter; 286 

supratympanic fold absent; vocal slits present; vocal sac single, subgular, slightly expanded 287 

externally, with a fold of skin on the right side; tongue large, elliptical, posterior notch absent; 288 

choanae rounded; dentigerous processes of the vomer located posteromedially to choanae, 289 

triangle-shaped, medially separated by a gap approximately the width of one dentigerous 290 

process, teeth present, barely distinct.  291 

 Forelimbs slender; fingers slender, bearing discrete fringes, with small discs on fingers 292 

I and II, larger discs on fingers III and IV with a V-shaped median slit in dorsal view; finger 293 

lengths I ≈ II < IV < III; palmar tubercle barely distinct; thenar tubercle elliptical, barely 294 

distinct; single nuptial pad apparently glandular, with the same color as the hand, extending 295 

dorsaly from the distal to the proximal portion of the metacarpus on Finger I, divided ventraly 296 

on the distal margin of the thenar tubercle, extending all over its caudal third; palm smooth 297 

with one barely distinguishible supernumerary tubercle; single subarticular tubercles 298 

prominent, rounded, and large. 299 

 Hind limbs slender; shank longer than thigh, tibia length 67% of SVL, thigh length 300 

60% of SVL; calcar tubercle well-developed, cone-shaped, as long as wide; knees with two 301 

pointed tubercles; tarsal fold absent; toes long, slender, fringed, with large discs on toes II–V, 302 

which have a V-shaped median slit in dorsal view; small disc on Toe I; toe lengths I < II < III 303 

< V < IV; inner metatarsal tubercle elliptical, much larger than the rounded outer metatarsal 304 

tubercle; sole of the foot smooth, with one supernumerary tubercle; single large, prominent, 305 

and rounded subarticular tubercles. 306 

 Dorsal skin smooth, with a few sparse tubercles; dorsal surface of the snout and upper 307 

eyelid with some barely distinguishible, pointed tubercles; venter smooth, with no tubercles; 308 

discoidal and thoracic folds present.  309 
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 Coloration of the holotype in preservative.— The specimen is somewhat faded. 310 

Background yellowish-brown; dorsum completely variegated; head with cream-colored 311 

interorbital bar; brown lateral strip from right below eyes to upper lip; canthus rostralis with 312 

brown blotch near nostrils; brown supratympanic stripe starting in tympanum, contouring 313 

arm, and reaching abdomen at mid-body; inguinal region with brown spot; dorsal portion of 314 

forelimbs yellowish-brown with transversal brown stripes; ventral portion of forelimbs 315 

yellowish-brown; hidden portion of thigh yellowish-brown; external portion of tibia with 316 

brown longitudinal bar; venter yellowish-brown; gular region yellowish-brown with some 317 

irregularly spaced brown blotches; margins of jaw brown. 318 

 Measurements of holotype (in millimeters).— SVL 17.1, head length 7.4, head 319 

width 5.6, eye diameter 2.2, tympanum diameter 0.8, eye–nostril distance  2.2, internarial 320 

distance 1.6, eye to eye distance 3.3, forearm length 3.7, hand length 3.8, third finger disk 321 

length 0.5, thigh length 10.3, tibia length 11.4, tarsal length 5.8, foot length 9.9, fourth toe 322 

disk length 0.6. 323 

 Variation.— Additional referred specimens are listed in Appendix III. Some 324 

specimens have a sub-elliptical snout in dorsal view. We found great variation in the shape of 325 

the nostrils, which may be triangular, elliptical, and ovoid. The supratympanic stripe may be 326 

just a blotch in the upper tympanic region or may reach the mid-body without going down to 327 

the abdominal region. The shapes of the tongue and choanae openings are highly variable. 328 

Some individuals have the tongue and choanae openings rounded, ovoid, and elliptical. Upper 329 

eyelid tubercles and finger fringes are absent in some specimens, and postrictal tubercles are 330 

present in some. Females were markedly larger than males (SVL in females 24.7–25 mm, n = 331 

2; males 13.5–17.8 mm, n = 13). In juveniles, the calcar tubercle may be as long as wide, 332 

shorter than wide, or absent. Variation in measurements and body proportions are given in 333 

Table 4.  334 
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 Advertisement call.— The advertisement call is described in detail by Hepp and 335 

Canedo (2013). 336 

 Comparisons with other species.— The long legs (tibia length/SVL = 66–74%) 337 

distinguish I. oea from the species of the I. lactea (tibia length/SVL usually < 50%, Hedges et 338 

al. 2008), I. parva (tibia length/SVL < 60%; Hedges et al. 2008; Brusquetti et al. 2013), and I. 339 

verrucosa (tibia length/SVL < 55%; Hedges et al. 2008; Canedo et al. 2010, 2012) series, and 340 

from I. sambaqui (Castanho and Haddad 2000) (currently unassigned to any series; tibia 341 

length/SVL < 55%; Castanho and Haddad 2000). The large and conspicuous, glandular-342 

appearing nuptial pad on Finger I distinguishes I. oea from the species of the I. lactea (minute 343 

nuptial pad in I. randorum [Heyer 1985]; translucent in I. nigriventris [A. Lutz 1925] and I. 344 

vizottoi Martins and Haddad 2010; reduced to some white granules in I. holti [Cochran 1948]; 345 

absent in I. melanopygia Targino, Costa and Carvalho-e-Silva 2009 and I. spanios [Heyer 346 

1985]; unknown in other species; Heyer 1985; Hedges et al. 2008; Targino and Carvalho-e-347 

Silva 2008; Berneck et al. 2013) and I. verrucosa series (except for I. surda Canedo et al. 348 

2010, in which the nuptial pad is also large, conspicuous, and glandular-appearing; faint, 349 

translucent nuptial pad in I. karst Canedo et al. 2012; absent in other species; Hedges et al. 350 

2008; Canedo et al. 2010, 2012) and from I. manezinho (Garcia 1996) (currently unassigned 351 

to any series) and I. sambaqui (absent in these last two species; Garcia 1996; Castanho and 352 

Haddad 2000). The smooth dorsum distinguishes I. oea from the species of the I. verrucosa 353 

series (dorsum tuberculate in these species; Hedges et al. 2008; Canedo et al. 2010, 2012), 354 

from I. manezinho (finelly tuberculate; Garcia 1996), and from I. sambaqui (slightly rugose to 355 

rugose; Castanho and Haddad 2000). 356 

 Ischnocnema oea differs from all species of the I. guentheri series by having a calcar 357 

tubercle that is at least as long as it is wide in adult specimens (calcar tubercle absent or not as 358 

long as wide in other species). 359 
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 By its smaller body size, I. oea (SVL in males 13.5–17.8 mm; females 24.7–25 mm) 360 

differs from I. erythromera (SVL in males 22.3–24.4 mm; females 24.3–35.3 mm; Heyer 361 

1984), I. gualteri (SVL in males 21.3–34.1 mm; females 33.6–45.7 mm; Heyer 1984), I. 362 

henselii (SVL in males 21.0–27.5 mm; females 28.4–38.4 mm; Kwet and Solé 2005), I. 363 

izecksohni (SVL in male 32.4 mm; females 43.5–49.0 mm; Caramaschi and Kisteumacher 364 

1989 “1988”), and I. nasuta (SVL in males 24.7–41.5 mm; females 36.1–53.9 mm; Heyer 365 

1984). 366 

 By the uniform or mottled posterior surface of its thighs, I. oea is distinguished from I. 367 

erythromera (I. erythromera with a light area on the posterior surface of the thigh in fixed 368 

specimens and red in life; Heyer 1984) and from I. venancioi (I. venancioi with clear spots 369 

surrounded by a dark background in fixed specimens and spots orange or yellow in life; B. 370 

Lutz 1958). Finger I approximately the same size as Finger II also distinguishes I. oea from I. 371 

venancioi (Finger I smaller than Finger II in I. venancioi). The concave canthus rostralis in 372 

dorsal view distinguishes I. oea from I. hoehnei, I. izecksohni, I. nasuta, and I. venancioi 373 

(canthus rostralis straight in dorsal view in these species). 374 

 Advertisement call duration (4.56–8.49 s; Hepp and Canedo 2013) distinguishes I. oea 375 

from I. gualteri (1.50–1.90 s; Heyer 1984), I. guentheri (26.30–41.90 s; Gehara et al. 2013), I. 376 

henselii (10.00–23.00 s; Gehara et al. 2013), I. izecksohni (1.03–2.15 s; Taucce et al. 2012), 377 

and I. nasuta (1.15–1.50 s; Heyer 1984). Ischnocnema oea emits more notes per call (25–41; 378 

Hepp and Canedo 2013) than I. gualteri (4–9; Heyer 1984) and fewer notes per call than I. 379 

henselii (86–170; Gehara et al. 2013). The higher dominant frequency (3.09–4.10 kHz; Hepp 380 

and Canedo 2013) distinguishes I. oea from I. gualteri (2.10–2.70 kHz; Heyer 1984), I. 381 

henselii (2.10–3.10 kHz; Gehara et al. 2013), I. izecksohni (2.25–2.63 kHz; Taucce et al. 382 

2012), and I. nasuta (2.10–2.60 kHz; Heyer 1984). Note repetition rate distinguishes I. oea 383 

(4.80–5.70 notes/s; Hepp and Canedo 2013) from I. henselii (6.60–7.10 notes/s; Gehara et al. 384 
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2013) and I. izecksohni (29.91–31.10 notes/s; Taucce et al. 2012), and note repetition rate 385 

acceleration distinguishes I. oea (-9–61%) from I. henselii (107–125%; Gehara et al. 2013). 386 

 Geographic distribution.— Ischnocnema oea is currently known only from the state 387 

of Espírito Santo, southeastern Brazil, from the municipalities of Cariacica, Santa Teresa, and 388 

Vargem Alta (Fig. 6). 389 

 Remarks.— Silva-Soares et al. (2009) expanded the known distribution of I. oea to 390 

Macaé de Cima, municipality of Nova Friburgo, state of Rio de Janeiro. We examined the 391 

referred specimen MBML 212 and concluded that it is probably a juvenile I. nasuta. Almeida-392 

Gomes et al. (2010) cited I. oea from the municipality of Cambuci, state of Rio de Janeiro. 393 

We examined the referred specimens (MNRJ 49504–49506) and they are indeed 394 

morphologically similar to I. oea. But since we are not aware of any morphological 395 

differences between I. oea and I. garciai, and we have no additional data to compare the 396 

population from Cambuci with specimens surely belonging to each of these species, the 397 

identity of these specimens will remain undetermined.  398 

 399 

Ischnocnema feioi sp. nov. 400 

Figs. 4B, 7 401 

 402 

Ischnocnema sp. (aff. guentheri): Moura et al. (2012:214 [their Table 2], 216 [their Fig. 2d], 403 

233 [their Appendix 1]), in part; [misidentification]). 404 

 405 

 Holotype.— CFBH 35994, adult male. Lar dos Muriquis, Serra do Brigadeiro, 406 

municipality of Muriaé, state of Minas Gerais, Brazil (20º53’34.7” S, 42º32’48.6” W, 1297 m 407 

above sea level), collected by Taucce, P. P. G., Lacerda, J. V., Guimarães, C. S., Moreira, L. 408 

S., and Feio, R. N. on 23 January 2014.  409 
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 Paratypes.— All adult males. MZUFV 15712, Careço, municipality of Ervália, state 410 

of Minas Gerais, Brazil, collected by Taucce, P. P. G., Lisboa, B., and Guimarães, C. S. on 3 411 

December 2014. UFMG 3285, Parque Estadual da Serra do Brigadeiro, municipality of 412 

Araponga, state of Minas Gerais, Brazil, collected by Garcia, P. C. A., Santos, P. S., and 413 

Taucce, P. P. G. in December 2009. UFMG 17078, Parque Nacional do Caparaó, municipality 414 

of Santa Marta, state of Espírito Santo, Brazil (20º29’25.2” S, 41º44’23.15” W, 1128 m above 415 

sea level), collected by Garcia, P. C. A. on 29 November 2014.  416 

 Referred specimens.— MZUFV 15575, juvenile, Trilha do Cruzeiro, Parque Estadual 417 

do Brigadeiro, Careço, municipality of Ervália, state of Minas Gerais, Brazil, collected by 418 

Feio, R. N., Assis, C. L., and Guimarães, C. S. on 18 September 2014. 419 

 Diagnosis.— In the Ischnocnema guentheri series by phylogenetic placement (Canedo 420 

and Haddad 2012, Fig. 1) and the following combination of characters: (1) long legs, tibia 421 

length > 60% of SVL; (2) one large, conspicuous, glandular appearing nuptial pad on Finger 422 

I; (3) dorsum smooth. Ischnocnema feioi is distinguished from all other species of the I. 423 

guentheri series by the following combination of characters: (1) calcar tubercle at least as 424 

long as wide in adult specimens; (2) medium size (SVL in males 20.7–23.6 mm, n = 4); (3) 425 

posterior surface of the thigh mottled; (4) canthus rostralis straight in dorsal view; (5) Finger I 426 

approximately the same size as Finger II; (6) advertisement call duration 1.54–5.51 s; (7) 427 

dominant frequency 2.53–3.23 kHz; (8) 10–27 notes per call; (9) note repetition rate of 4.13–428 

6.19 notes/second; (10) note repetition rate acceleration of -26–21%.  429 

 Description of the holotype.— Medium size (SVL = 20.0 mm). Head longer than 430 

wide; head length 42% of SVL, head width 33% of SVL; snout sub-elliptical in dorsal view, 431 

rounded in lateral view; nostrils triangular, oriented laterally, located near the tip of the snout; 432 

canthus rostralis distinct, straight; loreal region slightly concave; postrictal tubercle present, 433 

v-shaped; eyes protuberant, oriented laterally; eye diameter 28% of head length; tympanum 434 
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distinct, rounded, tympanic membrane indifferentiated, annulus present, visible externally, 435 

tympanum diameter 40% of eye diameter; supratympanic fold absent; vocal slits present; 436 

vocal sac single, subgular, slightly expanded externally, with two oblique folds of skin on 437 

each margin of the throat; tongue large, heart-shaped, posterior notch absent; choanae 438 

rounded; dentigerous processes of the vomer located posteromedially to choanae, triangle 439 

shaped, medially separated by a gap approximately the width of one dentigerous process, 440 

teeth present, six on the right and five on the left dentigerous process. 441 

 Forelimbs slender; fingers slender, bearing discrete fringes, with small discs on fingers 442 

I and II, larger discs on fingers III and IV with a V-shaped median slit in dorsal view; Finger I 443 

approximately the same size as Finger II; finger lengths I ≈ II < IV < III; palmar tubercle 444 

heart-shaped, its diameter approximately equal to the diameter of the thenar tubercle; thenar 445 

tubercle elliptic; single nuptial pad apparently glandular, whitish, extending dorsaly from the 446 

distal to the proximal portion of the metacarpus on Finger I, divided ventraly on the distal 447 

margin of the thenar tubercle, extending all over its caudal third; palm smooth, with one 448 

barely distinguishible supernumerary tubercle towards Finger III; single subarticular tubercles 449 

prominent, rounded, and large. 450 

 Hind limbs slender; shank longer than thigh, tibia length 73% of SVL, thigh length 451 

66% of SVL; calcar tubercle well-developed, cone-shaped, as long as wide on left leg, on 452 

right leg smashed against the heel; tarsal fold absent; toes long, slender, fringed, with large 453 

discs on toes II–V, which have a V-shaped median slit in dorsal view; small disc on Toe I; toe 454 

lengths I < II < III < V < IV; inner metatarsal tubercle elliptical, much larger than rounded 455 

outer metatarsal tubercle; sole of foot smooth; single large, prominent, and rounded 456 

subarticular tubercles. 457 
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 Dorsal skin smooth, with a few sparse tubercles; upper eyelid with a few small, barely 458 

distinguishible tubercles, one larger distinct tubercle on each side of the eyelids, positioned 459 

medially; venter smooth; discoidal fold present; thoracic fold absent.  460 

 Coloration of the holotype in preservative.— Background grayish-white; dorsum 461 

with medial clear whitish pinstripe from tip of snout to vent over two dark-brown spots, one 462 

between eyes and other on the posterior fifth of snout, brown x-shaped mark on its second 463 

third; yellowish-brown longitudinal mid-dorsal band from posterior fifth of snout to vent, 464 

with four grayish-white blotches along it; head with dark-brown loreal stripe from tip of snout 465 

to eyes, bordering canthus rostralis; lateral strip from right below eyes to upper lip; dark-466 

brown supratympanic stripe starting attympanum, contouring arm, and reaching abdomen at 467 

mid-body; inguinal region with dark-brown spot; forelimbs variegated yellowish-brown to 468 

brown with three dark brown blotches dorsally; palm of the hand cream with brown blotches; 469 

dorsal portion of hind limbs variegated yellowish-brown to brown and feet with four dark-470 

brown blotches; sole of feet brown with cream blotches; ventral portion of forelimbs cream, 471 

with some dark brown dots mainly on its posterior margin; hidden portion of thigh cream-472 

colored, mottled dark-brown; external portion of tibia with dark-brown longitudinal bar; 473 

venter cream-colored; gular region cream-colored, with dark-brown margins and some small 474 

dark-brown dot aggregations, and clear cream-colored stripe from tip of snout to end of 475 

throat.  476 

 Measurements of the holotype (in millimeters).— SVL 22.0, head length 9.2, head 477 

width 7.3, eye diameter 2.5, tympanum diameter 1.0, eye-nostril distance 2.6, internarial 478 

distance 2.0, eye to eye distance 3.9, forearm length 4.6, hand length 6.9, third finger disk 479 

length 0.9, thighlength 14.5, tibia length 16.1, tarsal length 7.5, foot length 15.6, fourth toe 480 

disk length 0.9. 481 
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 Variation.— One paratype had an ovoid tympanum. The supratympanic stripe does 482 

not reach the abdomen at mid-body in some specimens. The postrictal tubercle is elongated or 483 

absent in some specimens. Variation of measurements and body proportions are given in 484 

Table 4. 485 

 Etymology.— The specific epithet honors the Brazilian herpetologist Dr. Renato 486 

Neves Feio (Museu de Zoologia João Moojen de Oliveira, Universidade Federal de Viçosa, 487 

Minas Gerais, Brazil) for his substantial contributions to the study of the amphibians from 488 

Minas Gerais and to the conservation of the “Serra do Brigadeiro” [Brigadeiro Mountain 489 

Range] as well as his pleasant company during field work.  490 

 Advertisement call.— The advertisement call of Ischnocnema feioi  (n = 31 calls of 491 

six males; Table 6; Fig. 3B) was composed of 10 to 27 notes (  = 19.06 ± 5.09), emitted 492 

sequentially, with the energy increasing in each note throughout the call, until reaching a peak 493 

near the end of the call. Call duration ranged from 1.54 to 5.51 s (  = 3.64 ± 1.24) and call 494 

rise time ranged from 79 to 100% ( = 97 ± 5) of the call. Note repetition rate was 4.13–6.19 495 

notes/s ( = 5.20 ± 0.48) and note repetition rate acceleration ranged -26–21% ( = -3 ± 14). 496 

Dominant frequency was 2.53–3.23 kHz (  = 2.94 ± 0.20). 497 

 Comparison with other species.— The long legs (tibia length/SVL = 69–79%) 498 

distinguishes I. feioi from the species of the I. lactea (tibia length/SVL usually < 50%; 499 

Hedges et al. 2008), I. parva (tibia length/SVL < 60%; Hedges et al. 2008; Brusquetti et al. 500 

2013), and I. verrucosa (tibia length/SVL < 55%; Hedges et al. 2008; Canedo et al. 2010, 501 

2012) series and from I. sambaqui (tibia length/SVL < 55%; Castanho and Haddad 2000). 502 

The large and conspicuous, glandular-appearing nuptial pad on Finger I distinguishes I. feioi 503 

from the species of the I. lactea (minute nuptial pad in I. randorum; translucent in I. 504 

nigriventris and I. vizottoi; reduced to some white granules in I. holti; absent in I. 505 

melanopygia and I. spanios; unknown in other species; Heyer 1985; Hedges et al. 2008; 506 
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Targino and Carvalho-e-Silva 2008; Berneck et al. 2013) and I. verrucosa series (except for I. 507 

surda; faint, translucent nuptial pad in I. karst; absent in other species; Hedges et al. 2008; 508 

Canedo et al. 2010, 2012) and from I. manezinho and I. sambaqui (absent in these species; 509 

Garcia 1996; Castanho and Haddad 2000). The smooth dorsum differentiates I. feioi from the 510 

species of the I. verrucosa series (dorsum tuberculate in these species; Hedges et al. 2008; 511 

Canedo et al. 2010, 2012), I. manezinho (finelly tuberculate; Garcia 1996), and I. sambaqui 512 

(slightly rugose to rugose; Castanho and Haddad 2000). 513 

 Ischnocnema feioi differs from all species of the I. guentheri series, except for I. oea 514 

by having a calcar tubercle that is at least as long as it is wide in adult specimens (absent or 515 

not as long as wide in other species). 516 

 By its smaller body size, I. feioi (SVL in males 20.7–23.6 mm) differs from I. 517 

izecksohni (SVL in male 32.4 mm; Caramaschi and Kisteumacher 1989 “1988”) and I. nasuta 518 

(SVL in males 24.7–41.5 mm; Heyer 1984). By its larger body size, I. feioi differs from I. oea 519 

(SVL in males 13.5–17.8 mm).  520 

 By the mottled posterior surface of the thighs I. feioi is distinguished from I. 521 

erythromera (I. erythromera with a light area on the posterior surface of the thigh in fixed 522 

specimens and red in life; Heyer 1984) and from I. venancioi (I. venancioi with clear spots 523 

surrounded by a dark background in fixed specimens and spots orange or yellow in life; B. 524 

Lutz 1958). Finger I being approximately the same size as Finger II also distinguishes I. feioi 525 

from I. venancioi (Finger I about half of the size of Finger II in I. venancioi). The straight 526 

canthus rostralis in dorsal view distinguishes I. feioi from I. oea (canthus rostralis curved in 527 

dorsal view in this species). 528 

 Advertisement call duration (1.54–5.51 s) distinguishes I. feioi from I. guentheri 529 

(26.30–41.90 s; Gehara et al. 2013), I. henselii (10.00–23.00 s; Gehara et al. 2013), and I. 530 

nasuta (1.15–1.50 s; Heyer 1984). Ischnocnema feioi emits more notes per call (10–27) than I. 531 
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gualteri (4–9; Heyer 1984) and less notes per call than I. guentheri (71–146; Gehara et al. 532 

2013), I. henselii (86–170; Gehara et al. 2013), I. izecksohni (34–60; Taucce et al. 2012), and 533 

I. nasuta (34–43, Heyer 1984). Note repetition rate distinguishes I. feioi (4.13–6.19 notes/s) 534 

from I. guentheri (2.20–3.50 notes/s; Gehara et al. 2013), I. henselii (6.60–7.10 notes/s; 535 

Gehara et al. 2013), and I. izecksohni (29.91–31.10 notes/s; Taucce et al. 2012) and note 536 

repetition rate acceleration distinguishes I. feioi (-26–21%) from I. guentheri (31–121%; 537 

Gehara et al. 2013) and I. henselii (107–125%; Gehara et al. 2013). 538 

 Geographic distribution.— Ischnocnema feioi is known only from the Serra do 539 

Brigadeiro, in the municipalities of Araponga, Muriaé, and Ervália, state of Minas Gerais, 540 

Brazil, and from the Caparaó National Park, municipality of Santa Marta, state of Espírito 541 

Santo, Brazil (Fig. 6), at elevations over 1000 m above sea level.  542 

 Remarks.— Figure 2d from Moura et al. (2012) corresponds to paratype UFMG 3285 543 

of Ischnocnema feioi, although the specimen is not in their examined material list. All 544 

examined specimens have a clear cream-colored ventral stripe from the tip of the snout to the 545 

end of the throat on a dark brown background. Although it is not a common trait in the I. 546 

guentheri series, we did not use it as a diagnostic character because some I. oea and I. 547 

izecksohni exemplars possess the same pattern.  548 

 549 

Ischnocnema garciai sp. nov. 550 

Figs. 4C, 8 551 

 552 

Ischnocnema sp.: (Santana et al. 2010: 2 [their Table 1], 3 [their Fig. 2C], 4, 10 [their 553 

Appendix 1]). 554 

Ischnocnema oea (Heyer 1984): Mângia et al.  (2011:164 [their Fig. 1], 165), 555 

[misidentification]). 556 
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 557 

 Holotype.— CFBH 39028, adult male. Usina da Fumaça, municipality of Muriaé, 558 

state of Minas Gerais, Brazil (21°0'57.6" S, 42°26'36.6 W, 430 m above sea level), collected 559 

by Taucce, P. P. G. and Lisboa, B. on 30 November 2014. 560 

 Paratopotypes.— CFBH 39026–39027, 39029–39033, MNRJ 90703–90704 (adult 561 

males), all collected with the holotype. UFMG 18889 (adult male), collected by Taucce, P. P. 562 

G., Pezzini, F. F., Hatori, E. K. O., and Neves, D. M. on 18 January 2014. UFMG 18890 563 

(adult male), collected by Taucce, P. P. G. and Lisboa, B. on 29 November 2014. MZUFV 564 

8894–8895 (adult females) and MZUFV 8896–8899 (adult males) collected by Santana, D. J. 565 

and Silva, E. T. on 13 September 2008. 566 

 Referred specimens.— MZUFV 8900, juvenile, Usina da Fumaça, municipality of 567 

Muriaé, state of Minas Gerais, Brazil, collected by Santana, D. J. and Silva, E. T. on 13 568 

September 2008.   569 

 Diagnosis.— In the Ischnocnema guentheri series by phylogenetic placement (Canedo 570 

and Haddad 2012, Fig. 1) and the following combination of characters: (1) long legs, tibia 571 

length > 60% of SVL; (2) one large, conspicuous, glandular appearing nuptial pad on Finger 572 

I; (3) dorsum smooth. Ischnocnema garciai is distinguished from all other species of the I. 573 

guentheri series by the following combination of characters: (1) calcar tubercle at least as 574 

long as wide in adult specimens; (2) small size (SVL in males 13.3–18.5 mm, n = 16; SVL in 575 

females 21.9–24.7 mm, n = 2); (3) posterior surface of thigh mottled; (4) canthus rostralis 576 

concave in dorsal view; (5) Finger I approximately the same size as Finger II; (6) 577 

advertisement call duration 14.84–29.11 s; (7) dominant frequency 3.27–3.88 kHz; (8) 57–96 578 

notes per call; (9) note repetition rate of 3.27–4.47 notes/s; (10) note repetition rate 579 

acceleration of 5–198%.  580 
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 Description of the holotype.— Small size (SVL = 17.1 mm). Head longer than wide; 581 

head length 43% of SVL, head width 37% of SVL; snout rounded in dorsal and lateral views; 582 

nostrils rounded, oriented laterally, located near the tip of the snout; canthus rostralis 583 

moderately distinct, curved; loreal region slightly concave; postrictal tubercle present, slightly 584 

distinct; eyes protuberant and laterally oriented, eye diameter 28% of head length; tympanum 585 

distinct, rounded, tympanic membrane indifferentiated, annulus present, visible externally, 586 

tympanum diameter 48% of eye diameter; supratympanic fold absent; vocal slits present; 587 

vocal sac single, subgular, slightly expanded externally, with a longitudinal fold of skin from 588 

the posterior part to half of the throat, on both sides; tongue large, heart-shaped, posterior 589 

notch absent; choanae elliptical; dentigerous processes of the vomer located posteromedially 590 

to choanae, triangle shaped, medially separated by a gap approximately the width of one 591 

dentigerous process, teeth present, six on the right an seven on the left dentigerous process.  592 

 Forelimbs slender; fingers slender, bearing discrete fringes, with small discs on fingers 593 

I and II, larger discs on fingers III and IV with a V-shaped median slit in dorsal view; finger 594 

lengths I ≈ II < IV < III; palmar tubercle heart-shaped, its diameter approximately equal to 595 

thenar tubercle; thenar tubercle elliptic; single nuptial pad apparently glandular, conspicuous, 596 

extending dorsaly from the distal to the proximal portion of the metacarpus on Finger I, 597 

divided ventraly on the distal margin of the thenar tubercle, extending all over its caudal third; 598 

palm smooth, with one barely distinguishible supernumerary tubercle; single subarticular 599 

tubercles prominent, rounded, and large. 600 

 Hind limbs slender; shank longer than thigh, tibia length 70% of the SVL, thigh length 601 

60% of SVL; calcar tubercle well-developed, cone-shaped, as long as wide; tarsal fold absent; 602 

toes long, slender, fringed, with large discs on toes II–V, which have a V-shaped median slit 603 

in dorsal view; small disc on toe I; toe lengths I < II < III = V < IV; inner metatarsal tubercle 604 
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elliptical, much larger than the rounded outer metatarsal tubercle; sole of the foot smooth, 605 

with one supernumerary tubercle; single large, prominent, and rounded subarticular tubercles. 606 

 Dorsal skin smooth; upper eyelid with a few barely distinguishible pointed tubercles 607 

and one distinct tubercle on each eyelid margin, positioned medially; venter smooth, with no 608 

tubercles; discoidal fold present; thoracic fold absent.  609 

 Coloration of the holotype in preservative.— Background variegated, 610 

predominantly light-brown, with brown and grayish-white details; dorsum with medial clear 611 

whitish pinstripe from tip of snout to vent, with barely distinguishible x-shaped brown mark 612 

on itssecond third; head brown with light-brown interocular bar and light-brown spot 613 

bordered by two dark-brown spots on tip of snout; dark-brown loreal stripe from tip of snout 614 

to eyes, bordering canthus rostralis; dark-brown lateral strip from right below eyes to upper 615 

lip; dark-brown supratympanic stripe starting at tympanum, contouring arm, and reaching 616 

abdomen at mid-body; inguinal region with dark-brown spot; forelimbs variegated of brown 617 

with light-brown with two dark-brown blotches dorsally; palm of the hand brown and cream-618 

colored; dorsal portion of hind limbs striped with brown and light-brown alternately; dorsal 619 

surface of feet with three dark-brown blotches; sole of feet brown; ventral portion of 620 

forelimbs cream-colored, with some dark brown dots mainly on posterior margin; hidden 621 

portion of the thigh cream-colored, mottled dark-brown; external portion of tibia with dark-622 

brown longitudinal bar; venter cream-colored with some aggregations of brown dots on 623 

thorax; gular region cream-colored with brown dots spread throughout.  624 

 Measurements of the holotype (in millimeters).— SVL 17.1, head length 7.4, head 625 

width 6.3, eye diameter 2.0, tympanum diameter 1.0, eye–nostril distance 1.7, internarial 626 

distance 1.6, eye to eye distance 3.2, forearm length 3.7, hand length 5.0, third finger disk 627 

length 0.4 , thigh length 10.3, tibia length 12.0, tarsal length 5.6, foot length 10.7, fourth toe 628 

disk length 0.7. 629 
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 Variation.— One male specimen and the two female specimens had a sub-elliptical 630 

snout in dorsal view. Nostril shape was also triangular, elliptical, and ovoid. Tympanum was 631 

elliptic in two specimens and the postrictal tubercle could also be absent. The supratympanic 632 

stripe does not reach the abdomen at mid-body in some specimens. Shape of the choanae 633 

varied between rounded and elliptical. Toe III could be slightly smaller or slightly larger than 634 

Toe V. Female specimens (SVL 21.9–24.7 mm, n = 2) were considerably larger than male 635 

specimens (SVL 13.3–18.5 mm, n = 16). Variation of measurements and body proportions 636 

are given in Table 4. 637 

 Etymology.— The specific epithet honors the Brazilian herpetologist Dr. Paulo C. A. 638 

Garcia (Laboratório de Herpetologia, Departamento de Zoologia, Universidade Federal de 639 

Minas Gerais, Belo Horizonte, Minas Gerais, Brazil) for his important contributions to the 640 

knowledge of the genus Ischnocnema and the amphibians of the Atlantic Forest and in 641 

gratitude for his substantial contribution to the academic education of the first author of this 642 

paper. 643 

 Advertisement call.— The advertisement call of Ischnocnema garciai (n = 12 calls of 644 

four males; Table 7; Fig. 3C) is composed of 57 to 96 notes (   = 79.25 ± 9.09), emitted 645 

sequentially, with the the energy increasing in each note throughout the call, until reaching a 646 

peak typically at the beginning of the last third of the call. Most calls (ca. 80%) gradually 647 

decreased the energy until the end of the call after reaching the peak. Call duration ranged 648 

from 14.84 to 29.11 s (  = 19.50 ± 3.47) and call rise time ranged from 45 to 92% (  = 71 ± 649 

14) of the call. Note repetition rate was 3.27–4.47 notes/s ( = 4.06 ± 0.35) and note 650 

repetition rate acceleration ranged 5–198% (   = 75 ± 51). Dominant frequency was 3.27–651 

3.88 kHz (   = 3.40 ± 0.16). 652 

 Comparison with other species.— The long legs (tibia length/SVL = 64–72%) 653 

distinguish I. garciai from the species of the I. lactea (tibia length/SVL usually < 50%; 654 
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Hedges et al. 2008), I. parva (tibia length/SVL < 60%; Hedges et al. 2008; Brusquetti et al. 655 

2013), and I. verrucosa (tibia length/SVL < 55%; Hedges et al. 2008; Canedo et al. 2010, 656 

2012) series  and from I. sambaqui (tibia length/SVL < 55%; Castanho and Haddad 2000). 657 

The large and conspicuous, glandular-appearing nuptial pad on Finger I distinguishes I. feioi 658 

from the species of the I. lactea (minute nuptial pad in I. randorum; translucent in I. 659 

nigriventris and I. vizottoi; reduced to some white granules in I. holti; absent in I. 660 

melanopygia and I. spanios; unknown in other species; Heyer 1985; Hedges et al. 2008; 661 

Targino and Carvalho-e-Silva 2008; Berneck et al. 2013) and I. verrucosa series (except for I. 662 

surda; faint, translucent nuptial pad in I. karst; absent in other species; Hedges et al. 2008; 663 

Canedo et al. 2010, 2012) and from I. manezinho and I. sambaqui (absent in these species; 664 

Garcia 1996; Castanho and Haddad 2000). The smooth dorsum distinguishes I. garciai from 665 

the species of the I. verrucosa series (dorsum tuberculate in these species; Hedges et al. 2008; 666 

Canedo et al. 2010, 2012), I. manezinho (finelly tuberculate; Garcia 1996), and I. sambaqui 667 

(slightly rugose to rugose; Castanho and Haddad 2000). 668 

 Ischnocnema garciai differs from all species of the I. guentheri series, except for I. 669 

oea and I. feioi, by its calcar tubercle being at least as long as it is wide in adult specimens 670 

(absent or not as long as wide in other species). 671 

 By its smaller body size, I. garciai (SVL in males 13.3–18.5 mm; females 21.9–24.7 672 

mm) differs from I. erythromera (SVL in males 22.3–24.4 mm; females 24.3–35.3 mm; 673 

Heyer 1984), I. feioi (SVL in males 20.7–23.6 mm), I. gualteri (SVL in males 21.3–34.1 mm; 674 

females 33.6–45.7 mm; Heyer 1984), I. henselii (SVL in males 21.0–27.5 mm; females 28.4–675 

38.4 mm; Kwet and Solé 2005), I. izecksohni (SVL in male 32.4 mm; females 43.5–49.0 mm; 676 

Caramaschi and Kisteumacher 1989 “1988”) and I. nasuta (SVL in males 24.7–41.5 mm; 677 

females 36.1–53.9 mm; Heyer 1984). 678 
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 By the mottled posterior surface of the thighs I. garciai is distinguished from I. 679 

erythromera (I. erythromera with a light area on the posterior surface of the thigh in fixed 680 

specimens and red in life; Heyer 1984) and from I. venancioi (I. venancioi with clear spots 681 

surrounded by a dark background in fixed specimens and spots orange or yellow in life; B. 682 

Lutz 1958). Finger I being approximately the same size as Finger II also distinguishes I. 683 

garciai from I. venancioi (Finger I smaller than Finger II in I. venancioi). The concave 684 

canthus rostralis in dorsal view distinguishes I. garciai from I. feioi, I. hoehnei, I. izecksohni, 685 

I. nasuta, and I. venancioi (canthus rostralis straight in dorsal view in these species). 686 

 Advertisement call duration (14.84–29.11 s) distinguishes I. garciai from I. feioi 687 

(1.54–5.51 s), I. izecksohni (1.03–2.15 s; Taucce et al. 2012), I. nasuta (1.15–1.50 s; Heyer 688 

1984), and I. oea (4.56–8.49 s; Hepp and Canedo 2013). Ischnocnema garciai emits more 689 

notes per call (57–96) than I. feioi (10–27), I. gualteri (4–9; Heyer 1984), I. oea (25–42; Hepp 690 

and Canedo 2013), and I. nasuta (34–43; Heyer 1984). The higher dominant frequency (3.27–691 

3.88 kHz) distinguishes I. garciai from I. feioi (2.53–3.23 kHz), I. gualteri (2.10–2.70 kHz; 692 

Heyer 1984), I. henselii (2.10–3.10 kHz; Gehara et al. 2013), I. izecksohni (2.25–2.63 kHz; 693 

Taucce et al. 2012), and I. nasuta (2.10–2.60 kHz; Heyer 1984). Note repetition rate 694 

distinguishes I. garciai (3.27–4.47 notes/s) from I. henselii (6.60–7.10 notes/s; Gehara et al. 695 

2013), I. izecksohni (29.91–31.10 notes/s; Taucce et al. 2012), and I. oea (4.80–5.70 notes/s; 696 

Hepp and Canedo 2013). 697 

 Geographic distribution.— Ischnocnema garciai is known only from the type 698 

locality at Usina da Fumaça, municipality of Muriaé, state of Minas Gerais, Brazil (Fig. 6). 699 

 Remarks.— Except for advertisement call characters, we are not aware of any 700 

phenotypical difference between Ischnocnema garciai and I. oea, its sister species. 701 

 702 

DISCUSSION 703 
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 704 

Tree Topology and Genetic Distance 705 

 706 

 Unlike Canedo and Haddad (2012), we recovered the Ischnocnema guentheri series as 707 

poorly supported (61% of posterior probability and 55% of maximum likelihood bootstrap). 708 

This may be a result of the addition of I. nanahallux Brusquetti et al. 2013, because the two 709 

terminals representing this species in our tree had only the final portion of the 16S r RNA 710 

(600 bp) available, which represented only 16.7% of our final alignment. On the other hand, 711 

other Ischnocnema series and their phylogenetic relationships were recovered with high 712 

support, including the I. guentheri + I. parva series (100% of posterior probability and 93% of 713 

maximum likelihood bootstrap).  714 

 Fouquet et al. (2007) suggested a mean distance of 3% for 16S rDNA to identify 715 

Neotropical anuran species. Our results show a genetic distance well above this threshold 716 

among almost all examined specimens, including those of Ischnocnema oea, I. feioi, and I. 717 

garciai (Table 3). The only exception is low distance between I. nasuta and I. izecksohni 718 

(1.2–1.9%). Although some authors have discussed the difficulties associated with using 719 

genetic distance thresholds to identify species (Padial et al. 2009), arguing that in some cases 720 

two distinct species may have a genetic distance as low as 0.0% in partial 16S rDNA (Blotto 721 

et al. 2013), the status of I. nasuta and I. izecksohni is remarkable, because the distance 722 

between them is less than the distance within I. nasuta itself. Since there are no known 723 

morphological characters distinguishing I. izecksohni and I. nasuta (Taucce et al. 2012), they 724 

may indeed be a single species. However, a study taking into account molecular and 725 

bioacoustical data from the type locality of I. nasuta (in Nova Friburgo, state of Rio de 726 

Janeiro, Brazil; A. Lutz 1925) and from throughout a greater part of the known distribution of 727 

the two species is necessary to make any taxonomic decision about their validity.  728 
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 729 

The Ischnocnema guentheri Series 730 

 731 

Heyer (1984) proposed some diagnostic characters for what he called the Ischnocnema 732 

guentheri cluster, including a smooth dorsum, white glandular-appearing nuptial pads and a 733 

noticeable calcar tubercle. Hedges et al. (2008) excluded the presence of a calcar tubercle and 734 

the nuptial pads, which they said were absent from I. hoehnei and unknown in other species of 735 

the I. guentheri series, and proposed a few other characters, such as an acuminate snout in 736 

dorsal view and Finger I approximately the same length as Finger II. Canedo et al. (2010) 737 

maintained this diagnosis and reincluded the presence of a nuptial pad. Canedo and Haddad 738 

(2012) excluded I. vinhai (= Pristimantis vinhai) and included I. venancioi in the I. guentheri 739 

series, and even with the inclusion of the latter (which was in the I. lactea series) they 740 

retained the character of having long legs (tibia length > 60%). Herein, we reformulate the 741 

diagnosis to include only characters shared by all members of the current I. guentheri series, 742 

including I. epipeda, I. erythromera, I. feioi, I. garciai, I. gualteri, I. guentheri, I. henselii, I. 743 

hoehnei, I. izecksohni, I. nasuta, I. oea, and I. venancioi: (1) long legs, tibia length > 60% of 744 

SVL; (2) large, whitish, glandular appearing, nuptial pads; and (3) dorsum smooth. 745 

 Heyer (1984) was the first to propose a group including the former Eleutherodactylus 746 

guentheri (= I. guentheri) similar to the current I. guentheri series (see Introduction). Among 747 

the characters shared by all species in his cluster was a calcar tubercle on the heel and white 748 

glandular-appearing nuptial pads. At the time, Heyer (1984) considered only 749 

presence/absence character states, and although we have not noticed any remarkable 750 

difference in the nuptial pads of members of the I. guentheri series, we have found that the 751 

calcar tubercle is more developed in the clade containing I. oea, I. feioi, and I. garciai. Thus, 752 

we consider the character of having a calcar tubercle that is at least as long as it is wide a 753 
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putative synapomorphy for this clade. Even though the development of the calcar tubercle is 754 

somewhat variable within the other species of the series, we also noted it is variable among 755 

species (Fig. 2), and is worthy of further investigation among members of the I. guentheri 756 

series. The only species lacking the calcar tubercle is I. venancioi.  757 

  In agreement with previous phylogenetic studies (Hedges et al. 2008; Canedo and 758 

Haddad 2012; Padial et al. 2014 [except by the tree-alignment + parsimony tree]), we 759 

recovered a clade including the Ischnocnema guentheri and the I. parva series. Despite 760 

important differences between the two series (see results); there are a few important 761 

morphological features they share that may reinforce their close relationship.  762 

 Brusquetti et al. (2013) noted a well-developed calcar tubercle in I. nanahallux, and 763 

stated that this feature is absent in I. pusilla and may be present or absent in I. parva. With 764 

exception of I. venancioi, all other members of the I. guentheri series possess the calcar 765 

tubercle. Also, I. parva and I. pusilla possess a large, whitish glandular-appearing nuptial pad, 766 

just like that of the members of the I. guentheri series. Nuptial pads are also present in I. 767 

surda (Canedo et al. 2010) and I. karst (faint, translucent in this species; Canedo et al. 2012) 768 

from the I. verrucosa series and in I. randorum (minute in this species; Hedges et al. 2008) 769 

from the I. lactea series. Further study of the morphology and the evolution of these 770 

characters within Ischnocnema is necessary in order to evaluate the homology of these 771 

characters between the I. guentheri and the I. parva series. 772 

 As a result of the present work, we have raised the number of species of the I. 773 

guentheri series to 12. Although I. feioi is easily distinguishable from all other closely related 774 

species, I. garciai and I. oea seem to be morphologically cryptic species (see Bickford et al. 775 

2007 for a cryptic species concept). The last Ischnocnema from the I. guentheri series 776 

described based only on morphological characters was I. izecksohni (Caramaschi and 777 

Kisteumacher 1989 “1988”). A few years later, Kwet and Solé (2005) resurrected I. henselii 778 



52 
 

 

from the synonym of I. guentheri, based mainly on bioacoustical characters, and later on 779 

some species had their advertisement calls described (Taucce et al. 2012; Gehara et al. 2013; 780 

Hepp and Canedo 2013). Gehara et al. (2013) also assessed molecular data throughout the 781 

geographic distribution of I. guentheri and I. henselii and concluded that I. guentheri is a 782 

species complex. In agreement with these recent studies involving the I. guentheri series, our 783 

results show that integrating different datasets is of paramount importance for evaluating the 784 

species limits within the series.  785 
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APPENDIX I 1026 

List of terminals and accession numbers of sequences taken from Genbank. Species names 1027 

followed by an asterisk are re-identified taxa. 1028 

Species RAG1 Genbank ID Tyrosinase Genbank ID 12S–tVal–16S Genbank ID 

Barycholos ternetzi JX267543 JX267680 JX267466 

Brachycephalus cf. didactylus JX267544 JX267681 JX267389, JX267467 

Brachycephalus ephippium EU186761 ---- AF375484 

Craugastor daryi EF493452 EF493480 EF493531 

Eleutherodactylus cooki EF493413 EF493455 EF493539 

Haddadus binotatus JX267548 JX267685 JX267391, JX267469 

Hypodactylus dolops EF493414 EF493483 EF493394 

Ischnocnema abdita JX267551 JX267687 JX267326, JX267472 

Ischnocnema aff. holti JX267554 JX267690 JX267336, JX267475 

Ischnocnema bolbodactyla JX267557 JX267692 JX267327, JX267476 

Ischnocnema henselii* JX267563 JX267698 JX267328, JX267478 

Ischnocnema henselii* JX267599 JX267734 JX267303 

Ischnocnema cf. holti JX267564 JX267699 JX267329, JX267479 

Ischnocnema cf. manezinho JX267566 JX267701 JX267335, JX267481 

Ischnocnema cf. nigriventris JX267568 JX267704 JX267398, JX267483 

Ischnocnema cf. penaxavantinho JX267574 JX267708 JX267298 

Ischnocnema cf. randorum JX267578 JX267799 JX267401, JX267361 

Ischnocnema cf. spanios JX267665 JX267805 JX267453, JX267536 

Ischnocnema concolor JX267594 JX267727 JX267413, JX267366 

Ischnocnema concolor JX267595 JX267728 JX267414, JX267493 

Ischnocnema erythromera ---- JX267729 JX267340 

Ischnocnema erythromera JX267596 JX267730 JX267341 

Ischnocnema aff. guentheri* JX267597 JX267731 JX267339, JX267494 

Ischnocnema aff. guentheri* JX267602 JX267737 JX267417, JX267368 

Ischnocnema aff. guentheri* JX267605 JX267740 JX267420, JX267370 

Ischnocnema aff. guentheri* JX267606 JX267741 JX267421, JX267371 

Ischnocnema guentheri JX267611 JX267746 JX267331, JX267501, 
JX267502 

Ischnocnema guentheri JX267612 JX267747 JX267332, JX267503 

Ischnocnema hoehnei ---- JX267749 JX267347 

Ischnocnema hoehnei JX267614 JX267750 JX267372 

Ischnocnema hoehnei JX267615 JX267751 JX267506 

Ischnocnema hoehnei JX267616 JX267752 JX267345, JX267507 

Ischnocnema holti JX267617 JX267754 JX267306 

Ischnocnema izecksohni JX267618 JX267755 JX267307 

Ischnocnema izecksohni* JX267636 JX267774 JX267433, JX267375 

Ischnocnema juipoca JX267620 JX267757 JX267349 

Ischnocnema lactea JX267632 JX267769 JX267310, JX267518 

Ischnocnema melanopygia JX267634 JX267771 JX267431, JX267292 
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APPENDIX I 1029 
Continued. 1030 

Species RAG1 Genbank ID Tyrosinase Genbank ID 12S–tVal–16S Genbank ID 

Ischnocnema nasuta ---- JX267772 JX267311 

Ischnocnema nasuta JX267637 JX267775 JX267434, JX267291, 
JX267520 

Ischnocnema nanahallux ---- ---- KC569985 

Ischnocnema nanahallux ---- ---- KC569986 

Ischnocnema octavioi JX267639 JX267777 JX267334, JX267521 

Ischnocnema oea JX267640 JX267778 JX267338 

Ischnocnema oea JX267641 JX267779 JX267313 

Ischnocnema parva JX267645 JX267783 JX267317 

Ischnocnema parva JX267646 JX267784 JX267435, JX267376 

Ischnocnema parva JX267649 JX267787 JX267438, JX267379 

Ischnocnema parva JX267650 JX267788 JX267439, JX267523 

Ischnocnema parva JX267653 JX267790 JX267442, JX267526 

Ischnocnema parva JX267656 JX267795 JX267445, JX267529 

Ischnocnema parva JX267657 JX267796 JX267446, JX267344, 
JX267530 

Ischnocnema sambaqui JX267661 JX267801 JX267449, JX267531 

Ischnocnema spanios JX267584 JX267717 JX267407, JX267490 

Ischnocnema venancioi JX267666 JX267806 JX267321 

Ischnocnema venancioi JX267667 JX267807 JX267454, JX267382 

Ischnocnema verrucosa JX267670 JX267810 JX267457, JX267538 

Ischnocnema vizottoi JX267672 JX267812 JX267350 

Lynchius flavomaculatus EU186745 EU186766 EU186667 

Pristimantis ramagii JX267658 JX267797 JX267318 

Yunganastes mercedesae ---- ---- FJ539071, FJ539066 

 1031 
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APPENDIX II 1032 

List of terminals and GenBank accession numbers for sequences generated in this study. Museum acronyms follow Sabaj (2016). 1033 

1034 

Species Voucher# RAG1 Genbank ID Tyrosinase Genbank ID 12S–tVal–16S Genbank ID 

Ischnocnema feioi (holotype) CFBH 35994 MF957146 MF957157 MF957167 

Ischnocnema feioi UFMG 17078 MF957147 MF957156 MF957165 

Ischnocnema feioi MZUFV 15712 MF957150 MF957160 MF957166 

Ischnocnema garciai (holotype) CFBH 39028 MF957148 MF957158 MF957170 

Ischnocnema garciai CFBH 39029 MF957149 MF957159 MF952878, MF957163 

Ischnocnema garciai UFMG 18889 ---- ---- MF957168 

Ischnocnema garciai UFMG 18890 ---- ---- MF957169 

Ischnocnema aff. guentheri UFMG 13906 MF957144 MF957154 MF952879, MF952883 

Ischnocnema aff. guentheri UFMG 13908 MF957145 MF957155 MF952880, MF952884 

Ischnocnema aff. guentheri CFBH 41853 MF957141 MF957151 MF957164 

Ischnocnema aff. guentheri CFBH 39282 MF957143 MF957153 MF952877, MF957162, MF952881 

Ischnocnema oea CFBH 12394 MF957142 MF957152 MF952876, MF957161, MF952882 
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APPENDIX III 1035 

Specimens examined. 1036 

Ischnocnema epipeda.—BRAZIL: ESPÍRITO SANTO: Santa Teresa (MNRJ 1874 1037 

Eleutherodactylus epipedus paratype). 1038 

Ischnocnema erythromera.—BRAZIL: RIO DE JANEIRO: Santa Maria Magdalena: 1039 

Parque Estadual do Desengano (CFBH 28111–28115); Teresópolis (CFBH 27349, 40985). 1040 

Ischnocnema guentheri.—BRAZIL: RIO DE JANEIRO: Rio de Janeiro: Floresta da 1041 

Tijuca (CFBH 26989–26994, 27440, 27442–27444, MNRJ 31666, 36483, 87540–87541, 1042 

87544–87545, 87548). 1043 

Ischnocnema henselii.—BRAZIL: PARANÁ: Arianópolis (CFBH 27470–27471); 1044 

Piraquara (CFBH 11039–11040). SANTA CATARINA: Anitápolis (CFBH 9367–9368); São 1045 

Bonifácio (CFBH 27549–27554). SÃO PAULO: São Bernardo do Campo (CFBH 12298); 1046 

Tapiraí (CFBH 23298). 1047 

Ischnocnema hoehnei.—BRAZIL: SÃO PAULO: Pilar do Sul (CFBH 8336); Santo 1048 

André: Paranapiacaba (CFBH 29043). 1049 

Ischnocnema izecksohni.—BRAZIL: MINAS GERAIS: Aiuruoca (CFBH 36919–36920); 1050 

Alto Caparaó: Parque Nacional do Caparaó (CFBH 40977–40980); Belo Horizonte (MNRJ 1051 

4217 Eleutherodactylus izecksohni holotype, MNRJ 4218–4219 Eleutherodactylus izecksohni 1052 

paratypes); Conceição do Ouro (CFBH 39908–39910); Muriaé (CFBH 35990–35991, 39016, 1053 

39020–39021, 39039); Ouro Preto: Rodrigo Silva (CFBH 35793, 35796–35799). 1054 

Ischnocnema nasuta.—BRAZIL: RIO DE JANEIRO: Nova Friburgo (CFBH 40981–1055 

40984); Macaé de Cima (MBML 212). 1056 

Ischnocnema oea.—BRAZIL: ESPÍRITO SANTO: Cariacica: Reserva Biológica de Duas 1057 

Bocas (CFBH 22517–22518, 22520); Santa Teresa (MNRJ 1244 Eleutherodactylus oeus 1058 

holotype, UFMG 13735–13738, USNM 235612 Eleutherodactylus oeus paratype); Santa 1059 
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Teresa: Reserva Biológica Augusto Ruschi (CFBH 24778–24779, 30732, 40987); Santa 1060 

Teresa: São Lourenço (CFBH 10815–10816, 10876–10877, 27090–27091, 37242); Vargem 1061 

Alta (CFBH 25050, 27013). 1062 

Ischnocnema cf. oea.—BRAZIL: RIO DE JANEIRO: Cambuci (MNRJ 49504–49506). 1063 

Ischnocnema venancioi.—BRAZIL: RIO DE JANEIRO: Nova Friburgo (CFBH 27435); 1064 

Teresópolis (CFBH 40986). 1065 
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APPENDIX IV 1066 

Call records analyzed. 1067 

Call ID Voucher Species Locality Recorder 

PPGT 001 CFBH 35994 Ischnocnema feioi Lar dos Muriquis, Muriaé, Minas Gerais, Brazil Marantz PMD-661 

PPGT 002 CFBH 35994 I. feioi Lar dos Muriquis, Muriaé, Minas Gerais, Brazil Marantz PMD-661 

PPGT 003 MZUFV 15712 I. feioi Careço, Ervália, Minas Gerais, Brazil Marantz PMD-660 

PPGT 004 unvouchered I. feioi Careço, Ervália, Minas Gerais, Brazil Marantz PMD-660 

CBUFMG 916 UFMG 3285 I. feioi Parque Estadual da Serra do Brigadeiro, Araponga, Minas Gerais, Brazil Marantz PMD-660 

CBUFMG 917 UFMG 17028 I. feioi Parque Nacional do Caparaó, Santa Marta, Espírito Santo, Brazil Tascam DR-40 

PPGT 005 CFBH 39028 I. garciai Usina da Fumaça, Muriaé, Minas Gerais, Brazil Marantz PMD-660 

PPGT 006 CFBH 39029 I. garciai Usina da Fumaça, Muriaé, Minas Gerais, Brazil Marantz PMD-661 

PPGT 007 unvouchered I. garciai Usina da Fumaça, Muriaé, Minas Gerais, Brazil Marantz PMD-661 

PPGT 008 CFBH 39031 I. garciai Usina da Fumaça, Muriaé, Minas Gerais, Brazil Marantz PMD-661 

MNVOC 043:1 unvouchered I. oea Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-660 

MNVOC 043:2 CFBH 24778 I. oea Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-660 

MNVOC 043:3 unvouchered I. oea Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-660 
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TABLE 1.— Primers used in this study. 1069 

Primer  Gene Sequence Reference 

MVZ59 F 12S ATAGCACGTAAAAYGCTDAGATG Graybeal  (1997) 

tRNAphe-L F tRNA-F–12S AAAGCATAACACTGAAGATGTTAAGATG Goebel et al. (1999) 

12S F-H R 12S CTTGGCTCGTAGTTCCCTGGCG Goebel et al. (1999) 

12S A-L F 12S–tRNA-V AAACTGGGATTAGATACCCCACTAT Goebel et al. (1999) 

tRNAval-H R 12S–tRNA-V GGTGTAAGCGARAGGCTTTKGTTAAG Goebel et al. (1999) 

12SL13 F tRNA-V–16S TTAGAAGAGGCAAGTCGTAACATGGTA Feller and Hedges (1998) 

16STitus_1 R tRNA-V–16S GGTGGCTGCTTTTAGGCC Titus and Larson (1996) 

16SL2A F 16S CCAAACGAGCCTAGTGATAGCTGGTT Hedges (1994) 

16S-H10 R 16S TGCTTACGCTACCTTTGCACGGT Hedges (1994) 

16SAR F 16S CGCCTGTTTATCAAAAACAT Palumbi et al. (1991) 

16SBR R 16S GACCTGGATTACTCCGGTCTGA Palumbi et al. (1991) 

Tyr1B F Tyrosinase AGGTCCTCYTRAGGAAGGAATG Bossuyt and Milinkovitch (2000) 

Tyr1E R Tyrosinase GAGAAGAAAGAWGCTGGGCTGAG Bossuyt and Milinkovitch (2000) 

Tyr1C F Tyrosinase GGCAGAGGAWCRTGCCAAGATGT Bossuyt and Milinkovitch (2000) 

Tyr1G R Tyrosinase TGCTGGGCRTCTCTCCARTCCCA Bossuyt and Milinkovitch (2000) 

R182 F RAG1 GCCATAACTGCTGGAGCATYAT Heinicke et al. (2007) 

R270 R RAG1 AGYAGATGTTGCCTGGGTCTTC Heinicke et al. (2007) 

RAG1FF2 F RAG1 ATGCATCRAAAATTCARCAAT Heinicke et al. (2007) 

RAG1FR2 R RAG1 CCYCCTTTRTTGATAKGGWCATA Heinicke et al. (2007) 

1070 
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TABLE 2.— Best partition scheme and respective best fitting molecular models. 1071 

Partition Model 

12S  GTR + Γ + I 

tVal GTR + Γ 

16S GTR + Γ + I 

RAG1 1st and 2nd positions HKY + Γ 

RAG 1 3rd position K80 + Γ 

Tyr 1st and 2nd positions GTR + Γ + I 

Tyr 3rd position GTR + Γ 

1072 
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TABLE 3.— Uncorrected pairwise genetic distances within and between members of the 1073 

Ischnocnema guentheri series closely related to I. oea. Within species distances are highlighted in 1074 

gray. Data are shown as range (mean) where appropriate.  1075 

  Uncorrected pairwise distance between species 

 
I. feioi 

  

I. garciai 

  
I. oea I. guentheri I. henselii I. izecksohni I. nasuta 

I. 

erythromera 

I. feioi 

 

0.0–1.5 

(0.9, n = 3) 
       

I. garciai  

 

7.0–7.8 

(7.5) 

0.0 

(n = 4) 
      

I. oea 9.9 
10.4–10.7 

(10.6) 

0.0 

(n = 2) 
     

I. guentheri 
9.7–10.7 

(10.3) 

13.1–13.6 

(13.3) 

14.0–14.3 

(14.1) 

0.0–0.5 

(0.1, n = 11) 
    

I. henselii 
10.2–12.1 

(11.3) 

12.8–14.3 

(13.7) 

13.6–14.8 

(13.9) 

7.5–9.0 

(8.2) 

0.0–3.6 

(1.8, n = 57) 
   

I. izecksohni 
10.7–11.9 

(11.1) 

13.6–13.8 

(13.7) 
13.6 

12.8–13.1 

(13.1) 

13.6–14.5 

(13.8) 

0.0 

(n = 2) 
  

I. nasuta 
10.9–12.8 

(11.7) 

13.8–14.8 

(14.3) 

13.3–14.0 

(13.6) 

12.3–13.1 

(12.8) 

13.6–14.8 

(13.9) 

1.2–1.9 

(1.8) 

0.0–3.2 

(2.3, n = 4) 
 

I. erythromera 
9.4–10.7 

(9.9) 

11.6–11.9 

(11.8) 

13.1–13.6 

(13.3) 

11.1–11.6 

(11.5) 

12.4–13.8 

(13.1) 

12.1–12.6 

(12.4) 

11.9–12.6 

(12.2) 

1.0 

(n = 2) 

1076 
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TABLE 4.— Snout-vent length (SVL) and body proportions of Ischnocnema oea, I. feioi, and I. 1077 

garciai. Data are given as range (mean ± standard deviation) where appropriate. 1078 

Character 

Adult males Adult females 

Ischnocnema 

oea (n = 13) 

Ischnocnema 

feioi  

(n = 4) 

Ischnocnema 

garciai (n = 16) 

Ischnocnema 

oea (n = 2) 

Ischnocnema 

garciai (n = 2) 

SVL (mm) 
13.5–17.8 

(16.0 ± 1.3) 

20.7–23.6 

(22.1 ± 1.2) 

13.3–18.5 

(16.8 ± 1.2) 
24.7–25.0 21.9–24.7 

Head length/SVL 
0.44–0.52 

(0.48 ± 0.03) 

0.40–0.44 

(0.42 ± 0.02) 

0.39–0.47 

(0.43 ± 0.02) 
0.42–0.42 0.40–0.41 

Head width/SVL 
0.33–0.40 

(0.38 ± 0.02) 

0.32–0.34 

(0.33 ± 0.01) 

0.33–0.39 

(0.36 ± 0.01) 
0.36–0.38 0.34–0.36 

Eye diameter/head 

length 

0.20–0.30 

(0.26 ± 0.03) 

0.25–0.28 

(0.26 ± 0.01) 

0.26–0.32 

(0.29 ± 0.02) 
0.26–0.28 0.28–0.30 

Tympanum 

diameter/eye diameter  

0.27–0.66 

(0.45 ± 0.12) 

0.40–0.53 

(0.46 ± 0.07) 

0.41–0.55 

(0.47 ± 0.04) 
0.45–0.55 0.45–0.47 

Tibia length/SVL 
0.67–0.74 

(0.70 ± 0.02) 

0.69–0.79 

(0.73 ± 0.04) 

0.64–0.72 

(0.69 ± 0.03) 
0.66–0.69 0.66–0.72 

Thigh length/SVL 
0.57–0.69 

(0.64 ± 0.04) 

0.61–0.66 

(0.63 ± 0.02) 

0.56–0.66 

(0.61 ± 0.03) 
0.60–0.61 0.57–0.64 

1079 
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TABLE 5.—Advertisement call parameters comparing the members of the Ischnocnema guentheri 1080 

series. Data are given as ranges. 1081 

Species 
Call duration 

(s) 

Call rise 

time (%) 

Dominant 

Frequency 

(kHz) 

Notes 

per call 

Note rate 

(notes/s) 

Note repetition 

rate acceleration 

(%) 

Source 

Ischnocnema 

feioi 
1.54–5.51 79–100 2.53–3.23 10–27 4.13–6.19 -26–21 this study 

Ischnocnema 

garciai 
14.84–29.11 45–92 3.27–3.88 57–96 3.27–4.47 5–198 this study 

Ischnocnema 

oea 
4.56–8.49 90–99 3.09–4.13 25–41 4.80–5.70 -9–61 

Hepp and Canedo 

(2013), this study 

Ischnocnema 

gualteri 
1.50–1.90 — 2.10–2.70 4–9 — — Heyer (1984) 

Ischnocnema 

guentheri 
26.30–41.90 — 2.81–3.28 71–146 2.20–3.50 31–121 Gehara et al. (2013) 

Ischnocnema 

henselii 
10.00–23.00 — 2.10–3.10 86–170 6.60–7.10 107–125 

Kwet and Solé (2005), 

Gehara et al. (2013) 

Ischnocnema 

izecksohni 
1.03–2.15 — 2.25–2.63 34–60 26.91–32.10 — Taucce et al. (2012) 

Ischnocnema 

nasuta 
1.15–1.50 — 2.10–2.60 34–43 — — Heyer (1984) 

1082 
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TABLE 6.—Advertisement call parameters of five recorded males of Ischnocnema feioi. Data are 1083 

given as min–max (mean ± standard deviation) where appropriate.  1084 

Call recording PPGT 001 PPGT 002 PPGT 003 PPGT 004 CBUFMG 916 CBUFMG 917 

Number of analyzed 

calls 
2 6 3 4 10 6 

Call duration (s) 4.94–5.51 
3.70–5.34 

(4.84 ± 0.62) 

5.07–5.14 

(5.12 ± 0.04) 

4.18–4.43 

(4.28 ± 0.12) 

2.49–3.09 

(2.82 ± 0.20) 

1.54–2.56 

(2.11 ± 0.37) 

Call rise time (%) 
96–99 

 

99–100 

(99 ± 0) 

98–99 

(99 ± 0) 

79–100 

(91 ± 9) 

91–99 

(96 ± 4) 

91–100 

(98 ± 4) 

Dominant 

Frequency (kHz) 

2.89–2.93 

 

2.71–2.97 

(2.90 ± 0.09) 

3.06–3.10 

(3.09 ± 0.03) 

2.76–2.76 

(2.76 ± 0) 

3.09–3.23 

(3.16 ± 0.05) 

2.53–2.76 

(2.68 ± 0.09) 

Notes per call 25.00–27.00 
19.00–27.00 

(25.00 ± 3.16) 

22.00–22.00 

(22.00 ± 0) 

21.00–22.00 

(21.50 ± 0.58) 

14.00–18.00 

(16.20 ± 1.14) 

10.00–15.00 

(12.50 ± 1.76) 

Note rate (notes/s) 
4.90–4.94 

 

4.88–5.10 

(4.99 ± 0.08) 

4.13–4.18 

(4.15 ± 0.03) 

4.80–6.19 

(5.32 ± 0.62) 

5.21–5.82 

(5.44 ± 0.21) 

5.27–5.90 

(5.52 ± 0.22) 

Note repetition rate 

acceleration (%) 
2–19 

-14–7 

(1 ± 9) 

4–5 

(4 ± 1) 

18–21 

(19 ± 1) 

-26–-9) 

(-20 ± 5) 

-8–2 

(-3 ± 3) 

1085 
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TABLE 7.—Advertisement call parameters of four recorded males of Ischnocnema garciai. Data 1086 

are given as min–max (mean ± standard deviation) where appropriate. 1087 

Call recording PPGT 005 PPGT 006 PPGT 007 PPGT 008 

Number of analyzed 

calls 
1 1 5 5 

Call duration (s) 29.11 20.89 
14.84–19.14 

 (17.60 ± 1.64) 

16.90–20.80 

 (19.20 ± 1.49) 

Call rise time (%) 69 81 
45–74 

 (61 ± 13) 

62–92 

 (80 ± 12) 

Dominant 

Frequency (kHz) 
3.88 3.45 

3.27–3.36 

 (3.29 ± 0.04) 

3.36–3.40 

 (3.396 ± 0.02) 

Notes per call 96.00 79.00 
57.00–83.00 

 (76.60 ± 11.08) 

71.00–84.00 

 (78.60 ± 4.98) 

Note rate (notes/s) 3.27 3.74 
3.79–4.47 

 (4.29 ± 0.29) 

3.90–4.15 

 (4.05 ± 0.10) 

Note repetition rate 

acceleration (%) 
108 19 

85–198 

 (114 ± 47) 

5–61 

 (40 ± 22) 

1088 
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FIG. 1.— The 50% majority rule consensus tree from Bayesian inference analysis of 1089 

concatenated mitochondrial 12S rRNA, tVal rRNA, 16S rRNA, and nuclear Recombination 1090 

Activating Gene 1 (RAG1) and tyrosinase precursor (Tyr), showing Bayesian posterior 1091 

probabilities (above branches) and maximum likelihood non-parametric bootstrap values (below) 1092 

values. Asterisks (*) indicate 100% values.  1093 

 1094 

 1095 

FIG. 2.— Calcar tubercles of members of the Ischnocnema guentheri series: (A) I. feioi 1096 

(UFMG 3285), (B) I. garciai (CFBH 39029), (C) I. oea (CFBH 24778), (D) I. guentheri (CFBH 1097 

27443), (E) I. hoehnei (CFBH 8336), and (F) I. izecksohni (CFBH 35793). Scale bars = 1 mm. 1098 

 1099 

 1100 

FIG. 3.— Advertisement call of three species of the Ischnocnema guentheri series. 1101 

Oscillogram (below) and spectrogram (above) of (A) I. oea (recording MNVOC 043:2), (B) I. 1102 

feioi (recording PPGT 004), and (C) I. garciai (recording PPGT 007). 1103 

 1104 

 1105 

FIG. 4.— Dorsal (left) and ventral (right) views of (A) Ischnocnema oea (CFBH 30732), 1106 

(B) I. feioi (CFBH 35994, holotype), and (C) I. garciai (CFBH 39028, holotype). Scale bar = 5 1107 

mm.  1108 

 1109 

 1110 

FIG. 5.— Dorsal and ventral views of the holotype of Ischnocnema oea (MNRJ 1244). 1111 

Scale bar = 5 mm. 1112 
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 1113 

 1114 

FIG. 6.— Geographic distribution of Ischnocnema oea, I. feioi, and I. garciai. Solid 1115 

symbols represent type localities of each species. Area above 500 and 1000 m shaded gray. 1116 

 1117 

 1118 

FIG. 7.— Holotype of Ischnocnema feioi, CFBH 35994: (A) dorsal and (B) lateral views 1119 

of the head, (C) ventral view of the left hand, and (D) ventral view of the left foot. Scale bar = 5 1120 

mm. 1121 

 1122 

 1123 

FIG. 8.— Holotype of Ischnocnema garciai, CFBH 39028: (A) dorsal and (B) lateral 1124 

views of the head, (C) ventral view of the left hand, and (D) ventral view of the left foot. Scale 1125 

bar = 5 mm. 1126 

1127 
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FIG. 1. 1128 

 1129 
1130 
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FIG. 2. 1131 

 1132 
1133 
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FIG. 3. 1134 

1135 
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FIG. 4. 1136 

 1137 
1138 
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FIG. 5. 1139 

 1140 
 1141 

FIG. 6. 1142 

 1143 
1144 
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FIG. 7. 1145 

 1146 
1147 
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FIG. 8. 1148 
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ABSTRACT 27 

 28 

We present a new phylogenetic hypothesis for Ischnocnema, a Neotropical 29 

brachycephaloid genus of ground-dwelling direct-developing frogs. We performed 30 

Bayesian inference, maximum likelihood, and maximum parsimony analyses using two 31 

nuclear (RAG1 and Tyr) and three mitochondrial genes (12S rRNA, tRNA-Val, and 32 

16S rRNA) in a matrix comprising 28 of the 35 described species (80%). We recover I. 33 

nanahallux outside the I. parva series, and it is now unassigned to any species series, as 34 

are I. manezinho and I. sambaqui. We propose the I. venancioi species series to allocate 35 

I. venancioi, I. hoehnei, and two new species described herein (Ischnocnema parnaso 36 

sp. nov. and Ischnocnema colibri sp. nov.). Furthermore, we designate a lectotype for I. 37 

venancioi. The nuptial pad present in males is an important character in the genus and 38 

having a large, conspicuous, and glandular-appearing nuptial pad seems to be a putative 39 

synapomorphy for the clade composed of the I. parva, I. guentheri, and the newly 40 

proposed I. venancioi series. 41 

 42 

Keywords: Amphibia, Bioacoustics, Brachycephaloidea, Systematics, Taxonomy, 43 

Terrarana 44 

45 
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1. Introduction 46 

 47 

The Neotropical genus Ischnocnema Reinhardt and Lütken, 1862, is a group of 48 

ground-dwelling frogs belonging to Brachycephaloidea Günther, 1858, a superfamily of 49 

direct-developing frogs (i.e., they do not pass through a larval phase during their 50 

development). It currently comprises 35 species (Frost, 2018) divided into four series 51 

distributed throughout South and Southeast Brazil and adjacent Argentina, mainly in the 52 

Atlantic Forest domain: I. guentheri, I. lactea, I. parva, and I. verrucosa (Canedo and 53 

Haddad, 2012; Padial et al., 2014). Not long ago Ischnocnema was considered a junior 54 

synonym of Eleutherodactylus Duméril & Bibron, 1841 (Caramaschi and Canedo, 55 

2006), but the taxonomic status of the genus and its species has changed a lot over time.  56 

Lynch (1976) divided the South American Eleutherodactylus into ten groups, 57 

based on morphological characters. Four of these groups contained species from the 58 

Atlantic Forest: the E. binotatus group, which included E. binotatus (Spix, 1824), E. 59 

gualteri B. Lutz, 1974, E. guentheri (Steindachner, 1864), E. nasutus (A. Lutz, 1925), 60 

E. octavioi Bokermann, 1965, and E. plicifer (Boulenger, 1888); the E. lacteus group, 61 

which included E. bolbodactylus (A. Lutz, 1925), E. lacteus (Miranda-Ribeiro, 1923), 62 

E. nigriventris (A. Lutz, 1925), and E. venancioi B. Lutz, 1958; the E. parvus group, 63 

which included E. parvus (Girard, 1853) and E. pusillus Bokermann, 1967; and finally 64 

the E. ramagii group, which included E. paulodutrai Bokermann, 1975 “1974” and E. 65 

ramagii (Boulenger, 1888).  66 

Heyer (1984) created the E. guentheri cluster to allocate part of the E. binotatus 67 

group and three new species he described at the time. The cluster contained E. epipedus 68 

Heyer, 1984, E. erythromerus, Heyer, 1984, E. gualteri, E. guentheri, E. nasutus, and E. 69 

oeus Heyer, 1984.  70 
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Further, Lynch and Duellman (1997) created the E. binotatus series to allocate 71 

the four Atlantic Forest groups from Lynch (1976). To the E. binotatus group (sensu 72 

Heyer, 1984) the authors added E. heterodactylus (Miranda-Ribeiro, 1937), E. hoehnei 73 

B. Lutz, 1958, E. izecksohni Caramaschi and Kisteumacher, 1989 “1988”, and E. 74 

juipoca Sazima and Cardoso, 1978. From the E. lacteus group, the authors removed E. 75 

venancioi and included E. holti Cochran, 1948, while the E. parvus and E. ramagii 76 

groups remained the same. The authors also assigned E. randorum Heyer, 1985; E. 77 

spanios Heyer, 1985; E. venancioi; and E. vinhai Bokermann, 1975 “1974” to the E. 78 

binotatus series, despite not having been assigned to any group. 79 

 Until recently, the genus Ischnocnema comprised only one member from the 80 

Atlantic Forest, I. verrucosa (Reinhardt and Lütken, 1862 “1861”), while the other six 81 

species were from the Andes and their vicinities (Padial et al., 2005). Caramaschi and 82 

Canedo (2006), based on osteological features observed in I. verrucosa (type species of 83 

the genus), placed Ischnocnema under the synonymy of Eleutherodactylus (where most 84 

current brachycephaloid frogs were placed at the time) and resurrected Oreobates 85 

Jiménez de la Espada, 1872, to allocate the five Andean species. Heinicke et al. (2007) 86 

then resurrected Ischnocnema to allocate the Eleutherodactylus from the Brazilian 87 

Atlantic Forest, with the exception of the former E. binotatus and E. plicifer, currently 88 

placed in the genus Haddadus Hedges, Duellman and Heinicke, 2008. Hedges et al. 89 

(2008) presented a phylogenetic hypothesis and proposed a new classification for New 90 

World direct-developing frogs, a clade they called Terrarana (currently the family 91 

Brachycephaloidea). Although only a few Ischnocnema species were present in their 92 

phylogenetic hypothesis (five of 29 species at the time), they divided the genus into five 93 

species series based on morphology and previous taxonomic proposals: I. guentheri, I. 94 

lactea, I. parva, I. ramagii, and I. verrucosa. The I. guentheri series contained the 95 
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species from Heyer (1984) plus I. henselii (Peters, 1870), which was resurrected from 96 

the synonymy of I. guentheri by Kwet and Solé (2005), and  I. hoehnei, I. octavioi, I. 97 

izecksohni, and I. vinhai.  The I. lactea series contained the species from the E. lacteus 98 

group from Lynch and Duellman (1997) plus I. bilineata Bokermann, 1975 “1974”, I. 99 

gehrti (Miranda-Ribeiro, 1926), I. manezinho (Garcia, 1996), I. paranaensis (Langone 100 

and Segalla, 1996), I. randorum, I. sambaqui (Castanho and Haddad, 2000), I. spanios, 101 

and I. venancioi. The I. parva and I. ramagii series had the same content as the E. 102 

parvus and E. ramagii groups of Lynch and Duellman (1997), respectively. Hedges et 103 

al. (2008) also created the I. verrucosa series to allocate I. verrucosa and I. juipoca. 104 

 Canedo et al. (2010) described I. surda Canedo, Pimenta, Leite and Caramaschi, 105 

2010, and placed it in the I. verrucosa series. They also took I. octavioi out of the I. 106 

guentheri series and placed it, together with I. penaxavantinho Giaretta, Toffoli and 107 

Oliveira, 2007, in the I. verrucosa series based on morphological characters. Canedo 108 

and Haddad (2012) proposed a new classification for the superfamily 109 

Brachycephaloidea based on the greatest sample effort of Ischnocnema in a 110 

phylogenetic study until then, with about 80% of its described species. Among their 111 

most important findings was that the I. ramagii series and I. vinhai actually belonged to 112 

Pristimantis Jiménez de la Espada, 1870 and that I. bilineata was part of a distinct 113 

family of Brachycephaloidea, Craugastoridae Hedges, Duellman and Heinicke, 2008. 114 

Because they could not precisely identify the generic relationships of the latter, they 115 

placed it as incertae sedis within the subfamily Holoadeninae Hedges, Duellman and 116 

Heinicke, 2008. They also changed the content of all remaining Ischnocnema species 117 

series (except for I. parva), with most of the changes occurring in the I. lactea series. 118 

Ischnocnema abdita Canedo and Pimenta, 2010 (placed in the I. lactea series based on 119 

morphology in the original description) and I. bolbodactyla went to the I. verrucosa 120 
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series, and I. venancioi went to the I. guentheri series. Additionally, Canedo and 121 

Haddad (2012) unassigned I. manezinho and I. sambaqui to the I. lactea series, and did 122 

not place them in any other series because of divergences in the phylogenetic position of 123 

the clade composed of these species among their phylogenetic analyses. The recently 124 

described I. concolor Targino, Costa and Carvalho-e-Silva, 2009, I. melanopygia 125 

Targino, Costa and Carvalho-e-Silva, 2009, and I. vizzotoi Martins and Haddad, 2010, 126 

had their taxonomic position confirmed within the I. lactea series. Later, the I. parva 127 

series gained a third member with the description of I. nanahallux Brusquetti, Thomé, 128 

Canedo, Condez and Haddad, 2013. Brusquetti et al. (2013) made a phylogenetic 129 

hypothesis including only five species of Ischnocnema and one Brachycephalus 130 

Fitzinger, 1826, where I. nanahallux was the sister species of I. parva. Despite the 131 

innumerous morphological similarities between I. nanahallux and the other members of 132 

the I. parva series, Taucce et al. (2018) tested its phylogenetic position in a more robust 133 

matrix, including all species of Ischnocnema with available genetic data at the time, and 134 

recovered it within the I. parva series with very low support. They argued that this lack 135 

of support was probably because they only had about 500 bp available for I. nanahallux, 136 

while their final alignment had more than 3500 bp. The authors also described I. feioi 137 

Taucce, Canedo and Haddad, 2018, and I. garciai Taucce, Canedo and Haddad, 2018, 138 

and placed them within the I. guentheri series.  139 

 Recent fieldwork and museum visits allowed us to discover new populations of 140 

Ischnocnema morphologically similar to I. hoehnei and I. venancioi, in the Brazilian 141 

states of Rio de Janeiro and Espírito Santo. Our main goals with this paper are to: (1) 142 

construct a robust molecular phylogenetic hypothesis for Ischnocnema to assess mainly 143 

the phylogenetic positions of I. nanahallux and our new populations, and (2) evaluate, 144 

using three lines of evidence (molecular, acoustic, and morphological data), whether our 145 
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newly discovered populations are conspecifics to I. hoehnei and I. venancioi or distinct 146 

evolving lineages deserving a name. 147 

 148 

2. Material and Methods 149 

 150 

2.1. Taxon and gene sampling 151 

  152 

We compiled a molecular dataset with an ingroup composed of all available 153 

Ischnocnema species in GenBank (all terminals and respective accession numbers, 154 

including those sequences produced during this work, are listed in Appendix A). We 155 

also included specimens from three putative new species related to I. venancioi and I. 156 

hoehnei: one from the municipality of Cachoeiras de Macacu, one from the high 157 

grasslands of the Serra dos Órgãos National Park (PARNASO), both from the state of 158 

Rio de Janeiro, and one from the municipality of Santa Teresa, state of Espírito Santo. 159 

As an outgroup we used six Brachycephalus species, to represent the other lineage 160 

within the family Brachycephalidae, and one species from each of the following 161 

brachycephaloid genera: Bryophryne Hedges, Duellman and Heinicke, 2008; 162 

Craugastor Cope, 1862; Eleutherodactylus; Haddadus; Hypodactylus Hedges, 163 

Duellman and Heinicke, 2008; Lynchius Hedges, Duellman and Heinicke, 2008; 164 

Pristimantis; and Yunganastes Padial, Castroviejo-Fisher, Köhler, Domic and De la 165 

Riva, 2007.  166 

 We chose the mitochondrial 12S rRNA, tRNA Val, and partial sequence of 16S 167 

rRNA genes, and partial sequences of the nuclear genes tyrosinase precursor (Tyr) and 168 

recombination activation gene 1 (RAG1), because they have been successfully used in 169 
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most of the systematic studies of the Brachycephaloidea (e.g. Hedges et al. 2008; 170 

Canedo and Haddad, 2012; Padial et al. 2014).  171 

 172 

2.2. Laboratory procedures 173 

 174 

We extracted whole DNA from 100% ethanol-preserved muscle tissue using an 175 

ammonium acetate precipitation method (adapted by Lyra et al., 2017 from Maniatis et 176 

al., 1982) and then carried out PCR amplifications using Taq DNA Polymerase Master 177 

Mix (Ampliqon S/A, Denmark) and Axygen Maxygene thermocyclers. The standard 178 

PCR program for the mitochondrial markers follows Taucce et al. (2018). For the 179 

nuclear markers we used a nested-PCR program consisting of a first PCR reaction using 180 

the most external primers (Table 1). We then took 1 μL of the reaction product, added 181 

the most internal primers, and did a second PCR reaction. The first reaction consisted of 182 

a 3-min initial denaturing step at 95°C, followed by 20 cycles of 20 s at 95°C, 20 s at 183 

52°C, and 45 s at 68°C, followed by a final extension step of 3 min at 68°C. The second 184 

reaction consisted of a 3-min initial denaturing step at 95°C, followed by 40 cycles of 185 

20 s at 95°C, 20 s at 53°C, and 45 s at 68°C, followed by a final extension step of 3 min 186 

at 68°C. We purified PCR products following Lyra et al. (2017), which were sequenced 187 

in both directions, with a BigDye Terminator Cycle Sequencing Kit (version 3.0, 188 

Applied Biosystems) in an ABI 3730 automated DNA sequencer (Applied Biosystems) 189 

at Macrogen Inc. (Seoul, South Korea). 190 

 191 

2.3. Molecular analyses 192 

 193 

2.3.1. Alignment, partition schemes, and nucleotide substitution model selection 194 
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 195 

We performed alignment using MAFFT v7.130b (Katoh and Standley, 2013). 196 

For the nuclear gene fragments, we used the G-INS-i algorithm, which assumes the 197 

entire region can be aligned. For the mitochondrial gene fragments we used the E-INS-i 198 

algorithm, which is adapted for sequences with conserved domains and rich in gaps. 199 

 We conducted an a priori partition scheme with the three mitochondrial gene 200 

fragments and each codon position of the nuclear fragments as separate partitions. Then 201 

we made a search for the best partition scheme and best fitting nuclear models using 202 

PartitionFinder 2.1.1 (Lanfear et al., 2017) under the Corrected Akaike Information 203 

Criterion (AICc; Hurvich and Tsai, 1989). PartitionFinder uses maximum likelihood 204 

software to conduct part of the analyses and we chose PhyML 3.0 (Guindon et al., 205 

2010) for this purpose. 206 

 207 

2.3.2. Phylogenetic analyses and genetic distances 208 

 209 

We conducted tree searches using three optimality criteria: Bayesian inference, 210 

maximum likelihood, and maximum parsimony. We computed Bayesian inference 211 

analysis in MrBayes 3.2.6 (Ronquist et al., 2012) using two independent runs of 1.0 x 212 

107 generations, starting with random trees and four Markov chains (one cold), sampled 213 

every 1000 generations. We discarded 25% of generations and trees as burnin and 214 

performed the run with unlinked character state frequencies, substitution rates of the 215 

GTR model, gamma shape parameters, and proportion of invariable sites between 216 

partitions. We used the standard deviation of split frequencies (< 0.01), Estimated 217 

Sample Size (ESS > 100), and Potential Scale Reduction Factor (PSRF; Gelman and 218 

Rubin, 1992; should approach 1.0 as runs converge) to assess run convergence. We 219 
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computed maximum likelihood analysis in RAxML v. 8.2.10 (Stamatakis, 2014), 220 

searching the most likely tree 100 times and conducting 1000 non-parametric bootstrap 221 

replicates. We used the software TNT v. 1.5 (Goloboff and Catalano, 2016) treating 222 

gaps as missing data to construct the maximum parsimony hypothesis. The search for 223 

the most parsimonious tree was made using 50 RAS + TBR holding 100 trees per 224 

replicate and the resulting trees were used to construct a strict consensus tree. 225 

Parsimony Jackknife absolute frequencies were estimated on the consensus tree using 226 

50 RAS + TBR and holding 10 trees per replicate for a total of 1000 replicates. The 227 

command ttags was used to save a SVG version of the tree. We used Eleutherodactylus 228 

as the root for all analyses and we drew the Bayesian inference tree using FigTree 1.4.2 229 

(Rambaut, 2014). 230 

 We used the mitochondrial 16S rRNA fragment limited by the primers 16SAR 231 

and 16SBR (ca. 600 bp; Palumbi et al., 1991) to calculate genetic distances among 232 

Ischnocnema hoehnei, I. venancioi, and our newly discovered populations. We 233 

estimated the uncorrected pairwise distances utilizing R platform version 3.3.3 (R Core 234 

Team, 2017) with the packages APE version 5.0 (Paradis et al., 2004) and SPIDER 235 

version 1.4-2 (Brown et al., 2012).  236 

 237 

2.4. Morphological analyses 238 

 239 

We took the following measurements to the nearest 0.1 mm with a Mitutoyo® 240 

digital caliper under a stereomicroscope: snout-vent length (SVL), head length (from the 241 

tip of the snout to the angle of the jaw), head width (between the angles of the jaws), 242 

forearm length (from the elbow to the wrist), hand length (from the wrist to the tip of 243 

the third finger), thigh length (from the middle of the cloacal opening to the outer edge 244 
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of the knee), tibia length (from the outer edge of the knee to the outer edge of the heel), 245 

tarsal length (from the outer edge of the heel to the inner metatarsal tubercle), and foot 246 

length (from the proximal border of the inner metatarsal tubercle to the tip of the fourth 247 

toe). We also took eye diameter (between anterior and posterior margins of the eye), 248 

tympanum diameter (between anterior and posterior margins of the tympanum), eye-249 

nostril distance (from the anterior margin of the eye to the posterior margin of the 250 

nostril), internarial distance (between the two medial margins of the nostrils), eye-to-eye 251 

distance (between the anterior margins of the eyes), third finger disk length (maximum 252 

width of disk on third finger), and fourth toe disk length (maximum width of disk on 253 

fourth toe) with an ocular micrometer coupled to a stereomicroscope. Sex was 254 

determined by the observation of nuptial pads and vocal slits in males and direct 255 

observation of the gonads of female specimens. Morphological nomenclature follows 256 

previous literature on Brachycephaloidea (Heyer, 1984; Heyer et al., 1990; Hedges et 257 

al., 2008; Duellman and Lehr, 2009). Museum acronyms follow Sabaj (2016) and a full 258 

list of specimens examined is given in Appendix B. 259 

  260 

2.5. Call analyses 261 

 262 

 We recorded advertisement calls using a Marantz PMD 661 or a Tascam DR-40, 263 

coupled to a Sennheiser K6/ME66 unidirectional microphone. Recordings were carried 264 

out at 44.1 kHz with a 16 bit sampling size. Oliveira et al. (2008) described the call of 265 

Ischnocnema hoehnei and the analyzed call was kindly made available by one of the 266 

authors (Giaretta, A. A.), which we reanalyzed and redescribed it to facilitate 267 

comparisons. 268 
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To analyze the recordings we used the software Raven pro 1.5 (Bioacoustics 269 

Research Program, 2011). Spectrograms were produced using a window size of 512 270 

samples, 75% overlap, hop size of 128 samples, Discrete Fourier Transform (DFT) of 271 

1024 samples, and window type Hann. Resolution, contrast, and brightness were 272 

program default. We obtained spectrogram and oscillogram figures using tuneR version 273 

1.3.2 (Ligges et al., 2013) and seewave version 2.0.5 (Sueur et al., 2008) packages of R 274 

platform version 3.3.3 (R Core Team, 2017). Spectrogram figures were produced with a 275 

window length of 512 samples, 75% overlap, hop size of 128 samples, and window 276 

name Hanning. Call recordings of Pedro P. G. Taucce (PPGT 009–014) and Leandro O. 277 

Drummond (LOD 001–005) are deposited in the CFBH collection. Voucher specimens 278 

are housed at CFBH and MNRJ. We list full information for the recordings in Appendix 279 

C.  280 

 We measured the following call parameters: call duration (Köhler et al., 2017), 281 

call rise time (Hepp and Canedo, 2013), dominant frequency (Köhler et al., 2017), notes 282 

per call, note (repetition) rate (total number of notes minus one, divided by the time 283 

between the beginning of the first note to the beginning of the last note; modified from 284 

the call rate parameter of Cocroft and Ryan, 1995), and note (repetition) rate 285 

acceleration (Gehara et al., 2013). Call and note concepts follow Köhler et al. (2017). 286 

 287 

3. Results 288 

 289 

3.1. Molecular analyses  290 

 291 

3.1.1. Alignment, partition schemes, and nucleotide substitution model selection 292 

 293 
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We obtained a final alignment of 3800 base pairs (bp). Mitochondrial 12S 294 

rRNA, tRNAVal, and 16S rRNA had 1029, 76, and 1528 bp respectively; nuclear 295 

RAG1 and Tyr had 636 and 531 bp, respectively. Some species had one or two codon 296 

insertion-deletions in RAG1 and we moved them to maintain the reading frame when 297 

necessary. The best fitting partition scheme resulted in seven partitions, which are 298 

shown together with the respective best fitting nucleotide substitution model in Table 2. 299 

Although we used the seven partition schemes for the maximum likelihood analysis, we 300 

used the General Time Reversible model with γ–distribution for all of them because 301 

RAxML does not support applying different models to different partitions. 302 

 303 

3.1.2. Phylogenetic analyses and genetic distances 304 

 305 

The maximum likelihood and Bayesian inference analyses resulted in similar 306 

topologies (Fig. 1) and Bayesian inference runs converged for all parameters we 307 

checked (see session 2.3.2). The maximum parsimony tree also resulted in an overall 308 

similar topology, but with some important differences (Fig. S1). From now on we will 309 

give support in the following order, inside parentheses, when we talk about a clade: 310 

Bayesian inference posterior probability, maximum likelihood bootstrap, and maximum 311 

parsimony jackknife. The three topologies recovered the family Brachycephalidae (1.0, 312 

93, and 71) and both genera Brachycephalus (1.0, 100, and 100) and Ischnocnema (1.0, 313 

100, and 100) as monophyletic with high support, as well as the I. lactea (1.0, 100, and 314 

100) and the I. guentheri series (0.98, 78, and 76). Within the I. guentheri series, the 315 

three analyses recovered I. venancioi, I. hoehnei, and our putative species in a fully-316 

supported clade (1.0, 100, and 100), separated from a clade composed of the remaining 317 

species of the I. guentheri series (1.0, 100, and 100). The I. verrucosa series was also 318 
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recovered as monophyletic, but it was poorly supported in the maximum parsimony 319 

topology (1.0, 99, and 58). The phylogenetic placement of the clade composed of I. cf. 320 

manezinho and I. sambaqui (1.0, 100, and 99) was not congruent among the three 321 

analyses. This clade was the sister group of all Ischnocnema except for the I. lactea 322 

series in the Bayesian inference and the maximum likelihood analyses (1.0 and 88); 323 

while in the maximum parsimony tree this clade was the sister of all Ischnocnema 324 

except for the I. lactea and I. verrucosa series, but with very low support (41). None of 325 

the analyses recovered the I. parva series as monophyletic. The recently described I. 326 

nanahallux was sister (1.0, 100, and 89) to a clade composed of the remaining members 327 

of the I. parva series and the members of the I. guentheri series (1.0, 100, and 77), with 328 

high support in the three topologies.  329 

The uncorrected pairwise distance among Ischnocnema venancioi, I. hoehnei, 330 

and our putative species ranged from 7.3% (population from Cachoeiras de Macacu and 331 

population from Santa Teresa) to 14.9% (population from Cachoeiras de Macacu and 332 

population from the highland grasslands of PARNASO). The uncorrected pairwise 333 

distance within species ranged from 0.0% (I. venancioi and the population from Santa 334 

Teresa) to 2.2% (within I. hoehnei). Distances between and within species are 335 

summarized in Table 3. 336 

  337 

3.2. Morphological analyses 338 

 339 

Both external morphology and morphometric characters were important for the 340 

recognition of Ischnocnema hoehnei, I. venancioi, and our putative species. However, 341 

because only one specimen from the population from Cachoeiras de Macacu was 342 

available for us to examine, we preferred to exclude it from our morphometric analysis.  343 



98 
 

 

 Two characters distinguish both our putative species from the other species from 344 

the I. guentheri series: Finger I smaller than Finger II (Finger I approximately the same 345 

size as Finger II in other species) and disks of fingers III and IV large and truncated 346 

(smaller and usually rounded in other species; Fig. 2). The SVL (Table 4; Fig. 3), the 347 

pattern of the posterior surface of the thigh (Fig. 4), the relative size of Finger I 348 

compared to Finger II, and the ratios foot length/SVL, tibia length/SVL, and fourth toe 349 

disk width/third finger disk width were important for differentiating I. venancioi, I. 350 

hoehnei, and the populations from Santa Teresa and the high-elevation grasslands of 351 

PARNASO. We give detailed information about the diagnostic characters and other 352 

morphological traits in the Taxonomic Accounts section. 353 

 354 

3.3. Call analyses 355 

 356 

We analyzed 30 advertisement calls from 12 individuals. We had calls available 357 

for Ischnocnema hoehnei and for the putative species from Santa Teresa and the high-358 

elevation grasslands of the PARNASO. The advertisement calls are emitted sporadically 359 

as groups of short notes, without regular intervals between calls. The first notes have 360 

low energy, with notes increasing in energy gradually until an energy peak is reached 361 

(Fig. 5A–C). All analyzed advertisement calls are different from each other, and they 362 

are distinguished mainly by the dominant frequency, note (repetition) rate, and notes per 363 

call (Table 5). We also analyzed 19 territorial calls from two individuals from the 364 

population of Santa Teresa. The territorial and advertisement calls share a similar 365 

structure, but the first has a shorter call duration and its notes increase in energy more 366 

sharply than in the latter (Fig. 5D; Table 5).  367 

 368 
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3.4. Taxonomic accounts 369 

 370 

The Ischnocnema parva series, as it is presently known (Brusquetti et al., 2013; 371 

followed by Padial et al., 2014), comprises I. parva, I. pusilla, and I. nanahallux. In our 372 

three phylogenetic analyses the I. parva series is recovered as polyphyletic (Figs. 1 and 373 

S1), with I. nanahallux as the sister group of the I. parva and I. guentheri series. So, to 374 

avoid non-monophyletic groupings, we propose the removal of I. nanahallux from the I. 375 

parva series.  376 

 Ischnocnema venancioi and I. hoehnei are currently in the I. guentheri series 377 

(Canedo and Haddad, 2012; Padial et al., 2014; Taucce et al., 2018). We recovered 378 

these and the other related species in a fully supported clade (1.0, 100, and 100), sister 379 

to all the remaining members of the I. guentheri series. Our results show that the 380 

members of the I. venancioi clade, besides being molecularly different, are also 381 

phenotypically distinguishable from all other currently recognized Ischnocnema species 382 

series. For this reason, we propose the Ischnocnema venancioi species series to include 383 

the members of this clade. We also redefine the I. guentheri series to fit this new 384 

arrangement. 385 

 Finally, based on the molecular, acoustic, and morphological evidences 386 

presented here, we consider Ischnocnema venancioi, I. hoehnei, and the two populations 387 

from the high-elevation grasslands of the PARNASO and Santa Teresa as distinct 388 

evolving lineages. We also have strong molecular evidence that the population from 389 

Cachoeiras de Macacu is a distinct evolving lineage. However, because we are using an 390 

integrative approach and we have only one specimen from this population without an 391 

advertisement call, we will not describe it as new species. So, herein we redescribe I. 392 

venancioi, I. hoehnei, and, since there is no available name for the populations from 393 
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Santa Teresa and from the high-elevation grasslands of PARNASO, we describe them 394 

as two new species.  395 

 396 

3.4.1. Ischnocnema guentheri species series 397 

 398 

Diagnosis: The Ischnocnema guentheri series is distinguished from all other 399 

Ischnocnema species series by the following combination of characters: (1) Finger I 400 

approximately the same size as Finger II; (2) tips of fingers II–IV expanded, discs of 401 

fingers III and IV medium-sized and usually rounded (Fig. 2C and D); (3) long legs, 402 

tibia length > 60% of SVL; (4) one large, conspicuous, glandular-appearing nuptial pad 403 

on Finger I; (5) dorsum smooth or finely tuberculate. 404 

 405 

Content: The taxon contains 10 species: Ischnocnema epipeda (Heyer, 1984); I. 406 

erythromera (Heyer, 1984); I. feioi Taucce, Canedo and Haddad, 2018; I. garciai 407 

Taucce, Canedo and Haddad, 2018; I. gualteri (B. Lutz, 1974); I. guentheri 408 

(Steindachner, 1867); I. henselii (Peters, 1870); I. izecksohni (Caramaschi and 409 

Kisteumacher, 1989 “1988”); I. nasuta (A. Lutz, 1925); and I. oea (Heyer, 1984). 410 

 411 

Distribution: The taxon is distributed throughout the Atlantic Forest in Southeast and 412 

South Brazil, in the states of Rio Grande do Sul, Santa Catarina, Paraná, São Paulo, Rio 413 

de Janeiro, Minas Gerais, and Espírito Santo. Ischnocnema henselii reaches the 414 

province of Misiones, northern Argentina.  415 

 416 

Remarks: Ischnocnema epipeda and I. gualteri have yet to be phylogenetically tested, 417 

but we agree with previous authors (Canedo and Haddad, 2012; Taucce et al., 2018) and 418 
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maintain these two species in the I. guentheri series based on external morphology. The 419 

last collection of these species dates from the late 1970’s (Heyer, 1984), so there is no 420 

available material for DNA extraction. We went to the type localities of both I. gualteri 421 

(Granja Comari, municipality of Teresópolis, state of Rio de Janeiro) and I. epipeda 422 

(Santa Teresa, state of Espírito Santo), but we did not succeed in finding them. Efforts 423 

towards finding both species are of paramount importance to understand the 424 

phylogenetic relationships within the I. guentheri series.  425 

 426 

3.4.2. Ischnocnema venancioi species series, new taxon 427 

 428 

Diagnosis: The Ischnocnema venancioi series is distinguished from all other 429 

Ischnocnema species series by the following combination of characters: (1) Finger I 430 

smaller than Finger II; (2) tips of fingers II–IV expanded, discs of fingers III and IV 431 

large and truncated (Figs. 2A and B); (3) one large, conspicuous, glandular-appearing 432 

nuptial pad on Finger I; (4) dark-brown to black mask-like stripe starting at the tip of 433 

the snout or the nostril, contouring the canthus rostralis, passing through the eye (better 434 

seen in life, color fades in preservative, Fig. 6), contouring the dorsal portion of the 435 

tympanum, and finishing near arm insertion; (5) dorsum smooth or finely tuberculate. 436 

 437 

Content: The taxon contains four species: Ischnocnema venancioi (Lutz, 1958), 438 

Ischnocnema hoehnei (Lutz, 1958), Ischnocnema parnaso sp. nov., and Ischnocnema 439 

colibri sp. nov. 440 

 441 

Distribution: The taxon is distributed in the mountainous lands of Serra do Mar 442 

mountain range of the states of São Paulo and Rio de Janeiro and in the north portion of 443 
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the Serra da Mantiqueira mountain range in the state of Espírito Santo, all in Southeast 444 

Brazil, from 800 m to almost 2200 m of elevation (Fig. 6). 445 

 446 

Remarks: Bertha Lutz (1958) had already noted that the species of this series were 447 

related, and described Ischnocnema venancioi and I. hoehnei in the same paper. All 448 

subsequent phylogenetic hypotheses including both species have recovered them as 449 

sister taxa (Canedo and Haddad, 2012; Taucce et al., 2018). The two species were 450 

previously placed in the I. guentheri series (Canedo and Haddad, 2012, Padial et al., 451 

2014, Taucce et al., 2018), and despite the two series being closely related and are 452 

always recovered as sister taxa (Canedo and Haddad, 2012; Taucce et al., 2018, this 453 

study), the previously proposed morphological diagnosis for the I. guentheri series, 454 

including the I. venancioi series members, is no longer applicable for species of both 455 

series together. We recovered the I. venancioi series as a fully-supported clade in our 456 

three analyses and our data show that these species share some morphological features 457 

distinguishing them from all other Ischnocnema species series. For these reasons we 458 

decided to create the I. venancioi series. 459 

  460 

3.4.2.1. Ischnocnema venancioi (B. Lutz, 1958) 461 

 462 

Redescription (Figs. 2B, 3A, 4A, B, 5A, B, and 8) 463 

Eleutherodactylus venancioi B. Lutz, 1958 464 

Eleutherodatylus (Eleutherodactylus) venancioi – Lynch and Duellman, 1997 465 

Ischnocnema venancioi – Heinicke, Duellman and Hedges, 2007 466 

 467 
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Lectotype: MNRJ 53573, adult male, designated herein, Serra dos Órgãos National Park 468 

(PARNASO), municipality of Teresópolis, state of Rio de Janeiro, Brazil, collected by 469 

Bertha Lutz in February 1956. 470 

 471 

Paralectotypes: MNRJ 35185–35187, adult males collected in the municipality of 472 

Teresópolis, state of Rio de Janeiro, Brazil, by B. Lutz and J. Venancio in November 473 

1944. MNRJ 53565–53566, poorly preserved, sex undetermined, collected in the 474 

municipality of Teresópolis, state of Rio de Janeiro, Brazil, by B. Lutz on 21 October 475 

1952. MNRJ 53572, 53574–53580, 53582–53589, adult males and MNRJ 53581, 476 

poorly preserved, sex undetermined, collected with the holotype. MNRJ 53597, adult 477 

male, and MNRJ 53598, juvenile, collected in the municipality of Teresópolis, state of 478 

Rio de Janeiro, Brazil, by B. Lutz and J. Venancio in July 1943. MNRJ 53599–53600, 479 

poorly preserved, sex undetermined, collected at PARNASO, municipality of 480 

Teresópolis, state of Rio de Janeiro, Brazil, by B. Lutz and J. Venancio on 20 October 481 

1946. MNRJ 56191–53194, adult males collected at PARNASO, municipality of 482 

Teresópolis, state of Rio de Janeiro, Brazil, by B. Lutz on 23–26 November 1956. 483 

MNRJ 56213, adult male, and MNRJ 56214, juvenile, collected at PARNASO, 484 

municipality of Teresópolis, state of Rio de Janeiro, Brazil, by B. Lutz and J. Venancio 485 

on 1–10 December 1944.  486 

 487 

Diagnosis: In the Ischnocnema venancioi series by phylogenetic placement (Fig. 1) and 488 

the following combination of characters: (1) Finger I smaller than Finger II; (2) tips of 489 

fingers expanded, discs of fingers III and IV large and truncated (Fig. 2B); (3) one large, 490 

conspicuous, glandular-appearing nuptial pad on Finger I; (4) black mask-like stripe 491 

starting at the tip of the snout or the nostril, contouring the canthus rostralis, passing 492 
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through the eye (better seen in life, color fades in preservative, Fig. 5), contouring the 493 

dorsal portion of the tympanum, and finishing near arm insertion; (5) dorsum smooth or 494 

finely tuberculate.  495 

Ischnocnema venancioi is distinguished from all other species of the I. venancioi 496 

series by the following combination of characters: (1) small size (SVL in males 15.7–497 

22.3 mm, n = 31; female 24.1 mm, n = 1); (2) in preservative, posterior face of the thigh 498 

with cream oval spots surrounded by a dark-brown background or with slim dark-brown 499 

bars on a cream background (Fig. 2 A, B; cream spots and background yellow to orange 500 

in life); (3) Finger I much smaller than Finger II (Finger I half to two thirds the size of 501 

Finger II, not reaching the base of its disk); (4) foot small (foot length/SVL 0.40–0.54); 502 

(5) tibia small; (tibia length/SVL = 0.48–0.60); (6) fourth toe disk small (fourth toe disk 503 

width/third finger disk width = 0.53–0.93). 504 

 505 

Description of lectotype: Small size (SVL 17.4 mm). Head longer than wide; head 506 

length 46% of SVL, head width 37% of SVL; snout sub-elliptical in dorsal view, 507 

acuminate in lateral view; nostril rounded, oriented laterally, located near the tip of the 508 

snout; canthus rostralis slightly distinct, straight; loreal region slightly concave; 509 

postrictal tubercles absent; eye protuberant, oriented laterally; eye diameter 31% of head 510 

length; palpebral tubercles absent; tympanum distinct, rounded; tympanic membrane 511 

undifferentiated; annulus present, visible externally; tympanum diameter 34% of eye 512 

diameter; supratympanic fold absent; vocal slits present; vocal sac not apparent; tongue 513 

elliptical, without posterior notch; choanae rounded; dentigerous processes of the vomer 514 

located posteromedially to choanae, triangle-shaped, medially separated by a gap 515 

approximately the width of one dentigerous process; vomerine teeth present.  516 
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 Forelimb slender; palmar tubercle indistinct; thenar tubercle indistinct; single 517 

glandular-appearing nuptial pad, extending dorsally from the distal to the proximal 518 

portion of metacarpus on Finger I; palm smooth; supernumerary tubercles absent; single 519 

subarticular tubercles prominent, rounded, large; fingers slender, without fringes; tip of 520 

Finger I slightly expanded; tips of fingers II– IV fairly expanded, truncated, with a V-521 

shaped median slit in dorsal view; fourth toe disk small, width 56% of third finger disk; 522 

Finger I approximately two thirds the size of Finger II; finger lengths I < II < IV < III.  523 

 Hindlimb slender; shank longer than thigh; tibia length 57% of SVL, thigh 524 

length 51% of SVL; calcar tubercle absent; tarsal folds absent; foot small, length 45% 525 

of SVL; inner metatarsal tubercle elliptical, much larger than rounded outer metatarsal 526 

tubercle; sole of foot smooth; supernumerary tubercles absent; single subarticular 527 

tubercles present, large, prominent, rounded; toes long, slender, without fringes; tip of 528 

Toe I slightly expanded; tips of toes II–V fairly expanded, truncated, with a V-shaped 529 

median slit in dorsal view; toe lengths I < II < V < III < IV. 530 

 Dorsal skin smooth, with a few sparse tubercles; vertebral line from behind the 531 

eyes to vent; venter smooth; discoidal and thoracic folds absent.  532 

 533 

Coloration of lectotype in preservative: The specimen is rather faded so the dorsal 534 

pattern is unclear. Dorsum yellowish-brown; one large brown heart-shaped spot starting 535 

just posterior to  eyes and reaching level of the top of tympanum; two brown dots at the 536 

level of arm insertion; one brown transverse narrow band at the level of the sacral 537 

vertebra; head yellowish-brown, with one brown spot on the dorsal surface just anterior 538 

to eyes; loreal region with brown mask-like stripe from the tip of the nose to near the 539 

arm insertion; forelimb yellowish-brown; hindlimb yellowish-brown; posterior surface 540 
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of the thigh with cream-colored oval spots surrounded by a brown background; venter 541 

and gular region cream-colored, with sparse brown dots. 542 

 543 

Measurements of lectotype (in millimeters): SVL 17.4, head length 8.0, head width 6.5, 544 

eye diameter 2.5, tympanum diameter 0.9, eye-nostril distance 1.5, internarial distance 545 

1.8, eye-to-eye distance 2.8, forearm length 3.8, hand length 4.2, third finger disk length 546 

0.9, thigh length 8.8, tibia length 10.0, tarsal length 5.9, foot length 7.9, and fourth toe 547 

disk length 0.5. 548 

 549 

Variation: Additional referred specimens are listed in Appendix B. Nostril opening can 550 

also be elliptical, as can also be the tympanum. Tongue is elliptical, ovoid, or rounded. 551 

Finger I is half to two-thirds as large as Finger II. Some specimens have palpebral 552 

tubercles. Palmar and thenar tubercles are sometimes slightly distinct, the former heart-553 

shaped and the latter elliptical, both the same size. Posterior surface of the thigh in 554 

preservative with cream-colored spots over a brown background or brown bars over a 555 

cream-colored background (Fig. 4A, B; cream-colored portions yellow to orange in life, 556 

Fig. 5A, B). Dorsum can also be finely tuberculate. Lutz (1958) stated, and we confirm, 557 

that Ischnocnema venacioi has three dorsal patterns: one with “longitudinal bands of 558 

diverse tones” (Fig. 3A; Figs. 1, 3, and 6 in B. Lutz [1958]); the “tapestry-like” pattern, 559 

with “intrincate figures, centered around the narrow light vertebral line” (Fig. 5B; Figs. 560 

2, 4, and 5 in B. Lutz [1958]); and no distinct pattern (Fig. 5A). Sometimes the nuptial 561 

pad is difficult to see because it is exactly the same color as the skin. Female specimen 562 

(SVL 24.1 mm, n = 1) is much larger than male specimens (SVL 15.7–22.3 mm, n = 563 

31). Variation in SVL and body proportions is given in Table 4. In life the iris is 564 

bicolored, with a lighter superior half with shades going from metallic blue to light 565 
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brown, and a darker lower half usually of a dark brown shade similar to that of the 566 

canthal stripe. 567 

 568 

Advertisement call: Not formally described. In the original description (B. Lutz, 1958) 569 

the sound is described as a “crrr crrr”, which makes sense when you listen to the calls 570 

of the other species in the I. venancioi series (described below). 571 

 572 

Comparison with other species: Finger I smaller than Finger II distinguishes 573 

Ischnocnema venancioi from members of the I. guentheri, I. parva, and I verrucosa 574 

series and from I. manezinho (Finger I approximately the same size as Finger II in these 575 

species; Garcia, 1996; Hedges et al., 2008). Expanded tips of fingers II–IV and large 576 

truncated discs of fingers III and IV distinguish I. venancioi from members of the I. 577 

parva series, I. nanahallux (tips of fingers not expanded in these species; Hedges et al., 578 

2008, Brusquetti et al., 2013), and members of the I. verrucosa series (disks small or 579 

moderately-sized in these species; Hedges et al., 2008, Canedo et al., 2012). The large, 580 

conspicuous, glandular-appearing nuptial pad differentiates I. venancioi from I. 581 

manezinho, I. sambaqui, I. nanahallux, and the members of the I. lactea series (minute 582 

nuptial pad in I. randorum; translucent in I. nigriventris and I. vizottoi; reduced to some 583 

white granules in I. holti; absent in I. manezinho, I. sambaqui, I. nanahallux, I. 584 

melanopygia and I. spanios; unknown in other species; Heyer, 1985; Hedges et al., 585 

2008; Targino and Carvalho-e-Silva, 2008; Berneck et al., 2013) and I. verrucosa series 586 

(except for I. surda; faint, translucent nuptial pad in I. karst [Canedo, Targino, Leite and 587 

Haddad, 2012]; absent in other species; Hedges et al., 2008; Canedo et al. 2010, 2012). 588 

The mask-like stripe starting at the tip of the snout or the nostril, contouring the canthus 589 

rostralis, passing through the eye, contouring the dorsal portion of the tympanum, and 590 
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finishing near arm insertion distinguishes I. venancioi from I. manezinho, I. sambaqui, 591 

and the members of the I. guentheri, I. lactea, and I. verrucosa series (mask-like stripe 592 

usually absent in these species; when present it does not pass through the eye). The 593 

smooth or finely tuberculate dorsum distinguishes I. venancioi from I. sambaqui (rugose 594 

in I. sambaqui; Castanho and Haddad, 2000) and from the members of the I. verrocusa 595 

series (tuberculate in these species; Hedges at al., 2008, Canedo et al., 2010, 2012). 596 

Ischnocnema venancioi (SVL of males 15.7–22.3 mm, female 24.1 mm) differs 597 

from all other species of the I. venancioi series by its smaller size (SVL of males of 598 

other species of the I. venancioi species series 22.9–34.8 mm; of females 31.1–42.7 599 

mm), by the posterior surface of the thigh with cream-colored ovoid spots surrounded 600 

by a dark-brown background or with dark-brown slim bar on a cream-colored 601 

background in preservative (cream-colored spots and background yellow to orange in 602 

life; posterior surface of the thigh mottled in other species of the I. venancioi species 603 

series), and by Finger I being much smaller than Finger II (Finger I reaching 604 

approximately the base of the disk of Finger II in other species of the I. venancioi 605 

species series). 606 

 By its smaller foot, I. venancioi (foot length/SVL = 0.40–0.54) differs from I. 607 

hoehnei (foot length/SVL = 0.67–0.70) and from I. parnaso sp. nov. (foot length/SVL = 608 

0.55–0.63). By its smaller tibia, I. venancioi (tibia/SVL = 0.48–0.60) differs from I. 609 

hoehnei (tibia/SVL = 0.67–0.73) and by the smaller fourth toe disk, I. venancioi (fourth 610 

toe disk length/third finger disk length = 0.53–0.93) differs from I. parnaso sp. nov. 611 

(fourth toe disk length/third finger disk length = 1.00–1.09). 612 

 613 
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Geographic distribution: Ischnocnema venancioi is currently known from the highlands 614 

above 800 m of the Serra dos Órgãos mountain range in the state of Rio de Janeiro, in 615 

the municipalities of Teresópolis and Nova Friburgo. 616 

 617 

Natural history notes: The species is usually found in association with bromeliad plants 618 

(B. Lutz, 1958, this study). Individuals start calling at dusk while perched on the leaves 619 

of ground bromeliads or other low vegetation (B. Lutz, 1958). 620 

 621 

Remarks: In the original description of Eleutherodactylus venancioi (= Ischnocnema 622 

venancioi), Bertha Lutz (1958) included in the “Type locality and types” section 623 

(Localidade tipo e tipos section in the part in Portuguese) “6 female cotypes, 60 624 

paratypes, males or not sexed” but did not designate a holotype or give museum 625 

numbers. Based on the article 72.1.1 of the International Code of Zoological 626 

Nomenclature, we consider all 66 specimens as the type series, because the author 627 

referred to all of them as types (B. Lutz 1958). Additionally, separating the specimens 628 

in “cotypes” and “paratypes” is not a situation provided by article 72.4.6, so we 629 

consider all 66 specimens as syntypes. We found 33 specimens at the Museu Nacional, 630 

Rio de Janeiro, Brazil, collected before 1958 (the year of the species description), and 631 

since Bertha Lutz worked at the Museu Nacional, and all the specimens were collected 632 

by her, we assume that these were part of the specimens she used to describe E. 633 

venancioi. Most specimens are well-preserved and bear all the diagnostic characters we 634 

used to identify the species. So, among these well-preserved specimens, we hereby 635 

designate the MNRJ 53573 as the lectotype of Eleutherodactylus venancioi. All other 636 

specimens (partially listed above) are paralectotypes. 637 
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  Frost (2017) mentions that the species is known from the coastal mountains of 638 

Rio de Janeiro and São Paulo, Brazil, but we are not aware of I. venancioi occurring in 639 

any locality outside the state of Rio de Janeiro.  640 

 641 

3.4.2.2. Ischnocnema hoehnei (B. Lutz, 1958) 642 

 643 

Redescription (Figs. 2A, 3D, 4C, 5C, and 9) 644 

Eleutherodactylus hoehnei B. Lutz, 1958 645 

Eleutherodatylus (Eleutherodactylus) hoehnei – Lynch and Duellman, 1997 646 

Ischnocnema hoehnei – Heinicke, Duellman and Hedges, 2007 647 

 648 

Holotype: AL-MN 2525, adult female collected at Reserva Biológica do Alto da Serra 649 

de Paranapiacaba (RBASP, formerly Estação Biológica do Alto da Serra), 650 

Paranapiacaba, municipality of Santo André, state of São Paulo, Brazil, by F. C. Hoehne 651 

in April 1934.  652 

 653 

Paratypes: AL-MN 2526 (collected with the holotype; not examined), AL-MN 3376 654 

(cleared for osteological studies according to the original publication; not examined), 655 

MZUSP 10201–10206, 10177–10178, 11000, 11064 (not examined). 656 

 657 

Diagnosis: In the Ischnocnema venancioi series by phylogenetic placement (Fig. 1) and 658 

the following combination of characters: (1) Finger I smaller than Finger II; (2) tips of 659 

fingers expanded, discs of fingers III and IV large and truncated (Fig. 2A); (3) one 660 

large, conspicuous, glandular-appearing nuptial pad on Finger I; (4) black mask-like 661 

stripe starting at the tip of the snout or the nostril, contouring the canthus rostralis, 662 
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passing through the eye (better seen in life, Fig. 5), contouring the dorsal portion of the 663 

tympanum, and finishing near arm insertion; (5) dorsum smooth or finely tuberculate. 664 

Ischnocnema hoehnei is distinguished from all other species of the I. venancioi series by 665 

the following combination of characters: (1) large size (SVL of males 30.6–34.8 mm, n 666 

= 3; female 42.7 mm, n = 1); (2) foot large (foot length/SVL 0.67–0.70); (3) tibia large 667 

(tibia length/SVL = 0.67–0.73); (4) posterior face of thigh mottled, forming small 668 

irregular spots in some specimens (Fig. 2C); (5) Finger I slightly smaller than Finger II 669 

(tip of Finger I reaching the base of the disk of Finger II approximately); (6) fourth toe 670 

disk small (fourth toe disk width/third finger disk width = 0.93–0.96); (7) low 671 

advertisement call frequency (1.90 kHz); (8) advertisement call with a high number of 672 

notes (59); (9) medium note (repetition) rate (35.85 notes per second).  673 

 674 

Redescription of holotype: large size (42.7 mm), head longer than wide; head length 675 

43% of SVL; head width 36% of SVL; snout sub-elliptical in dorsal view, acuminate in 676 

lateral view; nostril elliptical, oriented laterally, located near tip of snout; canthus 677 

rostralis distinct, straight; loreal region slightly concave; postrictal tubercles absent; eye 678 

protuberant, oriented laterally; eye diameter 34% of head length; one palpebral tubercle; 679 

tympanum distinct, rounded; tympanic membrane undifferentiated; annulus present, 680 

visible externally; tympanum diameter 38% of eye diameter; supratympanic fold absent; 681 

tongue large, ovoid, without posterior notch; choanae rounded; dentigerous processes of 682 

the vomer located posteriormedialy to choanae, triangle-shaped, medially separated by a 683 

gap approximately the width of one dentigerous process; vomerine teeth present.  684 

 Forelimb slender; palmar tubercle slightly distinct, heart-shaped; thenar tubercle 685 

elliptical, less than half the size of palmar tubercle; palm smooth; three slightly distinct 686 

supernumerary tubercles; single subarticular tubercles prominent, rounded, large; 687 
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fingers slender, without fringes; tip of Finger I slightly expanded; tips of fingers II– IV 688 

fairly expanded, truncated, with a V-shaped median slit in dorsal view; fourth toe disk 689 

small; fourth toe disk width 93% of third finger disk; Finger I slightly smaller than 690 

Finger II, its length reaching the base of Finger II disk; finger lengths I < II < IV < III. 691 

 Hindlimb slender; shank longer than thigh; tibia length 73% of SVL; thigh 692 

length 59% of SVL; posteroventral surface of the thighs areolate; calcar tubercle small; 693 

tarsal folds absent; foot large; foot length 67% of SVL; inner metatarsal tubercle 694 

elliptical, much larger than outer metatarsal tubercle, rounded; sole of foot smooth; a 695 

few small supernumerary tubercles; single subarticular tubercles present, large, 696 

prominent, rounded; toes long, slender, with discrete fringes; tip of Toe I slightly 697 

expanded; tips of toes II–V fairly expanded, truncated, with a V-shaped median slit in 698 

dorsal view; toe lengths I < II < V < III < IV. 699 

 Dorsal skin smooth, with a few sparse tubercles; vertebral line from just anterior 700 

to eyes extending almost to vent; venter finely tuberculate; discoidal and thoracic folds 701 

present.  702 

 703 

Coloration of holotype in preservative: The specimen is somewhat faded. Dorsum with 704 

shades of beige and brown, with a broad brown band of irregular width starting 705 

posterior to the eyes and finishing at the vent, narrowing three times throughout its 706 

length, and irregularly spaced brown dots; loreal region with brown mask-like stripe 707 

from the tip of the nose to near arm insertion; forelimb beige; hindlimb striped beige 708 

and faded brown dorsally; cream-colored ventrally; posterior surface of the thighs 709 

beige; venter beige.  710 

 711 
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Measurements of holotype (in millimeters): SVL 42.7, head length 18.5, head width 712 

15.2, eye diameter 6.3, tympanum diameter 2.4, eye-nostril distance 3.6, internarial 713 

distance 5.2, eye-to-eye distance 7.3, forearm length 9.5, hand length 13.2, third finger 714 

disk length 2.4, thigh length 25.1, tibia length 31.0, tarsal length 14.6, foot length 28.8, 715 

and fourth toe disk length 2.2. 716 

 717 

Variation: Additional referred specimens are listed in Appendix B. Dorsum can be 718 

finely tuberculate, mask-like stripe can reach beyond the insertion of the arms, and 719 

tongue is elliptical in some specimens. Fingers of other specimens bear discrete fringes 720 

and the dorsal pattern is variable (see B. Lutz, 1958 for illustrations). Vocal sac in males 721 

is single, subgular, and slightly expanded externally, vocal slits present and nuptial pad 722 

single, apparently-glandular, same color as the hand. Female specimen (SVL 42.7 mm, 723 

n = 1) is much larger than male specimens (SVL 30.6–34.8 mm, n = 3). Variation in 724 

SVL and body proportions is given in Table 4. 725 

 726 

Advertisement call: Only one advertisement call was available for our analysis. The call 727 

consists of several short notes emitted in regular intervals. The call begins with low 728 

energy notes, which increase in energy over time, until reaching a peak almost at the 729 

end of the call. The last note has notably less energy than the penultimate note (Fig. 730 

7A). Call duration 1.65 s, call rise time 96%, dominant frequency 1.90 kHz, 59 notes 731 

per call, note (repetition) rate 35.85 notes per second, and note (repetition) rate 732 

acceleration -20%. 733 

 734 

Comparison with other species: Finger I smaller than Finger II distinguishes 735 

Ischnocnema hoehnei from members of the I. guentheri, I. parva, and I verrucosa series 736 
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and from I. manezinho (Finger I approximately the same size as Finger II in these 737 

species; Garcia, 1996; Hedges et al., 2008).  Expanded tips of fingers II–IV and large 738 

truncated discs of fingers III and IV distinguish I. hoehnei from members of the I. parva 739 

series, I. nanahallux (tips of fingers not expanded in these species; Hedges et al., 2008, 740 

Brusquetti et al., 2013), and members of the I. verrucosa series (disks small or 741 

moderately-sized in these species; Hedges et al., 2008, Canedo et al., 2012). The large, 742 

conspicuous, glandular-appearing nuptial pad differentiates I. hoehnei from I. 743 

manezinho, I. sambaqui, I. nanahallux, and the members of the I. lactea (minute nuptial 744 

pad in I. randorum; translucent in I. nigriventris and I. vizottoi; reduced to some white 745 

granules in I. holti; absent in I. melanopygia and I. spanios; unknown in other species; 746 

Heyer, 1985; Hedges et al., 2008; Targino and Carvalho-e-Silva, 2008; Berneck et al., 747 

2013) and I. verrucosa series (except for I. surda; faint, translucent nuptial pad in I. 748 

karst; absent in other species; Hedges et al., 2008; Canedo et al., 2010, 2012). The 749 

mask-like stripe starting at the tip of the snout or the nostril, contouring the canthus 750 

rostralis, passing through the eye, contouring the dorsal portion of the tympanum, and 751 

finishing near arm insertion distinguishes I. hoehnei from I. manezinho, I. sambaqui, 752 

and the members of the I. guentheri, I. lactea, and I. verrucosa series (mask-like stripe 753 

usually absent in these species; when present it does not pass through the eye). The 754 

smooth or finely tuberculate dorsum distinguishes I. hoehnei from I. sambaqui (rugose; 755 

Castanho and Haddad, 2000) and from the members of the I. verrocusa series 756 

(tuberculate in these species; Hedges at al., 2008, Canedo et al., 2010, 2012). 757 

By its large size (SVL of males 30.6–34.8 mm, n = 3; female 42.7 mm, n = 1), 758 

large foot (foot length/SVL 0.67–0.70), and large shank (tibia length/SVL 0.67–0.73), 759 

Ischnocnema hoehnei differs from all other species of the I. venancioi species series 760 

(combined SVL of males 15.7–30.3 mm, n = 41; females 24.1–38.0 mm, n = 5). 761 
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 The mottled posterior surface of the thigh, forming small irregular cream-762 

colored spots in some specimens, of I. hoehnei distinguishes it from I. venancioi 763 

(posterior surface of the thigh with cream-colored oval spots surrounded by a dark-764 

brown background or with dark-brown slim bars on a clear background; cream-colored 765 

spots and background yellow to orange in life), I. parnaso sp. nov. (posterior surface of 766 

the thigh with cream-colored large irregular-shaped spots surrounded by a mottled 767 

background), and I. colibri sp. nov. (posterior surface of the thigh mottled, interleaved 768 

with cream-colored bars, forming a striped pattern, or with large irregular-shaped 769 

cream-colored spots surrounded by a mottled background). Having Finger I slightly 770 

smaller than the Finger II, reaching approximately the base of Finger II, distinguishes I. 771 

hoehnei from I. venancioi (Finger I much smaller than Finger II, not reaching the base 772 

of Finger II) and by having the fourth toe disk small (fourth toe disk width/third finger 773 

disk width = 0.93–0.96) differentiates I. hoehnei from I. parnaso sp. nov. (fourth toe 774 

disk width/third finger disk width = 1.00–1.09). 775 

 Ischnocnema hoehnei differs from I. parnaso sp. nov. and I. colibri sp. nov. by 776 

the lower frequency of its advertisement call (1.90 kHz in I. hoehnei; 2.34–2.84 kHz in 777 

the two new species), by the higher number of notes per call (59 in I. hoehnei; 18–53 in 778 

the two new species), and by the intermediate note (repetition) rate (35.85 notes per 779 

second in I. hoehnei; 41.30–44.82 notes per second in I. colibri sp. nov. and 16.55–780 

21.17 notes per second in I. parnaso sp. nov.).  781 

 782 

Natural history notes: The natural history and habits of I. hoehnei are poorly known. 783 

Specimens are usually found perched on ground bromeliads or other ground plants 784 

(Heyer et al., 1990; Malagoli, L. R. personal communication). The species is commonly 785 
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found in open areas inside forests, such as clearings or stream margins (B. Lutz, 1958; 786 

Heyer et al., 1990; Oliveira et al., 2008).  787 

 788 

Geographic distribution: Ischnocnema hoehnei is currently known from the highlands 789 

(above 800 m of elevation) of Serra do Mar mountain range in the state of São Paulo, 790 

Brazil, from the municipalities of Santo André, Itanhaém, Salesópolis, Pilar do Sul, and 791 

São Miguel Arcanjo. 792 

 793 

Remarks: Heyer et al. (1990) mentioned one male (SVL = 22.0 mm) and one female 794 

(SVL = 29.4 mm) specimen from Boracéia, municipality of Salesópolis. They stated 795 

that the male specimen lacked vocal slits and nuptial pads. All male specimens that we 796 

analyzed had both these characters and our smallest specimen had an SVL of 30.6 mm, 797 

much larger than the male from Boracéia. The authors mentioned some diagnostic 798 

characters of Ischnocnema hoehnei, like the mask-like stripe, the large foot, and the 799 

large shank. We did not examine these specimens but we believe they are indeed I. 800 

hoehnei and the male specimen lacked vocal slits and nuptial pads because it was a 801 

subadult. Hedges et al. (2008) also mentioned that I. hoehnei lacks nuptial pads, 802 

probably following Heyer et al. (1990). 803 

 As noted by B. Lutz (1958) in the original description, the large size and the 804 

color pattern (including the mask-like stripe) of I. hoehnei is superficially similar to that 805 

of Haddadus binotatus (Spix, 1824). However, the two species have notable 806 

differences. Haddadus binotatus has a series of longitudinal glandular ridges in the 807 

dorsum and Finger I is much larger than Finger II (dorsum lacking glandular ridges and 808 

Finger I slightly smaller than Finger II in I. hoehnei). Males of H. binotatus lack nuptial 809 

pads on Finger I (nuptial pads present in males of I. hoehnei). 810 
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 811 

3.4.2.3. Ischnocnema parnaso sp. nov. 812 

 813 

(Figs. 3C, 4D, 5D, and 10) 814 

 815 

Holotype: CFBH 41812, adult male collected at Pedra do Sino, Serra dos Órgãos 816 

National Park (PARNASO), municipality of Guapimirim, state of Rio de Janeiro, Brazil 817 

(22°27’42”S, 43°01’50”W, 2180 m of elevation), by Drummond, L. O. and Nogueira-818 

Costa, P. on December 20 2015. 819 

 820 

Paratypes: CFBH 41813, adult male, MNRJ 91759, adult female, both collected with 821 

the holotype. MNRJ 91756–91758, adult males collected at Pedra da Baleia, 822 

PARNASO, municipality of Guapimirim, state of Rio de Janeiro, Brazil (22°27’40”S, 823 

43°01’38”W, 2142 m of elevation), by Drummond, L. O. and Nogueira-Costa, P. on 824 

December 21 2015. 825 

 826 

Diagnosis: In the Ischnocnema venancioi series by phylogenetic placement (Fig. 1) and 827 

the following combination of characters: (1) Finger I smaller than Finger II; (2) tips of 828 

fingers expanded, discs of fingers III and IV large and truncated; (3) one large, 829 

conspicuous, glandular-appearing nuptial pad on Finger I; (4) black mask-like stripe 830 

starting at the tip of the snout or the nostril, contouring the canthus rostralis, passing 831 

through the eye, contouring the dorsal portion of the tympanum, and finishing near arm 832 

insertion; (5) dorsum smooth. Ischnocnema parnaso sp. nov. is distinguished from all 833 

other species of the I. venancioi series by the following combination of characters: (1) 834 

medium-size (SVL of males 27.1–30.3 mm, n = 5; female 38.0 mm, n = 1); (2) medium-835 
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size foot (foot length/SVL 0.55–0.63); (3) small tibia (tibia length/SVL = 0.55–0.59); 836 

(4) posterior surface of the thigh with large irregular-shaped cream-colored spots 837 

surrounded by a mottled background; (5) Finger I slightly smaller than Finger II (tip of 838 

Finger I reaching the base of Finger II approximately); (6) fourth toe disk large (fourth 839 

toe disk width/third finger disk width = 1.00–1.09); (7) high advertisement call 840 

frequency (2.34–2.67 kHz); (8) advertisement call with low number of notes (18–29); 841 

(9) low note (repetition) rate (16.55–21.17 notes per second). 842 

 843 

Description of holotype: Medium-size (SVL = 29.1 mm). Head longer than wide; head 844 

length 39% of the SVL, head width 35% of the SVL; snout sub-elliptical in dorsal view, 845 

acuminate in lateral view; nostril rounded, oriented laterally, located near the tip of 846 

snout; canthus rostralis slightly distinct, straight; loreal region slightly concave; 847 

postrictal tubercles absent; eye protuberant, oriented laterally; eye diameter 31% of head 848 

length; palpebral tubercles absent; tympanum distinct, rounded; tympanic membrane 849 

undifferentiated; annulus present, visible externally; tympanum diameter 43% of eye 850 

diameter; supratympanic fold absent; vocal slits present; vocal sac slightly distinct, one 851 

visible fold parallel to left side of the jaw; tongue large, elliptical, without posterior 852 

notch; choanae rounded; dentigerous processes of the vomer located posteromedially to 853 

choanae, triangle-shaped, medially separated by a gap approximately the same size as 854 

one dentigerous process; vomerine teeth present.  855 

 Forelimb slender; palmar tubercle barely distinct, heart-shaped, its diameter 856 

approximately equal that of the thenar tubercle; thenar tubercle barely distinct, elliptical; 857 

single glandular-appearing nuptial pad, extending dorsally from the distal to the 858 

proximal portion of metacarpus on Finger I, the same color as the surrounding skin; 859 

palm smooth; supernumerary tubercles absent; single subarticular tubercles prominent, 860 
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rounded, large; fingers slender, without fringes; tip of Finger I not expanded; tip of 861 

Finger II slightly expanded; tips of fingers III and IV fairly expanded, truncated, with a 862 

V-shaped median slit in dorsal view; Finger I slightly smaller than Finger II, its length 863 

reaching the base of Finger II disk; finger lengths I < II < IV < III. 864 

 Hindlimb slender; shank longer than thigh; tibia length 58% of SVL; thigh 865 

length 55% of SVL; calcar tubercle absent; tarsal folds absent; foot medium-size; foot 866 

length 60 % of SVL; inner metatarsal tubercle elliptical, twice as big as outer metatarsal 867 

tubercle; outer metatarsal tubercle rounded; sole of foot smooth; supernumerary 868 

tubercles absent; single subarticular tubercles present, large, prominent, rounded; toes 869 

long, slender, without fringes; tip of Toe I slightly expanded; tips of toes II–V fairly 870 

expanded, truncated, with a V-shaped median slit in dorsal view; toe lengths I < II < V< 871 

III< IV. 872 

 Dorsal skin smooth; vertebral line absent; venter smooth; discoidal and thoracic 873 

folds absent. 874 

 875 

Coloration of holotype: Background cream-colored; dorsum with several sparse dark-876 

brown dots; loreal region with dark-brown mask-like stripe from the tip of the snout to 877 

near the arm insertion; dark-brown dots forming a blotch on the dorsal part of the head, 878 

between the eyes; forelimb cream-colored, with several dark-brown dots larger than 879 

those of the dorsum over the dorsal surfaces of the arm, forearm, and hand; ventral 880 

surfaces of the arm, forearm, and hand with more sparse dark-brown dots; hindlimb 881 

cream-colored, with several dark-brown dots larger than those of the dorsum and 882 

smaller than those of the forelimb over dorsal and ventral surfaces of the thigh, tibia, 883 

and dorsal surface of the foot; dark-brown dots less sparse on the sole of the foot; 884 

posterior surface of the thigh with cream-colored irregular spots surrounded by dark-885 
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brown mottled background; venter cream-colored with a few dark-brown dots on the 886 

chest; gular region cream-colored; jaw bordered by concentrated small dark-brown dots 887 

forming a thin line. 888 

 889 

Measurements of holotype (in millimeters): SVL 29.1, head length 11.3, head width 890 

10.2, eye diameter 3.5, tympanum diameter 1.5, eye-nostril distance 2.5, internarial 891 

distance 2.8, eye-to-eye distance 5.0, forearm length 5.5, hand length 8.6, third finger 892 

disk length 1.4, thigh length 15.9, tibia length 17.0, tarsal length 8.0, foot length 17.6, 893 

and fourth toe disk length 1.5. 894 

 895 

Variation: Tongue is rounded, elongated, or triangular and choanae is elliptical in some 896 

specimens. Postrictal tubercle is present in female specimen. Thoracic fold is present in 897 

some specimens. Sometimes the nuptial pad is difficult to see because it is exactly the 898 

same color as the surrounding skin. Female specimen (SVL 38.0 mm, n = 1) is much 899 

larger than male specimens (SVL 27.1–30.3 mm, n = 5). Variation in SVL and body 900 

proportions is given in Table 4. 901 

 902 

Etymology: The name “PARNASO” is the abbreviation for Parque Nacional da Serra 903 

dos Órgãos (Serra dos Órgãos National Park), type locality of the species. The park was 904 

created on November 30, 1939, and it is the third oldest park in Brazil, housing 905 

astonishing biodiversity. It is also the type locality of several anurans and one of the 906 

most important Atlantic Forest conservation units in Brazil. The name is used here as a 907 

noun in apposition. 908 

 909 
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Advertisement call: The advertisement call (19 calls of five males; Table 6; Fig. 7B) is 910 

emitted sporadically and is composed of 18 to 29 notes ( = 25.00 ± 3.04) emitted at 911 

regular intervals. The call begins with low energy notes, which increase in energy over 912 

time, until reaching a peak almost at the end of the call. The last note usually has 913 

notably less energy than the penultimate note. The call rise time is 42–92% ( = 66.06 ± 914 

15.34) and the dominant frequency 2.34–2.67 kHz (  = 2.46 ± 0.09). The advertisement 915 

call lasts 1.00 to 1.50 s (  = 1.25 ± 0.12) and the note (repetition) rate is 16.55–21.17 916 

notes per second ( = 19.58 ± 1.32). The note rate decelerates at the end of the call, 917 

with a note rate acceleration of -36–-11% (  = -22.98 ± 5.99). 918 

 919 

Comparison with other species: Finger I smaller than Finger II distinguishes 920 

Ischnocnema parnaso sp. nov. from members of the I. guentheri, I. parva, and I 921 

verrucosa series and from I. manezinho (Finger I approximately the same size as Finger 922 

II in these species; Garcia, 1996; Hedges et al., 2008). Expanded tips of fingers II–IV 923 

and large truncated discs of fingers III and IV distinguish I. parnaso sp. nov. from 924 

members of the I. parva series, I. nanahallux (tips of fingers not expanded in these 925 

species; Hedges et al., 2008, Brusquetti et al., 2013), and members of the I. verrucosa 926 

series (disks small or moderately-sized in these species; Hedges et al., 2008, Canedo et 927 

al., 2012). The large, conspicuous, glandular-appearing nuptial pad differentiates I. 928 

parnaso sp. nov. from I. manezinho, I. sambaqui, I. nanahallux, and the members of the 929 

I. lactea (minute nuptial pad in I. randorum; translucent in I. nigriventris and I. vizottoi; 930 

reduced to some white granules in I. holti; absent in I. melanopygia and I. spanios; 931 

unknown in other species; Heyer, 1985; Hedges et al., 2008; Targino and Carvalho-e-932 

Silva, 2008; Berneck et al., 2013) and I. verrucosa series (except for I. surda; faint, 933 

translucent nuptial pad in I. karst; absent in other species; Hedges et al., 2008; Canedo 934 
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et al., 2010, 2012). The mask-like stripe starting at the tip of the snout or the nostril, 935 

contouring the canthus rostralis, passing through the eye, contouring the dorsal portion 936 

of the tympanum and reaching near arm insertion distinguishes I. parnaso sp. nov. from 937 

I. manezinho, I. sambaqui, and the members of the I. guentheri, I. lactea, and I. 938 

verrucosa series (mask-like stripe usually absent in these species; when present it does 939 

not pass through the eye). The smooth or finely tuberculate dorsum distinguishes I. 940 

parnaso sp. nov. from I. sambaqui (rugose; Castanho and Haddad, 2000) and from the 941 

members of the I. verrocusa series (tuberculate in these species; Hedges at al. 2008, 942 

Canedo et al. 2010, 2012). 943 

Ischnocnema parnaso sp. nov. differs from all other species of the I. venancioi 944 

series by its large fourth toe disk (fourth toe disk width/third finger disk width = 1.00–945 

1.09 in the new species; 0.53–0.96 in other species). Also, I. parnaso sp. nov. (SVL of 946 

males 27.1–30.3 mm, n = 5; female 38.0 mm) is smaller than I. hoehnei (SVL of males 947 

30.6–34.8 mm, n = 3; female 42.7 mm, n = 1) and larger than I. venancioi (SVL of 948 

males 15.7–22.3 mm, n = 31; female 24.1 mm, n = 1) and I. colibri sp.nov. (SVL of 949 

males 22.9–25.2 mm, n = 5; SVL of females 31.1–34.6 mm, n = 3); and has a smaller 950 

foot (foot length/SVL 0.55–0.63) than I. hoehnei (foot length/SVL 0.67–0.70) and a 951 

larger foot than I. venancioi (foot length/SVL 0.40–0.54). 952 

 The posterior surface of the thigh with cream-colored large irregular-shaped 953 

spots surrounded by a mottled background distinguishes I. parnaso sp. nov. from I. 954 

hoehnei (posterior surface of the thigh mottled, forming small irregular cream-colored 955 

spots in some specimens) and I. venancioi (posterior surface of the thigh with cream-956 

colored oval spots surrounded by a dark-brown background or with dark-brown slim 957 

bars on a clear background; spots and background yellow to orange in life). The small 958 

tibia (tibia length/SVL 0.55–0.59) differentiates I. parnaso sp. nov. from I. hoehnei 959 
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(tibia length/SVL 0.67–0.73) and having Finger I slightly smaller than Finger II (Finger 960 

I tip reaching the base of the disk of the Finger II) differentiates the new species from I. 961 

venancioi (Finger I much smaller than Finger II; its size half to two thirds the size of 962 

Finger II). 963 

 Ischnocnema parnaso sp. nov. differs from I. hoehnei and I. colibri sp. nov. by 964 

the lower note (repetition) rate (16.55–21.17 notes per second in the new species; 965 

35.78–44.82 notes per second in other species) and the lower number of notes per call 966 

(18–29 in the new species; 40–59 in other species). Additionally, the higher frequency 967 

of advertisement call (2.34–2.67 kHz) distinguishes I. parnaso sp. nov. from I. hoehnei 968 

(1.90 kHz). 969 

 970 

Natural history notes: This species was found exclusively associated with high-971 

elevation grasslands (Campos de Altitude), an open phytophysiognomy found on the 972 

granitic soils of the higher elevations of mountainous regions of Atlantic Forest.  At the 973 

time of collection, we observed a high abundance of individuals calling at the type 974 

locality and its immediate surroundings. The species was active at dusk and night and 975 

males were observed calling perched on low vegetation, mainly grasses (e.g. Cortaderia 976 

modesta). The female was observed on rocky soil. 977 

 978 

Geographic distribution: The species is currently known only from the surroundings of 979 

Pedra do Sino (type locality) and Pedra da Baleia, in grasslands located above 2000 m 980 

of elevation at the PARNASO, in the municipality of Guapimirim, state of Rio de 981 

Janeiro, Brazil. 982 

 983 
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Remarks: The phylogenetic placement of Ischnocnema parnaso sp. nov. within the I. 984 

venancioi series is uncertain. It is the sister group of all other members of the I. 985 

venancioi series in the Bayesian inference analysis (posterior probability of the whole 986 

clade 1.0 and of the immediately less inclusive clade 0.71) and the sister species of I. 987 

hoehnei in the maximum likelihood and the maximum parsimony analyses (40 and 58% 988 

bootstrap and jackknife, respectively). Future studies with more data are paramount for 989 

understanding the phylogenetic placement of I. parnaso sp. nov. 990 

 991 

3.4.2.4. Ischnocnema colibri sp. nov. 992 

 993 

(Figs. 3B, 4E, 5E, and 11) 994 

 995 

Holotype: CFBH 41810, adult male collected at Augusto Ruschi Biological Reserve, 996 

municipality of Santa Teresa, state of Espírito Santo, Brazil (19°54’25”S, 40°33’09”W, 997 

803 m), by Taucce, P. P. G. and Parreiras, J. S. on January 21 2017. 998 

 999 

Paratypes: CFBH 41809, adult male collected at Augusto Ruschi Biological Reserve, 1000 

municipality of Santa Teresa, state of Espírito Santo, Brazil (19°54’25”S, 40°33’09”W, 1001 

803 m), by Taucce, P. P. G. and Parreiras, J. S. on January 20  2017. CFBH 41811, 1002 

adult male, collected with holotype. MBML 10568–10569, adult males collected in the 1003 

municipality of Santa Teresa, state of Espírito Santo, Brazil, by Ferreira, R. B., Ferreira, 1004 

F. C. L. and Zandomenico, C. Z. on December 12  2012. MBML 10570–10571, adult 1005 

females collected in the municipality of Santa Teresa, state of Espírito Santo, Brazil, by 1006 

Ferreira, R. B., Ferreira, F. C. L. and Zandomenico, C. Z. on July 1 2013. MBML 1007 

10572, adult female collected near Augusto Ruschi Biological Reserve, municipality of 1008 
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Santa Teresa, state of Espírito Santo, Brazil, by Ferreira, R. B., Ferreira, F. C. L. and 1009 

Zandomenico, C. Z. on October 30 2015. 1010 

 1011 

Diagnosis: In the Ischnocnema venancioi series by phylogenetic placement (Fig. 1) and 1012 

the following combination of characters: (1) Finger I smaller than Finger II; (2) tips of 1013 

fingers expanded, discs of fingers III and IV large and truncated; (3) one large, 1014 

conspicuous, glandular-appearing nuptial pad on Finger I; (4) dark-brown mask-like 1015 

stripe starting at the tip of the snout or the nostril, contouring the canthus rostralis, 1016 

passing through the eye, contouring the dorsal portion of the tympanum, and finishing 1017 

near arm insertion;  (5) dorsum smooth or finely tuberculate. Ischnocnema colibri sp. 1018 

nov. is distinguished from all other species of the I. venancioi series by the following 1019 

combination of characters: (1) medium-size (SVL of males 22.9–25.2 mm, n = 5; 1020 

females 31.1–34.6 mm, n = 3); (2) foot medium-size (foot length/SVL 0.52–0.60); (3) 1021 

tibia medium-size (tibia length/SVL = 0.56–0.62); (4) posterior surface of the thigh 1022 

mottled, interleaved with cream-colored bars, forming a striped pattern, or with cream-1023 

colored large irregular-shaped spots surrounded by a mottled background ; (5) Finger I 1024 

slightly smaller than Finger II (tip of Finger I reaching the base of Finger II 1025 

approximately); (6) small fourth toe disk (fourth toe disk width/third finger disk width = 1026 

0.73–0.96); (7) high advertisement call frequency (2.67–2.84 kHz); (8) advertisement 1027 

call with medium number of notes (40–53); (9) high note (repetition) rate (41.30–44.82 1028 

notes per second). 1029 

 1030 

Description of holotype: Medium-size (23.3 mm). Head longer than wide; head length 1031 

39% of SVL; head width 32% of SVL; snout sub-elliptical in dorsal view, acuminate in 1032 

lateral view; nostril ovoid, oriented laterally, located near the tip of the snout; canthus 1033 
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rostralis slightly distinct, straight; loreal region slightly concave; eye protuberant, 1034 

oriented laterally; eye diameter 32% of the head length; upper eyelid with a few 1035 

diminutive tubercles; tympanum distinct, rounded; tympanic membrane 1036 

undifferentiated; annulus present, visible externally; tympanum diameter 38% of eye 1037 

diameter; supratympanic fold absent; vocal slits present; vocal sac slightly distinct, one 1038 

visible fold parallel to each side of the jaw; tongue large, elliptical, without posterior 1039 

notch; choanae elliptical; dentigerous processes of the vomer located posteromedially to 1040 

choanae, triangle-shaped, medially separated by a gap approximately the width of one 1041 

dentigerous process; vomerine teeth present, five on the right side and five on the left 1042 

side.  1043 

 Forelimb slender; palmar tubercle barely distinct, heart-shaped, its diameter 1044 

approximately equal that of thenar tubercle; thenar tubercle elliptical, distinct; 1045 

glandular-appearing nuptial pad, extending dorsally from the distal to the proximal 1046 

portion of metacarpus on Finger I, distinct; palm smooth; five supernumerary tubercles 1047 

present; single subarticular tubercles prominent, rounded, large; fingers slender, without 1048 

fringes; tip of Finger I not expanded; tip of Finger II slightly expanded; tips of fingers 1049 

III and IV fairly expanded, truncated, with a V-shaped median slit in dorsal view; 1050 

Finger I slightly smaller than Finger II, its length reaching the base of Finger II disk; 1051 

finger lengths I < II < IV < III. 1052 

Hindlimb slender; shank longer than thigh; tibia length 56% of SVL; thigh 1053 

length 52% of SVL; calcar tubercle absent; tarsal folds absent; foot medium-size; foot 1054 

length 53% of SVL; inner metatarsal tubercle elliptical, twice as large as outer 1055 

metatarsal tubercle, rounded; sole of foot smooth; four supernumerary tubercles present; 1056 

single subarticular tubercles present, large, prominent, rounded; toes long, slender, 1057 
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without fringes; tip of Toe I slightly expanded; tips of toes II–V fairly expanded, 1058 

truncated, with a V-shaped median slit in dorsal view; toe lengths I < II < VI< III < IV.  1059 

 Dorsal skin finely tuberculate; vertebral line absent; venter smooth; discoidal 1060 

and thoracic folds present. 1061 

 1062 

Coloration of holotype: Background cream-colored; dorsum with several dark-brown 1063 

dots, some of them forming blotches with no defined pattern, with an x-like mark 1064 

starting near the pectoral girdle and ending on the sacral vertebrae; loreal region with 1065 

dark-brown mask-like stripe from the tip of the snout to near the arm insertion; dark-1066 

brown dots forming a blotch on the dorsal part of the head between the eyes; forelimb 1067 

cream-colored; several dark-brown dots forming irregular blotches on the dorsal 1068 

surfaces of the arm, forearm, dorsal, and ventral surfaces of the hand; hindlimb cream-1069 

colored, with several dark-brown dots forming a striped pattern on its dorsal surface and 1070 

on the posterior surface of the thigh; ventral surface of the thigh and shank with small 1071 

sparse dark-brown dots; ventral surface of the tarsus and sole of the foot with plenty of 1072 

small dark-brown dots; venter cream-colored, with very sparse small dark-brown dots; 1073 

gular region cream-colored, with sparse dark-brown dots; jaw bordered by concentrated 1074 

small dark-brown dots. 1075 

 1076 

Measurements of holotype (in millimeters): SVL 23.3, head length 9.5, head width 7.7, 1077 

eye diameter 2.9, tympanum diameter 1.1, eye-nostril distance 2.5, internarial distance 1078 

2.2, eye-to-eye distance 4.5, forearm length 4.9, hand length 7.4, third finger disk length 1079 

1.2, thigh length 12.1, tibia length 13.5, tarsal length 6.6, foot length 12.3, and fourth 1080 

toe disk length 1.1. 1081 

 1082 
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Variation: Tongue may also be rounded or lanceolate. Tip of Finger I can be slightly 1083 

expanded. A thick vertebral line is present in one of the female specimens. Dorsal skin 1084 

can also be smooth. There are two kinds of dorsal patterns: one with an x-like mark on 1085 

the back (like the holotype, Fig. 3B) and one with several small dark-brown dots, often 1086 

forming rounded blotches, on a cream-colored background. The posterior surface of the 1087 

thigh is mottled interleaved with cream-colored bars, forming a striped pattern (like the 1088 

holotype) or with cream-colored large irregular-shaped spots surrounded by a mottled 1089 

background. Female specimens are much larger than male specimens (SVL 31.1–34.6 1090 

mm, n = 3; 22.9–25.2 mm, n = 5, respectively). Variation in SVL and body proportions 1091 

is given in Table 4. 1092 

 1093 

Etymology: “Colibri” means hummingbird and is originally an Arawak (native people 1094 

who lived on Haiti and other Caribbean islands) word. The word was adopted by many 1095 

other languages, including Portuguese. The name is an allusion to the type locality of 1096 

the new species, the municipality of Santa Teresa, which is known as “doce terra dos 1097 

colibris” (sweet land of the hummingbirds). Santa Teresa is known as sweet land of the 1098 

hummingbirds not only because of their abundance in the city, but also because of the 1099 

Brazilian ornithologist Augusto Ruschi, who lived in Santa Teresa and dedicated his 1100 

scientific life to the study of these little Neotropical birds. The name is used here as a 1101 

noun in apposition. 1102 

  1103 

Advertisement call: The advertisement call (ten calls of six males; Table 7; Fig. 7C) is 1104 

emitted sporadically and is composed of 40 to 53 notes ( = 48.40 ± 3.86) emitted at 1105 

regular intervals. The call begins with low energy notes, which increase in energy over 1106 

time, until reaching a peak almost at the end of the call. Usually, the last two to five 1107 
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notes have notably less energy than the one before and a decrease of energy is notable at 1108 

the end of the call. The call rise time is 53–89% ( = 65.52 ± 12.34) and the dominant 1109 

frequency is 2.67–2.84 kHz (  = 2.76 ± 0.05). Call duration is 0.90 to 1.20 s (  = 1.11 1110 

± 0.09) and the note (repetition) rate is 41.30–44.82 notes per second ( = 43.54 ± 1111 

1.48). The note rate either accelerates or decelerates at the end of the call, and the note 1112 

rate acceleration is -15–33% (  = 4.19 ± 13.70). 1113 

Territorial call: The territorial call (19 calls of two males; Table 7; Fig. 7D) has a 1114 

similar structure to the advertisement call, but only the last note has notably less energy 1115 

than the note before. In some calls the energy difference between the last and the 1116 

penultimate note was not striking. The call rise time is 5–92% ( = 66.21 ± 28.35) and 1117 

the dominant frequency is 2.63–2.89 kHz (  = 2.75 ± 0.09). Call duration is 0.17 to 1118 

0.51 s (  = 0.23 ± 0.11) and the note (repetition) rate is 44.44–48.78 notes per second 1119 

( = 46.35 ± 1.24). The note rate either accelerates or decelerates at the end of the call, 1120 

and the note rate acceleration is -19–2% (  = -6.92 ± 7.46). 1121 

 1122 

Comparison with other species: Finger I smaller than Finger II distinguishes 1123 

Ischnocnema colibri sp. nov. from members of the I. guentheri, I. parva, and I 1124 

verrucosa series and from I. manezinho (Finger I approximately the same size as Finger 1125 

II in these species; Garcia, 1996; Hedges et al., 2008). Expanded tips of fingers II–IV 1126 

and large truncated discs of fingers III and IV distinguish I. colibri sp. nov. from 1127 

members of the I. parva series, I. nanahallux (tips of fingers not expanded in these 1128 

species; Hedges et al., 2008, Brusquetti et al., 2013), and members of the I. verrucosa 1129 

series (disks small or moderate sized in these species; Hedges et al., 2008, Canedo et al., 1130 

2012). The large, conspicuous, glandular-appearing nuptial pad differentiates I. colibri 1131 

sp. nov. from I. manezinho, I. sambaqui, I. nanahallux, and the members of the I. lactea 1132 
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(minute nuptial pad in I. randorum; translucent in I. nigriventris and I. vizottoi; reduced 1133 

to some white granules in I. holti absent in I. melanopygia and I. spanios; unknown in 1134 

other species; Heyer, 1985; Hedges et al., 2008; Targino and Carvalho-e-Silva, 2008; 1135 

Berneck et al., 2013) and I. verrucosa series (except for I. surda; faint, translucent 1136 

nuptial pad in I. karst; absent in other species; Hedges et al., 2008; Canedo et al., 2010, 1137 

2012). The mask-like stripe starting at the tip of the snout or the nostril, contouring the 1138 

canthus rostralis, passing through the eye, contouring the dorsal portion of the 1139 

tympanum and reaching the arm insertion distinguishes I. colibri sp. nov. from I. 1140 

manezinho, I. sambaqui, and the members of the I. guentheri, I. lactea, and I. verrucosa 1141 

series (mask-like stripe usually absent in these species; when present it does not pass 1142 

through the eye). The smooth or finely tuberculate dorsum distinguishes I. colibri sp. 1143 

nov. from I. sambaqui (rugose; Castanho and Haddad, 2000) and from the members of 1144 

the I. verrocusa series (tuberculate in these species; Hedges at al., 2008, Canedo et al., 1145 

2010, 2012). 1146 

Its larger size distinguishes Ischnocnema colibri sp. nov. (SVL of males 22.9–1147 

25.2 mm, n = 5; females 31.1–34.6 mm) from I. venancioi (SVL of males 15.7–22.3 1148 

mm, n = 31; female 24.1 mm, n = 1) and its smaller size distinguishes it from I. hoehnei 1149 

(SVL of males 30.6–34.8 mm, n = 3; female 42.7 mm, n = 1) and I. parnaso sp. nov. 1150 

(SVL of males 27.1–30.3 mm, n = 5; female 38.0 mm, n = 1). The medium-size foot 1151 

and the small tibia (foot length/SVL = 0.52–0.60; tibia length/SVL = 0.56–0.62) 1152 

differentiate I. colibri sp. nov. from I. hoehnei (foot length/SVL = 0.67–0.70; tibia 1153 

length/SVL = 0.67–0.73). The mottled posterior surface of the thigh interleaved with 1154 

cream-colored bars forming a striped pattern, or with cream-colored large irregular-1155 

shaped spots surrounded by a mottled background, differentiate I. colibri sp. nov. from 1156 

I. hoehnei (posterior surface of the thigh mottled, forming small irregular spots in some 1157 
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specimens, spots cream-colored in life) and I. venancioi (posterior surface of thigh with 1158 

cream-colored oval spots surrounded by a dark-brown background or with dark-brown 1159 

slim bars on a cream-colored background;  spots and background yellow to orange in 1160 

life). The small fourth toe disk (fourth toe disk width/ third finger disk width = 0.73–1161 

0.96) differentiates I. colibri sp. nov. from I. parnaso sp. nov. (fourth toe disk large; 1162 

fourth toe disk width/third finger disk width = 1.00–1.09) and Finger I slightly smaller 1163 

than Finger II (Finger I tip reaching the base of the disk of the Finger II) distinguishes 1164 

Ischnocnema colibri sp. nov. from I. venancioi (Finger I much smaller than Finger II; its 1165 

size half to two thirds the size of Finger II). 1166 

 The lower number of notes and higher dominant frequency of its advertisement 1167 

call (40–53 notes per call; 2.67–2.84 kHz), differentiates I. colibri sp. nov. from I. 1168 

hoehnei (59 notes per call; 1.90 kHz), and its higher number of notes in the 1169 

advertisement call (40–53 notes per call) differentiates it from I. parnaso sp. nov. (18–1170 

29 notes per call). The higher note (repetition) rate differentiates I. colibri sp. nov. 1171 

(41.30–44.82 notes per second) from I. parnaso sp. nov (16.55–21.17 notes per second) 1172 

and I. hoehnei (35.85 notes per second). 1173 

 1174 

Natural history notes: We found the species calling perched on leaves of ferns about 1175 

1.5–2.0 m in height. One male starts calling, followed by the other males. The following 1176 

males start calling just before the previous male finishes his call, making a small 1177 

overlap between the beginning and the end of the two calls. Some males also called 1178 

alone, but we commonly heard two and three males calling together. The territorial call 1179 

was not overlaid. 1180 

 1181 
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Geographic distribution: The species is currently known only from the municipality of 1182 

Santa Teresa, state of Espírito Santo, Brazil. 1183 

 1184 

Remarks: Ischnocnema colibri sp. nov. is the sister species of Ischnocnema sp. from the 1185 

municipality of Cachoeiras de Macacu, state of Rio de Janeiro. We have only one 1186 

specimen from Cachoeiras de Macacu, and despite its overall morphological 1187 

resemblance to I. colibri sp. nov., we do not consider them conspecifics because it has a 1188 

rounded snout in profile in dorsal view (acuminate in I. colibri sp. nov.) and the two 1189 

species are genetically very distant (pairwise distance = 7.3% in partial 16S; Table 3). 1190 

More specimens including molecular and acoustic data are paramount for the 1191 

understanding of the taxonomic status of the population from Cachoeiras de Macacu.  1192 

 1193 

4. Discussion 1194 

 1195 

4.1. Phylogenetic relationships 1196 

 1197 

Like other phylogenetic hypotheses, we recovered Brachycephalidae, 1198 

Brachycephalus, and Ischnocnema as monophyletic (Hedges et al., 2008; Pyron and 1199 

Wiens, 2011; Canedo and Haddad, 2012; Padial et al., 2014; Heinicke et al., 2017; 1200 

Taucce et al., 2018). Despite using less species than other studies (six versus 14; 1201 

Clemente-Carvalho et al., 2011; Padial et al., 2014), we also recovered the former 1202 

Psyllopryne didactyla Izecksohn, 1971, nested among other species of Brachycephalus. 1203 

These phylogenetic hypotheses show similar relationships, indicating that they are 1204 

consistent and that probably they will not change over time.  1205 
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 Within the genus Ischnocnema, we recovered the former I. guentheri series (now 1206 

I. venancioi plus I. guentheri series), and the I. lactea, and I. verrucosa series as 1207 

monophyletic, in accordance with previous studies (Canedo and Haddad, 2012; Taucce 1208 

et al., 2018). The clade formed by I. cf. manezinho and I. sambaqui, currently 1209 

unassigned to any species series, was also recovered by us and by previous phylogenetic 1210 

hypotheses, confirming a strong relationship between these two species. However, the 1211 

relationships between the two species and other species of Ischnocnema are uncertain. 1212 

Canedo and Haddad (2012) and Taucce et al. (2018) recovered them as the sister group 1213 

of the clade composed of the I. verrucosa, I. parva, and I. guentheri series in their 1214 

Bayesian inference and maximum likelihood analyses, the same relationship we found 1215 

herein. Canedo and Haddad (2012) also presented a parsimony tree, in which they 1216 

recover the I. manezinho clade as the sister group of the I. lactea series. Our parsimony 1217 

tree shows a third phylogenetic position for the clade as sister of all Ischnocnema 1218 

species except for the members of the I. lactea and the I. verrucosa series (Fig. S1).  1219 

 The phylogenetic position of I. nanahallux, outside the I. parva series, is 1220 

unprecedented. Taucce et al. (2018) were the first to test the phylogenetic position of I. 1221 

nanahallux with a robust matrix including more than one species of all Ischnocnema 1222 

species series, and they recovered it inside a poorly supported I. parva series clade (0.91 1223 

and 55 of Bayesian inference posterior probability and maximum likelihood bootstrap, 1224 

respectively). The only genetic information available for I. nanahallux at the time was 1225 

partial 16S tRNA on GenBank. Now we have more genetic information for the species 1226 

(partial 12S, more parts of 16S, RAG1, and Tyr) and its position as the sister group of 1227 

the I. parva, I. venancioi, and I. guentheri series was well-supported in all phylogenetic 1228 

analyses we performed (see results; Figs. 1 and S1).  1229 

 1230 
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4.2. Systematics within Ischnocnema 1231 

 1232 

We increased the number of species of Ischnocnema to 37, with the description 1233 

of two new species, and also raised the number of species series to five, with the 1234 

proposition of the I. venancioi series. We created a new species series because the 1235 

previous diagnostic morphological characters proposed for the I. guentheri series, 1236 

including the I. venancioi series (see Hedges et al. 2008 and Taucce et al. 2018), no 1237 

longer apply. It is also a monophyletic and fully supported grouping in our three 1238 

phylogenetic analyses, which bears unique morphological diagnostic features (see 1239 

section 3.5.1).  1240 

 Three species are currently unassigned to any species series: I. manezinho, I. 1241 

nanahallux, and I. sambaqui. Ischnocnema manezinho and I. sambaqui were previously 1242 

assigned to the I. lactea series (Hedges et al., 2008) due to morphological characters. 1243 

Subsequently, Canedo and Haddad (2012) left these species unassigned to any species 1244 

series due to molecular evidence; although they formed a fully supported clade, their 1245 

position within Ishnocnema was uncertain. Padial et al. (2014) did not test the 1246 

phylogenetic position of these species, but agreed with Canedo and Haddad (2012). Our 1247 

results also recover the two species as sister taxa with strong support but their 1248 

phylogenetic position is similar in the Bayesian inference and in the maximum 1249 

likelihood analyses, but different in the maximum parsimony analysis. Ischnocnema 1250 

manezinho was described from Florianópolis Island, Southern Brazil, but the sequence 1251 

available for the species is from the municipality of São Bento do Sul, on the continent 1252 

more than 150 km from the type locality. Despite strong evidence for the monophyly of 1253 

I. manezinho and I. sambaqui and that they are not nested within any other species 1254 

series, we find it more prudent to keep these species unassigned to species series until 1255 
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the phylogenetic position of I. manezinho from the type locality (Córrego Grande 1256 

region, municipality of Florianópolis; Garcia, 1996) is tested.  1257 

 Ischnocnema nanahallux was assigned to the I. parva species series at the time 1258 

of its description based mainly on its morphological similarities, but also by 1259 

phylogenetic placement (Brusquetti at al., 2013). The author’s matrix included only five 1260 

more Ischnocnema species (one species for each series except for the I. guentheri series, 1261 

for which two were included) and Brachycephalus didactylus, but several I. parva 1262 

specimens. Our results show a surprising phylogenetic position for I. nanahallux, as the 1263 

sister group of the clade composed of the I.parva, I. guentheri, and I. venancioi series 1264 

with strong support (Figs. 1 and S1). Because of the similar morphology between the 1265 

members of the I. parva series and I. nanahallux, and because there are still several 1266 

specimens with similar morphology in museum collections from places with DNA data 1267 

not yet available, such as the states of Espírito Santo and Minas Gerais, Southeast Brazil 1268 

(Taucce, P. P. G., unpublished data), we have chosen to take I. nanahallux out of the I. 1269 

parva series and not create a species series for the single species until there is more 1270 

genetic data available. 1271 

 1272 

4.3. The nuptial pad 1273 

 1274 

Most anurans have sexually dimorphic structures, such as vocal sacs, vocal slits, 1275 

and nuptial pads. These pads, present in male specimens, are glandular, keratinized, 1276 

sometimes spiny structures typically on the first finger (Thomas et al., 1993; Luna et al., 1277 

2012). In the genus Ischnocnema, this character is an apparently-glandular structure 1278 

present on Finger I. Some species lack the pad, yet for others its presence is unknown. It 1279 

can be large and conspicuous, like in the members of the I. parva, I. guentheri, and I. 1280 
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venancioi series, and also I. surda ( member of the I. verrucosa series; Canedo et al., 1281 

2010; Brusquetti et al., 2013; Taucce et al., 2018; this study); minute, like in I. 1282 

randorum (Heyer, 1985); faint and translucent, like in I. karst, I. nigriventris, and I. 1283 

vizottoi (Martins and Haddad, 2010; Canedo et al., 2012; Berneck et al., 2013); and 1284 

even reduced to some white granules as in I. holti (Targino and Carvalho-e-Silva, 1285 

2008). The nuptial pad is absent in the remaining species of the I. verrucosa series 1286 

(Hedges at al. 2008), in I. melanopygia and I. spanios, from the I. lactea series (Heyer, 1287 

1985; Targino et al., 2009), in I. manezinho (Garcia, 1996), in I. nanahallux (Brusquetti 1288 

et al. 2013), and in I. sambaqui (Castanho and Haddad, 2000). 1289 

 Taucce et al. (2018) also recovered a close relationship between the I. parva and 1290 

the I. guentheri (including the I. venancioi series) species series. The authors also noted 1291 

that the presence of a large, conspicuous, glandular-appearing nuptial pad on Finger I is 1292 

a morphological feature that reinforces this close relationship, despite its absence in I. 1293 

nanahallux. According to our results, the presence of a large, conspicuous, glandular-1294 

appearing nuptial pad is a putative synapomorphy of the clade composed of the I. parva, 1295 

I. guentheri, and I. venancioi series, which now does not include I. nanahallux. Outside 1296 

this clade, this kind of nuptial pad is only present in I. surda (Canedo et al. 2010). This 1297 

species was placed in the I. verrucosa series with its original description, but its 1298 

phylogenetic position has never been tested. Due to the morphological variation of the 1299 

nuptial pad in Ischnocnema, studies concerning morphological, histological, and 1300 

chemical aspects of the pads are paramount to understanding the evolution of this 1301 

character. It is also important to include more Ischnocnema species (like I. surda and I. 1302 

karst) in future phylogenetic studies to learn the phylogenetic distribution of this 1303 

character. 1304 

    1305 
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5. Conclusions 1306 

 1307 

Our results demonstrate the monophyly of Brachycephalidae, Brachycephalus, 1308 

and Ischnocnema with strong support. These relationships are recurrent in the literature 1309 

and we think they are unlikely to change over time. The relationships within 1310 

Ischnocnema are still weakly supported and controversial in some parts of the tree, and 1311 

it is paramount to add more species and/or more genes to future analyses. The nuptial 1312 

pad seems to be an important character in Ischnocnema and future studies concerning 1313 

morphological, histological, and chemical aspects of the pads allied with a strong 1314 

phylogenetic hypothesis are necessary to understand the evolution of this character. The 1315 

new I. venancioi series is a fully-supported clade with several diagnostic morphological 1316 

characters and its relationships with the I. parva and the I. guentheri series are 1317 

molecularly well-supported. A large, conspicuous, glandular-appearing nuptial pad is a 1318 

putative synapomorphy for the clade formed by these species series. We raised the 1319 

number of Ischnocnema species to 37 with the desctiption of I. parnaso sp. nov. and I. 1320 

colibri sp. nov. About 40% of these species were described over the past ten years, 1321 

showing that there remains much taxonomic work to do for the genus.  1322 
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 1594 
Table 1 1595 

Primers used in this study. 1596 

Primer  Gene Sequence Reference 

tRNAphe-L F 12S AAAGCATAACACTGAAGATGTTAAGATG Goebel et al. (1999) 

tRNAval-H R 12S–tRNA-V GGTGTAAGCGARAGGCTTTKGTTAAG Goebel et al. (1999) 

12SL13 F tRNA-V–16S TTAGAAGAGGCAAGTCGTAACATGGTA Feller and Hedges (1998) 

16STitus_1 R 16S GGTGGCTGCTTTTAGGCC Titus and Larson (1996) 

16SL2A F 16S CCAAACGAGCCTAGTGATAGCTGGTT Hedges (1994) 

16S-H10 R 16S TGCTTACGCTACCTTTGCACGGT Hedges (1994) 

16SAR F 16S CGCCTGTTTATCAAAAACAT Palumbi et al. (1991) 

16S-Wilk2 R 16S GACCTGGATTACTCCGGTCTGA Wilkinson et al. (1996) 

Tyr1Ba F Tyrosinase AGGTCCTCYTRAGGAAGGAATG 

Bossuyt and Milinkovitch 

(2000) 

Tyr1Ea R Tyrosinase GAGAAGAAAGAWGCTGGGCTGAG 

Bossuyt and Milinkovitch 

(2000) 

Tyr1Cb F Tyrosinase GGCAGAGGAWCRTGCCAAGATGT 

Bossuyt and Milinkovitch 

(2000) 

Tyr1Gb R Tyrosinase TGCTGGGCRTCTCTCCARTCCCA 

Bossuyt and Milinkovitch 

(2000) 

R182a F RAG1 GCCATAACTGCTGGAGCATYAT Heinicke et al. (2007) 

R270a R RAG1 AGYAGATGTTGCCTGGGTCTTC Heinicke et al. (2007) 

RAG1FF2b F RAG1 ATGCATCRAAAATTCARCAAT Heinicke et al. (2007) 

RAG1FR2b R RAG1 CCYCCTTTRTTGATAKGGWCATA Heinicke et al. (2007) 

aMost external primers and bmost internal primers 1597 

1598 
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 1599 
Table 2 1600 

Best partition scheme and respective best fitting molecular models. 1601 

Partition Model 

12S and tVal GTR+Γ+I 

16S GTR+Γ+I 

RAG1 1st and 2nd positions GTR+Γ 

RAG1 3rd position K80+Γ 

Tyr 1st position GTR+Γ+I 

Tyr 2nd position HKY+ Γ+I 

Tyr 3rd position GTR+Γ 

 1602 
Table 3  1603 

Uncorrected pairwise genetic distances within (highlighted in gray) and among 1604 

members of the Ischnocnema venancioi species series. Data are shown as range (mean) 1605 

where appropriate. NA = not applicable. 1606 

Uncorrected pairwise distance between species (%) 

I. hoehnei I. venancioi 

I. sp. (Cachoeiras 

de Macacu)  I. colibri sp. nov. I. parnaso sp. nov. 

I. hoehnei 
0.0–2.2 

 (1.1, n = 4)     

I. venancioi 
10.8–12.1 

 (11.8) 

0.0 

 (n = 2)    

I. aff. venancioi  
13.6–13.8 

 (12.3) 
11.4 

NA 

 (n = 1)   

I. colibri sp. nov. 12.3 10.5 7.3 
0.0 

 (n = 3)  

I. parnaso sp. nov. 
10.3–12.1 

 (11.4) 

11.4–12.3 

 (11.9) 

14.3–14.9 

 (14.6) 

12.3–12.5 

 (12.4) 

2.0 

 (n = 2) 
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Table 4 1607 

Snout-vent length (SVL) and body proportions of Ischnocnema venancioi, I. hoehnei, I. parnaso sp. nov., and I. colibri sp. nov. Data are given as 1608 

range (mean ± standard deviation) where appropriate. 1609 

SVL and body 
proportions 

Adult males Adult females 

I. venancioi 
(n = 31) 

I. hoehnei 
(n = 3) 

I. parnaso 
sp. nov. (n 

= 5) 

I. colibri sp. 
nov. (n = 5) 

I. 
venancioi 

(n = 1) 

I. 
hoehnei 
(n = 1) 

I. parnaso 
sp. nov.  
(n = 1) 

I. colibri sp. nov. 
(n = 3) 

SVL (mm) 
15.7—22.3 30.6—34.8 27.1—30.3 22.9—25.2 

24.1 42.7 38.0 
31.1—34.6 

(17.5±1.3) (32.4±2.2) (28.8±1.2) (23.9±1.1) (33.3±1.9) 

Head length/SVL 
0.37—0.47 0.39—0.43 0.39—0.40 0.39—0.42 

0.40 0.43 0.39 
0.41—0.43 

(0.43±0.03) (0.41±0.02) (0.39±0.01) (0.40±0.01) (0.42±0.01) 

Head width/SVL 
0.31—0.38 0.33—0.36 0.30—0.35 0.32—0.35 

0.33 0.36 0.33 
0.33—0.37 

(0.35±0.02) (0.34±0.02) (0.34±0.02) (0.33±0.1) (0.35±0.02) 

Head width/head 

length 

0.72—0.93 0.81—0.84 0.78—0.90 0.79—0.82 
0.81 0.82 0.86 

0.81—0.84 

(0.81±0.05) (0.83±0.02) (0.86±0.05) (0.81±0.01) (0.83±0.02) 

Eye diameter/head 

length 

0.26—0.36 0.28—0.32 0.29—0.31 0.29—0.36 
0.23 0.34 0.25 

0.26—0.29 

(0.32±0.02) (0.30±0.02) (0.31±0.01) (0.32±0.03) (0.27±0.01) 

 1610 
Table 4 1611 
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Continuation 1612 
Tympanum 

diameter/head length  

0.09—0.17 0.11—0.13 0.10—0.13 0.12—0.14 
0.09 0.13 0.11 

0.11—0.13 

(0.12±0.02) (0.12±0.01) (0.12±0.01) (0.13±0.01) (0.12±0.01) 

Tympanum 

diameter/eye 

diameter  

0.27—0.57 0.40—0.43 0.34—0.43 0.34—0.48 

0.32 0.38 0.44 

0.38—0.48 

(0.37±0.06) (0.41±0.01) (0.39±0.04) (0.41±0.05) (0.43±0.05) 

Internarial 

distance/head length 

0.21—0.54 0.29—0.32 0.34—0.49 0.41—0.48 
0.20 0.35 0.32 

0.32—0.34 

(0.43±0.09) (0.30±0.02) (0.44±0.07) (0.46±0.03) (0.33±0.01) 

Eye-to-eye 

distance/head length 

0.34—0.55 0.57—0.59 0.41—0.47 0.42—0.52 
0.39 0.39 0.46 

0.42—0.47 

(0.46±0.05) (0.58±0.01) (0.44±0.02) (0.47±0.04) (0.44±0.02) 

Eye-nostril 

distance/head length 

0.14—0.29 0.27—0.31 0.19—0.30 0.21—0.29 
0.23 0.34 0.22 

0.29—0.31 

(0.20±0.04) (0.29±0.02) (0.23±0.04) (0.27±0.04) (0.30±0.01) 

Forearm length/SVL 
0.16—0.24 0.18—0.20 0.17—0.20 0.18—0.21 

0.22 0.22 0.19 
0.20—0.23 

(0.21±0.02) (0.20±0.01) (0.19±0.01) (0.20±0.01) (0.21±0.01) 

Hand length/SVL  
0.23—0.30 0.31—0.32 0.27—0.30 0.28—0.32 

0.27 0.43 0.27 
0.28—0.31 

(0.26±0.02) (0.32±0.01) (0.29±0.01) (0.30±0.02) (0.29±0.01) 

 1613 
Table 4 1614 
Continuation 1615 
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Third finger disk 

width/hand length 

0.12—0.24 0.17—0.18 0.15—0.16 0.16—0.18 
0.20 0.18 0.16 

0.16—0.19 

(0.17±0.03) (0.17±0.00) (0.16±0.01) (0.17±0.01) (0.17±0.01) 

Fourth toe disk 

width/third finger 

disk width 

0.95—0.96 0.53—0.93 1.00—1.07 0.87—0.96 

0.77 0.93 1.09 

0.73—0.92 

(0.96±0.00) (0.73±0.12) (1.04±0.04) (0.90±0.04) (0.84±0.09) 

Thigh length/SVL 
0.42—0.57 0.57—0.61 0.51—0.55 0.52—0.54 

0.50 0.59 0.52 
0.53—0.57 

(0.48±0.04) (0.59±0.02) (0.53±0.01) (0.52±0.01) (0.55±0.02) 

Tibia length/SVL 
0.48—0.60 0.67—0.72 0.55—0.59 0.56—0.59 

0.55 0.73 0.57 
0.58—0.62 

(0.55±0.03) (0.69±0.03) (0.58±0.02) (0.58±0.01) (0.61±0.02) 

Tarsal length/SVL 
0.26—0.36 0.30—0.35 0.26—0.30 0.27—0.30 

0.29 0.34 0.32 
0.29—0.31 

(0.32±0.03) (0.33±0.02) (0.28±0.02) (0.29±0.01) (0.30—0.01) 

Foot length/SVL 
0.40—0.54 0.67—0.70 0.55—0.63 0.52—0.55 

0.48 0.67 0.62 
0.54—0.60 

(0.46±0.04) (0.68±0.02) (0.59±0.03) (0.53±0.01) (0.57—0.03) 

 1616 
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Table 5 1617 
Acoustic parameters comparing the advertisement calls of the members of the 1618 

Ischnocnema venancioi species series and the territorial call of I. colibri sp. nov. Data 1619 

are given as ranges when applicable. 1620 

Species I. hoehnei I. parnaso sp. nov. I. colibri sp. nov. 

Type of call Advertisement 
call 

Advertisement 
call 

Advertisement 
call Territorial call 

Call duration (s) 1.65 1–1.5 0.9—1.2 0.17—0.51 

Call rise time (%) 96 42—92 53—89 5—92 

Dominant frequency 
(kHz) 1.9 2.34—2.67 2.67—2.84 2.63—2.93 

Notes per call 59 18—29 40—53 8—23 

Note rate (notes/s) 35.78 16.55—21.17 41.3—44.87 45—50.25 

Note (repetition) rate 
acceleration (%) -1 -36– -11 -15–33 -19–2 

 1621 
1622 
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Table 6 1624 

Acoustic parameters of the advertisement call of five recorded males of Ischnocnema 1625 

parnaso sp. nov. Data are given as range (mean ± standard deviation) where 1626 

appropriate. 1627 

Call recording LOD 001 LOD 002 LOD 003 LOD 004 LOD 005 

Number of analyzed calls 2 6 3 5 3 

Call duration (s) 1.00–1.05 
1.14–1.27 

(1.20±0.05) 

1.17–1.25 

(1.22±0.05) 

1.25–1.38 

(1.33±0.05) 

1.25–1.50 

(1.40±0.13) 

Call rise time (%) 42–62 
44–79 

(64±15) 

51–92 

(75±22) 

57–85 

(72±10) 

51–83 

(62±18) 

Dominant frequency 

(kHz) 
2.39 

2.39–2.53 

(2.48±0.04) 

2.44–2.67 

(2.58±0.09) 

2.39–2.58 

(2.45±0.08) 

2.34–2.44 

(2.38±0.05) 

Notes per call 18.00 
24.00–25.00 

(24.33±0.52) 

23.00–25.00 

(24.33±1.15) 

26.00–29.00 

(28.00±1.22) 

26.00–27.00 

(26.67±0.58) 

Note rate (notes/s) 16.55–17.58 
19.06–20.43 

(19.79±0.53) 

19.40–19.84 

(19.60±0.22) 

20.59–20.88 

(20.75±0.14) 

17.58–21.17 

(18.89±1.98) 

Note repetition rate 

acceleration (%) 
-26– -20 

-24– -15 

(-20±4) 

-18– -11 

(-16±4) 

-36– -23 

(-27±5) 

-33– -24 

(-28±4) 

 1628 
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Table 7 1629 

Acoustic parameters of five recorded males of Ischnocnema colibri sp. nov. Data are 1630 

given as range (mean ± standard deviation) where appropriate. AC and TC are 1631 

advertisement and territorial calls, respectively. 1632 

Call recording PPGT 
009 PPGT 010 PPGT 

011 
PPGT 
012     PPGT 013    PPGT 014 

Type of call AC AC AC AC AC TC AC TC 
Number of 
analyzed calls 1 2 1 4 1 13 1 6 

Call duration 
(s) 1.09 1.03–1.15 1.19 1.14–1.20 

(1.18±0.03) 1.04 0.18–0.51 
(0.28±0.12) 0.90 0.17–0.20 

(0.17±0.01) 

Call rise time 
(%) 89 74–84 56 53–60 

(57±3) 59 5–92 
(54±26) 65 67–91 

(81±9) 

Dominant 
frequency 
(kHz) 

2.67 2.76 2.80 2.76 2.84 2.71–2.93 
(2.83±0.07) 2.71 2.63–2.71 

(2.68±0.04) 

Notes per call 49.00 46.00–52.00 53.00 47.00–52.00 
(49.50±2.08) 46.00 9.00–23.00 

(13.31±5.20) 40.00 8.00–10.00 
(8.33±0.82) 

Note rate 
(notes/s) 44.87 44.75–45.22 44.61 41.30–44.60 

(42.25±1.58) 44.06 45–50 
(47-±2) 44.35 47.06–50.25 

(48.11±1.19) 
Note 
(repetition) rate 
acceleration 
(%) 

-1 -13– -1 11 -15–33 
(8±20) 5 -19– -5 

(-13±5) 7 -8–2 
(-1±4) 

 1633 

1634 
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 1635 
Figure 1. The 50% majority rule consensus tree from Bayesian inference analysis of 1636 

concatenated mitochondrial 12S rRNA, tVal rRNA, 16S rRNA, and nuclear 1637 

Recombination Activating Gene 1 (RAG1) and tyrosinase precursor (Tyr). Posterior 1638 

probabilities are shown above the branches and maximum likelihood bootstrap and 1639 

parsimony jackknife are shown below the branches (to the left and to the right of the 1640 

bar, respectively). Asterisks (*) indicate fully supported clades and hyphens (-) indicate 1641 

that the clade does not appear in the specific phylogenetic analysis. 1642 

 1643 

Figure 2. Character states of the tip of Finger III in the members of the Ischnocnema 1644 

venancioi and I. guentheri series: large and truncated in (A) I. hoehnei and (B) I. 1645 

venancioi; rounded in (C) I. guentheri and (D) I. oea. Scale bars = 1 mm (A, C) and 0.5 1646 

mm (B, D). 1647 

 1648 

Figure 3. Dorsal (above) and ventral (below) views of the members of the Ischnocnema 1649 

venancioi series, showing the size differences among them: (A) I. venancioi, (B) I. 1650 

colibri sp. nov., (C) I. parnaso sp. nov., and (D) I. hoehnei. Scale bar = 5 mm. 1651 

 1652 

Figure 4. Color patterns of the posterior surface of the thigh of the members of the 1653 

Ischnocnema venancioi series: (A) and (B) I. venancioi, (C) I. hoehnei, (D) I. parnaso 1654 

sp. nov., and (E) I. colibri sp. nov. Scale bar = 1 mm (A, B) and 2 mm (C, D, E). 1655 

 1656 

Figure 5. Live specimens of the Ischnocnema venancioi series showing the mask-like 1657 

pattern and the vivid yellow on the posterior surface of the thigh of I. venancioi. (A)  I. 1658 

venancioi (photo by L. O. Drummond), (B) I. venancioi (photo by L. O. Drummond), 1659 
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(C) I. hoehnei (photo by L. R. Malagoli), (D) I. parnaso sp. nov. (photo by L. O. 1660 

Drummond), and (E) I. colibri sp. nov. (photo by C. F. B. Haddad).  1661 

 1662 

Figure 6. Geographic distribution of the members of the Ischnocnema venancioi series. 1663 

Solid symbols represent the type locality of each species. Area above 500 and 1000 m 1664 

shaded gray. 1665 

 1666 

Figure 7. Advertisement (A, B, and C) and territorial (D) calls of the members of the 1667 

Ischnocnema venancioi series: (A) I. hoehnei (recording from A. A. Giaretta), (B) I. 1668 

parnaso sp. nov. (LOD 003), and (C, D) I. colibri sp. nov. (PPGT 014).  1669 

 1670 

Figure 8. Clockwise, from the upper left corner: dorsal and lateral views of the head and 1671 

ventral views of the left hand and left foot of the lectotype of Ischnocnema venancioi, 1672 

MNRJ 53573. Scale bar = 5 mm.  1673 

 1674 

Figure 9. Clockwise, from the upper left corner: dorsal and lateral views of the head and 1675 

ventral views of the left hand and left foot of the holotype of Ischnocnema hoehnei, AL-1676 

MN 2525. Scale bar = 5 mm.  1677 

 1678 

Figure 10. Clockwise, from the upper left corner: dorsal and lateral views of the head 1679 

and ventral views of the left hand and left foot of the lectotype of Ischnocnema parnaso 1680 

sp. nov., CFBH 40812. Scale bar = 5 mm.  1681 

 1682 
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Figure 11. Clockwise, from the upper left corner: dorsal and lateral views of the head 1683 

and ventral views of the left hand and left foot of the lectotype of Ischnocnema colibri 1684 

sp. nov., CFBH 40810. Scale bar = 5 mm.  1685 

1686 
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Fig. 1 1687 

 1688 

1689 
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Fig. 2 1690 

 1691 

Fig. 3 1692 

 1693 

1694 
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Fig. 4 1695 

 1696 

Fig. 5 1697 
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1699 
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Fig. 6 1700 
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Fig. 7 1703 
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Fig. 8 1706 
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Fig. 9 1709 
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Fig. 10 1712 
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Fig. 11 1715 
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1717 
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Fig. S1 1718 

1719 
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Appendix A 1720 

List of terminals and accession numbers of sequences used in this paper. 1721 

Species RAG1 GenBank ID Tyrosinase GenBank ID 12S–tVal–16S GenBank 
ID 

Brachycephalus cf. didactylus JX267544 JX267681 JX267389, JX267467 

Brachycephalus ephippium ---- DQ282917 DQ283091 

Brachycephalus ephippium HQ435721 HQ435735 HQ435679, HQ435693 

Brachycephalus garbeanus HQ435722 HQ435722 HQ435680, HQ435694 

Brachycephalus izecksohni HQ435725 HQ435739 HQ435683, HQ435696 

Brachycephalus pombali HQ435729 HQ435743 HQ435687, HQ435700 

Brachycephalus vertebralis HQ435731 HQ435745 HQ435689, HQ435702 

Bryophryne cophites EF493423 EF493508 EF493537 
Craugastor daryi EF493452 EF493480 EF493531 
Eleutherodactylus cooki EF493413 EF493455 EF493539 
Haddadus binotatus JX267547 JX267684 JX267346 
Hypodactylus dolops EF493414 EF493483 EF493394 

Ischnocnema abdita JX267551 JX267687 JX267326, JX267472 

Ischnocnema bolbodactyla JX267557 JX267692 JX267327, JX267476 

Ischnocnema colibri to be submitted to be submitted to be submitted 
Ischnocnema colibri to be submitted to be submitted to be submitted 
Ischnocnema colibri to be submitted to be submitted to be submitted 

Ischnocnema concolor JX267594 JX267727 JX267413, JX267366 

Ischnocnema erythromera ---- JX267729 JX267340 
Ischnocnema erythromera JX267596 JX267730 JX267341 
Ischnocnema feioi MF957150 MF957160 MF957166 
Ischnocnema feioi MF957147 MF957156 MF957165 
Ischnocnema garciai MF957148 MF957158 MF957170 

Ischnocnema garciai MF957149 MF957159 MF952878, MF957163 

Ischnocnema aff. guentheri JX267597 JX267731 JX267339, JX267494 

Ischnocnema aff. guentheri JX267602 JX267737 JX267417, JX267368 

Ischnocnema aff. guentheri JX267605 JX267740 JX267420, JX267370 

Ischnocnema aff. guentheri JX267606 JX267741 JX267421, JX267371 

Ischnocnema aff. guentheri MF957144 MF957154 MF952879, MF952883 

Ischnocnema aff. guentheri MF957145 MF957155 MF952880, MF952884 

Ischnocnema aff. guentheri MF957141 MF957151 MF957164 

Ischnocnema aff. guentheri MF957143 MF957153 MF952877, MF957162, 
MF952881 

 1722 
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Appendix A 1723 
Continued. 1724 

Species RAG1 GenBank ID Tyrosinase GenBank ID 12S–tVal–16S GenBank 
ID 

Ischnocnema guentheri JX267611 JX267746 JX267331, JX267501, 
JX267502 

Ischnocnema guentheri JX267612 JX267747 JX267332, JX267503 

Ischnocnema henselii JX267563 JX267698 JX267328, JX267478 

Ischnocnema henselii JX267599 JX267734 JX267303 
Ischnocnema hoehnei ---- JX267749 JX267347 
Ischnocnema hoehnei JX267614 JX267750 JX267372 
Ischnocnema hoehnei JX267615 JX267751 JX267506 

Ischnocnema hoehnei JX267616 JX267752 JX267345, JX267507 

Ischnocnema cf. holti JX267564 JX267699 JX267329, JX267479 

Ischnocnema holti JX267617 JX267754 JX267306 
Ischnocnema izecksohni JX267618 JX267755 JX267307 

Ischnocnema izecksohni JX267636 JX267774 JX267433, JX267375 

Ischnocnema juipoca JX267620 JX267757 JX267349 
Ischnocnema lactea JX267626 JX267763 JX267342 

Ischnocnema cf. manezinho JX267566 JX267701 JX267335, JX267481 

Ischnocnema melanopygia JX267634 JX267771 JX267431, JX267292 

Ischnocnema nanahallux to be submitted to be submitted KC569985 
Ischnocnema nanahallux to be submitted to be submitted KC569986 
Ischnocnema nasuta ---- JX267772 JX267311 

Ischnocnema nasuta JX267637 JX267775 JX267434, JX267291, 
JX267520 

Ischnocnema cf. nigriventris JX267568 JX267704 JX267398, JX267483 

Ischnocnema octavioi JX267639 JX267777 JX267334, JX267521 

Ischnocnema oea JX267640 JX267778 JX267338 
Ischnocnema oea JX267641 JX267779 JX267313 
Ischnocnema parnaso to be submitted to be submitted to be submitted 
Ischnocnema parnaso to be submitted to be submitted to be submitted 

Ischnocnema aff. parva JX267656 JX267795 JX267445, JX267529 

Ischnocnema parva ---- ---- KY399231 
Ischnocnema parva ---- KY781316 KY399230 

Ischnocnema parva JX267649 JX267787 JX267438, JX267379 

Ischnocnema parva JX267317 JX267317 JX267317 
Ischnocnema parva ---- KT590282 KT590350 
Ischnocnema parva ---- KT590275 KT590330 
Ischnocnema parva ---- KT590316 KT590388 

 1725 
 1726 
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Appendix A 1727 
Continued. 1728 

Species RAG1 GenBank ID Tyrosinase GenBank ID 12S–tVal–16S GenBank 
ID 

Ischnocnema parva ---- KT590297 KT590367 

Ischnocnema parva JX267648 JX267786 JX267437, JX267378 

Ischnocnema parva JX267647 JX267785 JX267436, JX267377 

Ischnocnema parva ---- KT590315 KT590387 
Ischnocnema cf. penaxavantinho JX267574 JX267708 JX267298 

Ischnocnema cf. randorum JX267578 JX267799 JX267401, JX267361 

Ischnocnema sambaqui JX267661 JX267801 JX267449, JX267531 

Ischnocnema spanios JX267584 JX267717 JX267407, JX267490 

Ischnocnema sp. JX267667 JX267807 JX267454, JX267382 

Ischnocnema venancioi JX267666 JX267806 JX267321 
Ischnocnema venancioi ---- ---- KC468531 

Ischnocnema verrucosa JX267670 JX267810 JX267457, JX267538 

Ischnocnema vizottoi JX267672 JX267812 JX267350 
Lynchius flavomaculatus EU186745 EU186766 EU186667 
Pristimantis ramagii JX267658 JX267797 JX267318 
Yunganastes mercedesae JF809920 JF809899 JF809939 

Yunganastes mercedesae ---- ---- FJ539071, FJ539066 

 1729 

1730 
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 1731 
Appendix B 1732 

Specimens examined. 1733 

Ischnocnema epipeda: BRAZIL: ESPÍRITO SANTO: Santa Teresa (MNRJ 1874, USNM 1734 

200446, 235613–235620). 1735 

 1736 

Ischnocnema erythromera: BRAZIL: RIO DE JANEIRO: Santa Maria Madalena: Parque 1737 

Estadual do Desengano (CFBH 28111–28115); Teresópolis (CFBH 27349, 40985). 1738 

 1739 

Ischnocnema feioi: BRAZIL: MINAS GERAIS: Muriaé (CFBH 35994, Ischnocnema 1740 

feioi holotype); Ervália (MZUFV 15712, Ischnocnema feioi paratype, 15575); Araponga 1741 

(UFMG 3285, Ischnocnema feioi paratype). ESPÍRITO SANTO: (UFMG 17078, 1742 

Ischnocnema feioi paratype). 1743 

 1744 

Ischnocnema garciai: BRAZIL: MINAS GERAIS: Muriaé (CFBH 39028, Ischnocnema 1745 

garciai holotype, 39026, 39027, 39029–39033, MNRJ 90703, 90704, UFMG 18889, 1746 

18890, MZUFV 8896–8899, Ischnocnema garciai paratypes, 8900).  1747 

 1748 

Ischnocnema gualteri: BRAZIL: RIO DE JANEIRO: Teresópolis (USNM 96452–96454, 1749 

208506, 208508, 208510, 208511, 208517–208519, 208527–208530). 1750 

 1751 

Ischnocnema guentheri: BRAZIL: RIO DE JANEIRO: Rio de Janeiro: Floresta da Tijuca 1752 

(CFBH 26989–26994, 27440, 27442–27444, MNRJ 31666, 36483, 87540–87541, 1753 

87544–87545, 87548). 1754 

 1755 
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Ischnocnema henselii: BRAZIL: PARANÁ: Arianópolis (CFBH 27470–27471); 1756 

Piraquara (CFBH 11039–11040). SANTA CATARINA: Anitápolis (CFBH 9367–9368); 1757 

São Bonifácio (CFBH 27549–27554). SÃO PAULO: São Bernardo do Campo (CFBH 1758 

12298); Tapiraí (CFBH 23298). 1759 

 1760 

Ischnocnema hoehnei: BRAZIL: SÃO PAULO: Itanhaém (CFBH 22139); Pilar do Sul 1761 

(CFBH 8336); Salesópolis (USNM 209141); Santo André: Paranapiacaba (AL-MN 1762 

2525, Eleutherodactylus hoehnei holotype, CFBH 29043); São Miguel Arcanjo (CFBH 1763 

40727). 1764 

 1765 

Ischnocnema izecksohni: BRAZIL: MINAS GERAIS: Aiuruoca (CFBH 36919–36920); 1766 

Alto Caparaó: Parque Nacional do Caparaó (CFBH 40977–40980); Belo Horizonte 1767 

(MNRJ 4217, Eleutherodactylus izecksohni holotype, MNRJ 4218–4219, 1768 

Eleutherodactylus izecksohni paratypes); Conceição do Ouro (CFBH 39908–39910); 1769 

Muriaé (CFBH 35990–35991, 39016, 39020–39021, 39039); Ouro Preto: Rodrigo Silva 1770 

(CFBH 35793, 35796–35799). 1771 

 1772 

Ischnocnema nanahallux: BRAZIL: RIO DE JANEIRO: Santa Maria Madalena: (CFBH 1773 

28085, Ischnocnema nanahallux holotype, 28051–28053, 28067, 28073, 28074, 28084, 1774 

28117–28119, Ischnocnema nanahallux paratypes). 1775 

 1776 

Ischnocnema nasuta: BRAZIL: RIO DE JANEIRO: Nova Friburgo (CFBH 40981–1777 

40984). 1778 

 1779 
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Ischnocnema oea: BRAZIL: ESPÍRITO SANTO: Cariacica: Reserva Biológica de Duas 1780 

Bocas (CFBH 22517–22518, 22520); Santa Teresa (MNRJ 1244 Eleutherodactylus 1781 

oeus holotype, UFMG 13735–13738, USNM 235612 Eleutherodactylus oeus paratype); 1782 

Santa Teresa: Reserva Biológica Augusto Ruschi (CFBH 24778–24779, 30732, 40987); 1783 

Santa Teresa: São Lourenço (CFBH 10815–10816, 10876–10877, 27090–27091, 1784 

37242); Vargem Alta (CFBH 25050, 27013). 1785 

 1786 

Ischnocnema sp.: BRAZIL: RIO DE JANEIRO: Cachoeiras de Macacu (MNRJ 60163). 1787 

 1788 

Ischnocnema venancioi: BRAZIL: RIO DE JANEIRO: Nova Friburgo (CFBH 27435); 1789 

Teresópolis (CFBH 40986, MNRJ 53573 Eleutherodactylus venancioi lectotype, MNRJ 1790 

35185–35187, 53565, 53566, 53572, 53574–53589, 53597–53600, 56191–56194, 1791 

56213, 56214 Eleutherodactylus venancioi paralectotypes, USNM 208551–208554). 1792 
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Appendix C 1793 

Call records analyzed. 1794 

Call ID Voucher Species Locality Recorder 

A. A. G.  Photoa Ischnocnema hoehnei Paranapiacaba, Santo André, Brazil Uher 4200 

LOD 001 Unvoucheredb Ischnocnema parnaso Pedra da Baleia, Guapimirim, Rio de Janeiro, Brazil Tascam DR-40 

LOD 002 Unvoucheredb Ischnocnema parnaso Pedra da Baleia, Guapimirim, Rio de Janeiro, Brazil Tascam DR-40 

LOD 003 Unvoucheredb Ischnocnema parnaso Pedra do Sino, Guapimirim, Rio de Janeiro, Brazil Tascam DR-40 

LOD 004 Unvoucheredb Ischnocnema parnaso Pedra do Sino, Guapimirim, Rio de Janeiro, Brazil Tascam DR-40 

LOD 005 Unvoucheredb Ischnocnema parnaso Pedra do Sino, Guapimirim, Rio de Janeiro, Brazil Tascam DR-40 

PPGT 009 Unvouchered Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

PPGT 010 Unvouchered Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

PPGT 011 Unvouchered Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

PPGT 012 Unvouchered Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

PPGT 013 Unvouchered Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

PPGT 014 CFBH 40810 Ischnocnema colibri Reserva Biológica Augusto Ruschi, Santa Teresa, Espírito Santo, Brazil Marantz PMD-661 

aAmphibiaWeb photo (CalPhotos ID: 0000 0000 0504 0973, AmphibiaWeb, 2018). 1795 

bThe collectors recorded the males and had the calls marked for each specimen. However, this information was lost. 1796 
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ABSTRACT 30 

 31 

Despite species are one of the fundamental units of contemporary biology, there is no 32 

consensus regarding how scientists should recognize them. The recent advent of 33 

integrative taxonomy has led to an intensive discussion about how scientists should 34 

delimit species and to a renewal of taxonomy as a science. Although many studies using 35 

integrative protocols have been used in the past few years, they still need non-36 

overlapping diagnostic characters what may be a complicated task depending on the 37 

study group. The Neotropical genus Ischnocnema comprises 33 species of ground-38 

dwelling frogs with notable inter and intra-specific morphological variation, and some 39 

of them may actually be a complex of several species. Herein we apply an integrative 40 

approach with two phenotypic and one genetic lines of evidence, using 388 gene 41 

fragments, to test the hypothesis that the I. guentheri complex is actually composed of 42 

six species. We also use several non-Bayesian and one Bayesian species tree approaches 43 

to estimate the phylogenetic relationships within this species complex, and test them for 44 

gene-flow. We conclude thatthere are at least six morphologically crypt species within 45 

the I. guentheri complex. They are different from each other by acoustic and genetic 46 

characters and the level of gene flow within the species is either absent or very low. 47 

There is also a strong genetic structure among northern and southern populations of two 48 

of our candidate species. Despite not all of them have non-overlapping acoustic 49 

diagnostic characters, sister species do and we recommend careful with the taxonomic 50 

decisions regarding this species group because there is at least one available name for 51 

the species in the I. guentheri complex. 52 

 53 
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1. Introduction 57 

 58 

 Species are one of the fundamental units of contemporary biology (Mayr, 1982). 59 

However, despite of its importance in biological sciences, there is no consensus 60 

regarding how scientists should recognize species and innumerous different species 61 

concepts, including some partially discordant, appeared in the literature over the years 62 

(see Mayden, 1997 and de Queiroz, 1998 for a revision). Because of that, the search for 63 

a unified species concept has been recurrent. De Queiroz (2007) proposed that existent 64 

species concepts can be unified and what they all have in common is that species are 65 

separately evolving metapopulation lineages. Nevertheless, even though we agree with a 66 

unique species concept, it is still a challenge for taxonomists to infer species boundaries, 67 

mainly in morphologically cryptic species complexes. 68 

 The recent use of the approach called integrative taxonomy (term formally 69 

introduced by Dayrat, 2005 and Will et al., 2005) has led to an intensive discussion 70 

about how scientists should delimit species (e.g. De Salle et al., 2005; Padial et al., 71 

2010; Schlick-Steiner et al., 2010) and consequently to a renewal of taxonomy as 72 

science. Therefore, many studies have also emerged in the past few years using 73 

integrative taxonomy protocols to help delimiting species (see Pante et al., 2015 for a 74 

survey). However, operationally, describing species using this kind of protocol still 75 

requires non-overlapping diagnosable characters, which can be a complicated task 76 

depending on the study group.  77 

 The brachycephalid genus Ischnocnema comprises 33 species (Frost, 2018) of 78 

ground-dwelling frogs divided in the I. guentheri, I. lactea, I. parva, and I. verrucosa 79 

series (Canedo and Haddad, 2012). Ten species are presently recognized in the I. 80 

guentheri series, although some of them may represent morphologically cryptic species 81 



183 
 

  

complexes (Kwet & Solé, 2005; Gehara et al., 2013). The group presents notable 82 

morphological variation, especially with regard to color patterns (Heyer, 1984), making 83 

classic morphology-based taxonomy extremely difficult. Gehara et al. (2013) studied 84 

the whole known geographic distribution of I. guentheri (Steindachner, 1864) and I. 85 

henselii (Peters, 1870), using genetic and acoustic data to assess the limits of these 86 

species. They concluded that both species could actually be a complex of six candidate 87 

species (which will be called I. guentheri complex hereinafter) based on the following 88 

arguments: (1) strong deep genetic structure of the clades, (2) the clades were partly 89 

syntopic without admixture (no haplotype sharing in the only analyzed nuclear gene), 90 

and (3) advertisement call differences, non-overlapping, mainly in temporal parameters. 91 

 Understanding microevolutionary processes in a geographic context is 92 

paramount for understanding lineage and species diversification. Genetic drift and 93 

geographic isolation may induce speciation, whereas gene flow may prevent it. Natural 94 

selection can either induce or prevent the emergence of new species, depending of 95 

which type of selection dominates the system. Therefore, investigation of these 96 

processes and identification of the main forces driving or preventing speciation can help 97 

improve species delimitation.  98 

The recent genome-scale datasets have brought a significant increase in the 99 

resolution of population scale parameters. The aim of the present study is to test the 100 

species limits among the species of the I. guentheri complex under an integrative 101 

approach, using high-throughput sequencing data. We construct a strong phylogenetic 102 

hypothesis for the species within the complex and test them for gene-flow. We also used 103 

previous sample efforts for acoustic data and added morphological analysis for all 104 

species. 105 

 106 
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2. Material and Methods 107 

 108 

2.1. Taxon sampling, species hypothesis, and species recognition 109 

 110 

We sampled all candidate species (lineages) in the Ischnocnema guentheri 111 

species complex based on the six candidate species from Gehara et al. (2013). Because 112 

some of them are syntopic, we included samples from localities where lineages co-occur 113 

and samples that are geographically isolated from other lineages (Fig. 1), totaling 15 114 

terminals. Genetic materials for the high-throughput sequencing came from areas 115 

located in the following counties, all in Southern or Southeastern Brazil: Lima Duarte 116 

(Minas Gerais state), Nova Friburgo, Rio de Janeiro (both in Rio de Janeiro state), 117 

Bertioga, Cunha, Iguape, Ubatuba (all in São Paulo state), Morretes (Paraná state), São 118 

Bonifácio, and São Francisco do Sul (both in Santa Catarina state). The outgroup 119 

selection was based on previous phylogenetic studies (Canedo and Haddad, 2012; 120 

Taucce et al., 2018) and comprised three species: I. nasuta (Lutz, 1925), I. oea (Heyer, 121 

1984), and I. erythromera (Heyer, 1984). 122 

In order to correctly attribute each of our analyzed specimens to the correct 123 

candidate species, we first performed a Bayesian inference analysis with MrBayes 3.2.6 124 

software (Ronquist et al., 2012) using a 16S rRNA combined matrix containing the 125 

sequences of Gehara et al. (2013) together with our sequences. Unvouchered 126 

advertisement calls and a few no-sequenced calling specimens were attributed to the 127 

candidate species by comparison of its calls with the call of a neighbor calling male that 128 

was sequenced and recorded. Our Bayesian tree, as well as primers, sequenced 129 

specimens, and GenBank accession numbers are given in Appendix A. 130 
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For all the analyses we used two datasets. The first one included all candidate 131 

species in the Ischnocnema guentheri complex (Fig. 1A, complete dataset) and the 132 

second one included all candidate species but I. sp. CS4 and divided I. sp. CS1 and I. 133 

henselii in southern and northern populations (Fig. 1B, north–south dataset). 134 

 135 

2.2. Laboratory procedures 136 

 137 

 We extracted total DNA from ethanol-preserved muscle tissues using the 138 

DNeasy Qiagen® kit following manufacturer’s protocols. DNA was eluted to a volume 139 

of 100 μl and quantified using a Qubit fluorometer dsDNA BR Assay Kit (Thermo 140 

Fisher Scientific Inc.). Extraction with at least 2.0 ng/μl was sent to the Center for 141 

Anchored Pylogenomics, Tallahasee, FL, USA to sequencing and initial bioinformatics 142 

analysis. 143 

 Sequencing was carried out using an Anchored Phylogenomics protocol 144 

(Lemmon et al., 2012). This method consists in designing probes that usually target 145 

single-copy, low-indel exons which are flanked by more variable introns. The resulting 146 

loci are well conserved to identify orthology, carry information beyond species level, 147 

and are variable to allow responding questions related to population genetics.  148 

 149 

2.3. Phylogenetic analyses 150 

 151 

2.3.1. Gene trees 152 

 153 

 We chose likelihood as the optimality criterion and used the software RAxML 154 

version 8.2.10 (Stamatakis, 2014) to infer gene trees for our resulting loci. For each 155 
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alignment RAxML searched for the most likely tree once using the GTR + Γ 156 

substitution model and then did 100 rapid bootstrap replicates. 157 

 158 

2.3.2. Non-Bayesian species tree coalescent methods 159 

 160 

 We used four non-Bayesian coalescent methods in order to estimate our species 161 

trees. The STAR method (Liu et al., 2009) uses rooted gene trees as an input to 162 

construct a Neighbor Joining tree from a distance matrix in which the entries are twice 163 

the average ranks of coalescences in gene trees across loci. The NJst method (Liu and 164 

Yu, 2011) calculates the internode distance for each terminal pairs on gene trees to 165 

construct a distance matrix with the average internode distance for each species. Then it 166 

reconstructs a distance tree using the distance matrix. The MP-EST method (Liu et al., 167 

2010) uses a pseudo-likelihood function to estimate the species tree given gene trees 168 

and gives the branch lengths as coalescent units. Finally, ASTRAL-III (Zhang et al., 169 

2017) uses unrooted gene trees and finds the species tree that agrees with the largest 170 

number of quartet trees induced by the set of the gene trees. Although it is not a 171 

Bayesian analysis, ASTRAL-III gives support as local posterior probability (LPP), 172 

which is computed based on gene tree quartet frequencies (Sayyari and Mirarab, 2016). 173 

We rooted all the species trees in Ischnocnema erythromera, according to previous 174 

phylogenetic studies (Canedo and Haddad, 2012; Taucce et al., in press). 175 

 176 

2.3.3. Bayesian coalescent species tree method 177 

 178 

 We used StarBEAST2 package (Ogilvie et al., 2017) from the BEAST2 software 179 

(Bouckaert et al., 2014) to estimate the species tree under a Bayesian optimality 180 
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criterion, running it for 1.0 x 109 generations. We used an HKY nucleotide substitution 181 

model for all genes because the model test built in BEAST2 does not work with 182 

StarBEAST2 yet (H. Ogilvie, personal communication). We used strict molecular clock 183 

and estimated clock rate (the absolute mutation rate, mutations/MY) using a narrow 184 

prior based on the mutation rates from Gehara et al. (2017) study with Ischnocnema 185 

parva. We kept substitution rates (relative substitution rates across partitions) fix 186 

because estimating both substitution and clock rates can make the run do not converge. 187 

We checked the run for convergence using the software Tracer 1.6 (Rambaut et al., 188 

2013). We used Estimated Sample Size (ESS) value larger than 200 to assess run 189 

convergence. 190 

 191 

2.4. Gene Flow Inference 192 

 193 

 We applied Generalized Phylogenetic Coalescent Sampler (G-PhoCS, Gronau et 194 

al., 2011), a Bayesian coalescent-based approach, to estimate rates of gene flow among 195 

our lineages in the two datasets. The probabilistic model of G-PhoCS uses a scaled 196 

version of migration rate, M = m/μ, where m is the probability of migration from one 197 

lineage to the other and μ is the mutation rate. In order to have more tangible results we 198 

give gene flow as migrants per generation, given by MAB * θB (McManus et al., 2015). 199 

 In G-PhoCS, gene flow is modeled using migration bands of constant migration 200 

rate throughout the history of the sampled populations. Because this approach can lead 201 

to spurious results with large number of migration bands, we first did both ways of each 202 

migration band (Figs. 2 and 3) and then we took all bands with positive gene flow and 203 

did another analysis. We considered the migration band positive to gene flow when its 204 

95% HPD interval did not include zero. For all of the analyses we did 1.0 x 106 205 
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generations and checked convergence using ESS (> 200) on Tracer 1.6. One sample 206 

control file used as an input for G-PhoCS with other parameters is shown on Appendix 207 

B. 208 

 209 

2.5. Phenotypic analyses 210 

 211 

2.5.1. Advertisement calls 212 

 213 

 We recorded advertisement calls from each of the Ischnocnema guentheri 214 

complex candidate species using a Marantz PMD 660, PMD 661, or a Tascam DR-40, 215 

coupled to a Sennheiser K6/ME66 unidirectional microphone. We carried out 216 

recordings at 44.1 kHz on a 16 bit sampling resolution. To analyze the recordings we 217 

used the software Raven pro 1.4 (Bioacoustics Research Program 2011). We produced 218 

spectrograms using window size of 512 samples, 75% overlap, hop size of 128 samples, 219 

Discrete Fourier Transform (DFT) of 1024 samples, and window type Hann. 220 

Resolution, contrast, and brightness were Raven 1.4 default. We obtained spectrogram 221 

and oscillogram figures using tuneR version 1.0 (Ligges et al., 2013) and seewave 222 

version 2.0.2 (Sueur et al., 2008) packages of R platform version 3.3.3 (R Core Team 223 

2018). We produced spectrogram figures with window length of 512 samples, 75% 224 

overlap, hop size of 128 samples, and window name Hanning. Voucher specimens are 225 

housed at CFBH and UFMG (collection acronyms follow Sabaj [2016]). We also 226 

reanalyzed the calls from Gehara et al. (2013) in order to enhance comparisons.  227 

We measured the following call parameters: call duration (Köhler et al., 2017), 228 

call rise time (Hepp and Canedo, 2013), dominant frequency (Köhler et al., 2017), notes 229 

per call, note (repetition) rate (total number of notes minus one divided by the time 230 
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between the beginning of the first note to the beginning of the last note, modified from 231 

call rate parameter from Cocroft and Ryan, 1995), note (repetition) rate for the first five 232 

notes (Gehara et al., 2013), note (repetition) rate for the last five notes (Gehara et al., 233 

2013), note (repetition) rate acceleration (note [repetition] rate of the last five notes 234 

divided by the note [repetition] rate of the first five notes times 100, this subtracted by 235 

100 results is in a given percentage; Gehara et al., 2013). Call and note concepts follow 236 

Köhler et al. (2017). 237 

Because for various lineages call recordings were available only for a single 238 

temperature (Ischnocnema guentheri and I. sp. CS2), or without temperature data (I. sp. 239 

CS1), a temperature correction by using regression residuals was not possible. We 240 

therefore assumed that temperature-dependence of call variables would be similar in all 241 

species, and chose one lineage (I. sp. CS4) for which recordings were available for 242 

16°C, 18°C, 19°C, 21°C, and 22°C, and numerous variables showed a convincing trend 243 

of linear temperature-dependence without many outliers. For this lineage, we calculated 244 

regressions of each call variable against temperature and used the calculated slope (in 245 

percent of original call duration, obtained by log-transforming the original call variable 246 

data) to normalize all call recordings of all species for which recording temperature was 247 

available. We normalized call recordings to 19°C which was the temperature for which 248 

the majority of call recordings of other species was available, thus minimizing the 249 

assumptions and the corrections applied. 250 

 251 

2.5.2. Morphology 252 

 253 

 In order to enhance comparisons, we only measured adult males. We took the 254 

following measurements to the nearest 0.1 mm with a Mitutoyo® digital caliper under a 255 
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stereomicroscope: snout-vent length (SVL), head length (HL), head width (HW), 256 

forearm length (FAL), hand length (HAL), thigh length (THL), tibia length (TL), tarsal 257 

length (TAL), foot length (FL), eye diameter (ED), tympanum diameter (TD), eye to 258 

nostril distance (END), internarial distance (IND), distance between the anterior 259 

margins of the eyes (AMD), maximum width of disk on third finger (3FD), and 260 

maximum width of disk on fourth toe (4TD). SVL, HL, HW, FAL, TL, FL, ED, TD, 261 

END, and IND follow Duellman (1970); 3FD and 4TD follow Heyer (1984); HAL, 262 

THL, and TAL follow Heyer et al. (1990); and AMD follows Garcia et al. (2003). We 263 

determined sex by the observation of secondary sexual characters of male specimens 264 

(presence of nuptial pads and vocal slits) and by direct observation of the gonads or 265 

eggs visibility through the belly wall in females. Morphological nomenclature follows 266 

previous literature on Brachycephaloidea (Heyer 1984; Heyer et al., 1990; Hedges et al., 267 

2008; Duellman and Lehr, 2009). Museum acronyms follow Sabaj (2016) and a full list 268 

of specimens examined is given in Appendix C. 269 

 270 

2.5.3. Principal components analyses (PCAs) 271 

 272 

To visualize variation in bioacoustics and morphometric traits amongst the six 273 

candidate species of the I. guentheri complex, we performed a Principal Components 274 

Analysis (PCA). For bioacoustics variables, we used both raw and temperature-275 

corrected acoustic datasets. We excluded the call rise time parameter in the acoustic 276 

PCAs because this variable showed no significant variation among any species in 277 

exploratory tests. We also excluded note (repetition) rate acceleration because it is 278 

directly correlated with note (repetition) rate of the first five notes and note (repetition) 279 

rate of the last five notes. Because the units in the acoustic dataset differ amongst the 280 
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variables, thus hampering parameter estimates, we log10-transformed all acoustic 281 

variables. 282 

Because some morphometric variables lack statistical independence relative to 283 

SVL, we used, instead, the residuals stemming from linear models between SVL and 284 

each of the variables. We then tested the normality of the residual using the Shapiro-285 

Wilk test of normality (Shapiro and Wilk, 1965). To avoid model overfitting, we 286 

performed a progressive elimination of morphometric variables based on their adjusted 287 

coefficient of correlation with SVL. Our final dataset in the morphometric PCAs 288 

consisted of 85 observations, SVL and the residuals of the nine variables that showed 289 

the lowest correlations with SVL. 290 

 We focused our interpretations in the first three components of the PCAs, 291 

because, in all cases, there was a negligible increase in constrained variation by adding a 292 

fourth component. We performed the PCAs, linear models, and normality tests in R 293 

Statistical Environment (R Core Team, 2018). We visualized the PCAs using the R 294 

packages ggbiplot (Vu, 2011), ggConvexHull, and factoextra (Kassambara and Mundt, 295 

2017). 296 

 297 

3. Results 298 

 299 

3.1. Species Tree Analyses 300 

 301 

3.1.1. Non-Bayesian coalescent methods 302 

 303 

 We used all 388 gene trees inferred using RAxML as an input to the ASTRAL-304 

III, STAR, MP-EST, and NJst software packages. The analyses of the two datasets 305 
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resulted in identical topologies using all four methods (Fig. 4). All branches were well-306 

supported in all methods, most of them fully supported. The branch including 307 

Ischnocnema guentheri, I. sp. CS2, and I. sp. CS3, despite well-supported (bootstrap 308 

support higher than 87% and LPP higher than 0.98), was not fully supported in the 309 

topologies resulted from STAR, MP-EST, and NJst methods.  310 

 311 

3.1.2. Bayesian coalescent method 312 

 313 

 StarBEAST 2 package infers gene trees and species tree simultaneously and 314 

needs all species to be present on each gene tree. Because of this we used 331 genes on 315 

the complete dataset and 365 on the north–south dataset. All parameters in both 316 

analyses had ESS value higher than 200. The topologies in both analyses were different 317 

regarding the position of Ischnocnema sp. CS3. In the complete analysis I. sp. CS3 was 318 

the sister species of I. guentheri and I sp. CS2, whereas in the partial dataset analysis I. 319 

sp. CS3 was the sister species of the northern and southern populations of I. sp. CS1 and 320 

I. henselii (Fig. 5). In both analyses all the clades were fully supported, except for the 321 

most inclusive clades with I. sp. CS3 (Fig. 5A, B, posterior probability of 0.96 and 0.64, 322 

respectively). The uncertainty regarding the position of this species is shown by the red 323 

line in figure 5C, D.  324 

 325 

3.2. Gene Flow Inference 326 

 327 

 On the complete analysis of gene flow, only one migration band was positive, so 328 

we did not repeat the run (Fig. 6). The phylogenetic position of Ischnocnema CS3 was 329 

uncertain both in the complete and in the north-south datasets (see previous session) and 330 
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we used both topologies as input for G-PhoCS (Fig 5). We will call topology A when 331 

Ischnocnema sp. CS3 groups with I. sp. CS1 and I. henselii (Fig. 6, left) and topology B 332 

when I. sp. CS3 groups with I. sp. CS2 and I. guentheri (Fig. 6, right). 333 

 Both topologies A and B lead G-PhoCS to the same positive migration bands 334 

(Fig. 6). On the complete analysis, the migration band was from Ischnocnema sp. CS1 335 

to I. sp. CS3 and there were 0.002–0.049 (0.023 ± 0.000) and 0.001–0.038 (0.017 ± 336 

0.000) migrants per generation on topologies A and B, respectively. On the north–south 337 

analysis we had two migration bands. The first one was from I. sp. CS3 to the ancestral 338 

population of I. sp. CS1 south and north populations and it had 0.036–0.200 (0.106 ± 339 

0.000) and 0.061–0.292 (0.162 ± 0.000) migrants per generation on topologies A and B, 340 

respectively. The second migration band was from the ancestral of I. henselii north and 341 

south populations to the ancestral of I. sp. CS1 north and south populations and it had 342 

0.248–0.748 (0.464 ± 0.000) and 0.204–0.730 (0.407 ± 0.000) migrants per generation 343 

on topologies A and B, respectively. 344 

 345 

3.3. Phenotypic analyses 346 

 347 

3.3.1. Advertisement calls 348 

 349 

 We analyzed a total of 134 calls from 42 individuals (Table 1) raising the total 350 

amount of acoustic data in about 180% compared to the most comprehensive previous 351 

study (Gehara et al., 2013; 48 calls from 15 individuals). Ischnocnema sp. CS2, I. 352 

guentheri, and I. henselii had diagnostic acoustic characters differentiating them to 353 

every other species within the complex (Table 1, 2), both in the raw (Fig. 7) and the 354 

temperature-corrected (Fig. 8) datasets. Note (repetition) rate was the parameter that 355 
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most differentiated species pairs: 10 out of 15 in the raw and 7 out of 10 in the 356 

temperature-corrected dataset. Ischnocnema sp. CS1, I. sp. CS3, and I. sp. CS4 had no 357 

non-overlapping acoustic parameters differentiating them from each other. Another 358 

important finding is that the species pairs who are sister species are undoubtedly 359 

diagnosable among each other on the basis of bioacoustics (I. sp. CS1 and I. henselii; I. 360 

sp. CS2 and I. guentheri; Table 2). Despite the lack of diagnostic acoustic parameters 361 

between all species pairs, the advertisement calls show a great amount of variation (Fig. 362 

9) and our PCA shows a tendency in grouping according to our species hypothesis in 363 

both raw and temperature corrected datasets (Figs. 10 and 11).  364 

 Our PCA with the raw dataset (Fig. 10) show a very strong tendency in grouping 365 

according to our species hypothesis already in the plot of PC1 versus PC2, where the 366 

only mixing is one individual of Ischnocnema sp. CS3 inside I. sp. CS1 polygon. 367 

However, these two species are plotted separated in the plot of PC1 versus PC3. The 368 

three first PCs explained 98.65% of the variation and note (repetition) rate to the first 369 

five notes, notes per call, and dominant frequency explained most of the variation in 370 

PC1, PC2, and PC3, respectively (Fig. 12). 371 

 The PCA with the temperature-corrected dataset (Fig. 11) also showed a very 372 

strong tendency in grouping according to our species hypothesis in the plot of PC1 373 

versus PC2, despite the lack of Ischnocnema sp. CS1. Ischnocnema sp. CS3 and I. sp. 374 

CS4 only showed a clear separation in the plot pf PC2 versus PC3, despite not being 375 

totally overlapped in the other two plots. The first three PCs explained 96.93% of the 376 

variation and the parameters explaining most of the variation in each PC were the same 377 

as in the raw dataset analysis.  378 

 379 

3.3.2. Morphology 380 
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 381 

 Morphological characters were highly variable both intra and interspecifically 382 

and there was no discrete or morphometric character allowing us to distinguish between 383 

species. In our PCA the only species pairs forming non-overlapping groupings on one 384 

another were Ischnocnema henselii and I. sp. CS2, and I. henselii and I. sp. CS4 (Fig. 385 

13), both in plot of PC1 versus PC2 and in the plot of PC2 with PC3. The three first PCs 386 

explained 83.51% of the variation and SVL, head width, and tarsal length explained 387 

most of the variation in PC1, PC2, and PC3, respectively (Fig. 12). 388 

 389 

4. Discussion 390 

 391 

4.1. Tree topologies 392 

 393 

 We recovered the same results both for the complete and the north-south 394 

datasets among all our non-Bayesian coalescent methods and the Bayesian coalescent 395 

method. We also recovered a similar overall topology with StarBEAST2 and the north-396 

south dataset, the only difference was the position of Ischnocnema sp. CS3, sister group 397 

of the clade composed by I. sp. CS1 and I. henselii northern and southern lineages, 398 

versus I. sp. CS3 as the sister group of the clade composed by I. sp. CS2 and I. 399 

guentheri recovered in other analyses. There is a third phylogenetic hypothesis for the 400 

species complex, which is also similar to the ones recovered herein, and the only 401 

difference is also the position of I. sp. CS3, as the sister group of the clade composed by 402 

I. sp. CS1, I. henselii, I. sp. CS2, and I. guentheri. All three phylogenetic hypotheses 403 

recover I. sp. CS4 as the sister species of all other species within the I. guentheri 404 
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complex and also the species pairs I. sp. CS1 and I. henselii, and I. sp. CS2 and I. 405 

guentheri as sister species.  406 

Speciation events closely spaced in time, as appears to be the case of the clade 407 

containing all species but Ischnocnema sp. CS4 (Fig. 5C, D), often have small 408 

phylogenetic signal, leading to short branches whose relationships are difficult to 409 

resolve (Phillipe et al., 1994). The incongruity with respect to the phylogenetic 410 

relationships of I. sp. CS3 may be due to this rapid diversification event. 411 

 412 

4.2. Species limits within the Ischnocnema guentheri complex 413 

 414 

 In the past few years, much evidence has lead authors to conclude that 415 

Ischnocnema guentheri most likely is a complex of species, mainly based on 416 

bioacoustical and Sanger sequencing data (Kwet and Solé, 2005; Gehara et al., 2013). 417 

Herein we used three robust lines of evidence, including high-throughput sequencing, 418 

and robust methods to test the hypothesis that I. guentheri is a species complex. 419 

 Our G-PhoCS analyses inferred one gene flow band from Ischnocnema sp. CS1 420 

to I. sp. CS3 in the complete analysis, with a very low rate of less than one migrant per 421 

generation (see section 3.2). In the north-south dataset, G-PhoCS detected two gene 422 

flow bands, also with less than one migrant per generation each (see section 3.2). This 423 

amount of gene flow is very low and it is not enough to homogenize the populations 424 

(Slatkin and Maddison, 1989), evidencing the genetic isolation of our species pairs. In 425 

this case we could also detect the isolation of northern and southern populations of I. 426 

henselii and I. sp. CS1.  427 

 Ischnocnema guentheri, I. henselii, and I. sp. CS2 have unique acoustic 428 

diagnostic characters (Table 2), and it is easy to differentiate them from each other and 429 
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from other species within the complex. Although I. sp. CS1, I. sp. CS2, and I. sp. CS3 430 

have no acoustic diagnostic characters among each other, our PCAs of acoustic data 431 

show a strong trend towards acoustic differentiation among these species. Also, the 432 

sister species I. henselii and I. sp. CS1, and I. guentheri and I. sp. CS2 are acoustically 433 

easily diagnosable from each other (Table 2).  434 

 Our morphological and morphometric characters were not good to differentiate 435 

our putative species, because they were very variable inter and intra-specifically, and we 436 

were not able to recognize each one of our species using morphology only. Although 437 

morphological diagnostic characters are desirable to describe species, one does not need 438 

to have two morphologically diagnosable species to describe them and some species 439 

have being described based on their advertisement call differences only (Toledo et al., 440 

2007; Angulo and Reichle, 2008; Carvalho and Giaretta, 2013), including within the 441 

Ischnocnema genus (Taucce et al., 2018). The anuran advertisement call functions in 442 

mate recognition and vocal differences are important pre-zygotic isolation mechanisms 443 

(Kelley et al., 2001). So, we assume that populations with different calls do not have 444 

gene flow or if they have it will be very low. 445 

 To conclude, our species hypothesis satisfies several species concepts, including 446 

those based on reproductive isolation (Mayr, 1942; Dobzansky, 1970) and 447 

phylogenenetics (Kluge, 1990; Nixon and Wheeler, 1990; Grant, 2002). Our results 448 

show that Ischnocnema guentheri, I. henselii, I. sp. CS1, I. sp. CS2, I. sp. CS3, and I. sp. 449 

CS4 are separately evolving metapopulation lineages (sensu de Queiroz, 2007) and each 450 

of those deserve a different names. Despite the north and southern populations of I. 451 

henselii and I. sp. CS1 also show patterns of genetic isolation, we have no acoustic data 452 

for the northern population of I. sp. CS1 and we have no sufficient data to assess the 453 

species limits within these lineages. 454 
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 455 

4.3. Comments about the taxonomic status of Elosia divisa Wandolleck, 1907 and 456 

Hylodes nasutus Lutz, 1925 457 

 458 

 Elosia divisa Wandolleck, 1907 is currently under the synonymy of Hylodes 459 

guentheri Steindachner, 1864 (currently Ischnocnema guentheri; Cochran, 1955; Heyer, 460 

1984). The type, collected by Dr. Ohaus in the municipality of Petrópolis, state of Rio 461 

de Janeiro, Brazil, was destroyed together with approximately 90% of the herpetological 462 

collection of the Dresden Museum of Zoology during the bombing of Dresden, on 463 

February 13, 1945 and its original catalogue number was MTKD D 2041 (Wandolleck, 464 

1907; Heyer, 1984; R. Ernst, personal communication). Despite the type is destroyed, 465 

the excellent original description and illustrations (Wandolleck, 1907, his figs. 7, 7A, B) 466 

make easy the association of the species with the I. guentheri series. According to the 467 

original description (Wandolleck, 1907), diagnostic characters for the species series 468 

were present in the holotype, such as long legs, a large nuptial pad, and the tips of the 469 

fingers expanded (Taucce et al., unpublished data). Since there is no morphological 470 

difference between the I. guentheri complex lineages, based on morphology, the name 471 

Elosia divisa Wandolleck, 1907 could be attributed to any of our putative species of the 472 

I. guentheri complex. However, we found only two lineages in the municipality of 473 

Petrópolis, I. sp. CS3 and I. sp. CS4, and the name could be attributed to any of those. 474 

The original description mentions that the specimen had a “heavily tuberculate surface”, 475 

but according to our morphological analysis the degree of dorsal tuberculation was 476 

highly variable intra-specifically, but I. sp. CS3 had, in general, a more tuberculate 477 

dorsum. Also, a white stripe from the tip of the snout to the vent was present in the type 478 

specimen (Wandolleck, 1907, species description, his Fig. 7A), and only I. sp. CS3 had 479 
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such a stripe in the specimens we analyzed (4 out of the 23 adult male specimens). 480 

Because of the confirmed destruction of the holotype (see above), we recommend the 481 

designation of a neotype for Elosia divisa Wandolleck, 1907, and we recommend that 482 

the neotype is taken from the I. sp. CS3 species. We are aware that such a decision has 483 

to be coupled with a formal description of the taxon and, since the species descriptions 484 

are not in the scope of our paper, we will not designate the neotype herein. 485 

Hylodes nasutus Lutz, 1925 (currently Ischnocnema nasuta) was described from 486 

“the grounds of Hotel Lemburger” (Cochran, 1955), in the municipality of Nova 487 

Friburgo, state of Rio de Janeiro, Brazil (Lutz, 1925). The original description (Lutz, 488 

1925) does not have any associated specimen or museum number, but the specimens 489 

USNM 96468–96470 were attributed as sintypes of H. nasutus after the description 490 

(Cochran, 1955; 1961). Heyer (1984) found only USNM 96468 and 96469, the former 491 

in the MNRJ collection. He stated that the description of H. nasutus was based in more 492 

than one specimen and until a thorough search be done in the Adolpho Lutz collection 493 

(AL-MN, today in the MNRJ), he preferred not to designate a lectotype for the species. 494 

We were able to examine the type series of H. nasutus at the Smithsonian Institution 495 

and also at Museu Nacional, and the type series is composed of at least eight specimens, 496 

all collected by A. Lutz on February 22, 1923: MNRJ 24023 (formerly USNM 96468), 497 

AL-MN 420–425, and USNM 96469. The specimen USNM 96470 was apparently 498 

exchanged with MNRJ (Cochran, 1961) but we did not find this specimen at MNRJ or 499 

USNM. The specimens housed at the AL-MN collection had a label note saying that 500 

they were collected at Leuenroth Hotel, not Lemberger hotel as Cochran (1955) stated. 501 

Leuenroth Hotel was a hotel in downtown Nova Friburgo and today there is a Leuenroth 502 

street where the Hotel was, as a tribute. We did not find any record about a Lemberger 503 

Hotel, so we think that it is likely that all specimens were collected at Leuenroth Hotel. 504 
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The most surprising finding regarding the type series of H. nasutus is that it is 505 

composed of two species. The first one has a narrow snout in dorsal view and canthus 506 

rostralis straight. It is the form historically associated with I. nasuta (Cochran, 1955; 507 

Heyer, 1984; Caramaschi and Kisteumacher, 1989 “1988”). We collected this form at 508 

the type locality and it is genetically and acoustically identical to Eleutherodactylus 509 

izecksohni Caramaschi and Kisteumacher, 1989 “1988” (Taucce et al., unpublished 510 

data). It is also the form we call I. nasuta herein because of historical reasons (see 511 

Heyer, 1984). The second one has a more obtuse snout in dorsal view and convex-512 

shaped canthus rostralis. Despite the large size (SVL = 28 mm) it is morphologically 513 

more similar to the species of the I. guentheri complex. Three of our putative species 514 

occur in Nova Friburgo region, I. sp. CS2, I. sp. CS3, and I. sp. CS4, but the only 515 

lineage we found calling in the urban part of the municipality was I. sp. CS2, and it is 516 

probably the second species of the H. nasutus type series. Given the new facts, until a 517 

lectotype is designated for Hylodes nasutus Lutz, 1925, the taxonomic status of this 518 

species will remain unknown. 519 

  520 

5. Conclusions 521 

 522 

 Our genetic analyses with 388 gene fragments show that the five putative 523 

species within the Ischnocnema guentheri complex and also the two populations within 524 

Ischnocnema henselii and I. sp. CS1 have a strong genetic structure, with no or very low 525 

levels of gene-flow among them. Additionally, the phylogenetic position of I. sp. CS3 is 526 

uncertain and it is probably because of the rapid diversification of the clade composed 527 

by all species in the I. guentheri complex but I. sp. CS4. The acoustic parameters we 528 

analyzed also show a strong tendency in grouping towards our species hypothesis and 529 
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three species, I. guentheri, I. henselii, and I. sp. CS2 have non-overlapping diagnostic 530 

acoustic parameters among each other and among the other three species, I. sp. CS1, I. 531 

sp. CS3, and I. sp. CS4. Because we do not have acoustic information for the northern 532 

population of I. sp. CS1 we did not assess the species limits between I. sp. CS1 and I. 533 

henselii northern and southern populations. Our morphological analyses showed the I. 534 

guentheri complex is a composed of several morphologically cryptic species, and no 535 

species has any diagnostic morphologic character. Our set of evidences show that I. 536 

guentheri, I. henselii, I. sp. CS1, I. sp. CS2, I. sp. CS3, and I. sp. CS4 are separately 537 

evolving metapopulation lineages and each of those deserve a different name. We 538 

recommend the taxonomic decisions regarding this species complex are done with 539 

caution, given that there is one or, depending on other decisions, two available names 540 

for some of the candidate species. 541 

 542 
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Table 1. Advertisement call parameters range of Ischnocnema guentheri, I. henselii, and the four candidate species.  743 

Species 

Number of 

analyzed 

individuals (calls) 

Call duration (s) Call rise time (%) 
Dominant 

frequency (kHz) 
Notes per call 

Note (repetition) 

rate (notes/s) 

Note (repetition) 

rate to the first 

five notes 

(notes/s) 

Note (repetition) 

rate to the last five 

notes (notes/s) 

Note (repetition) 

rate acceleration 

(%) 

Ischnocnema sp. CS1 4 (15) 0.48–1.95 81–100 2.15–2.89 6–28 8.86–13.95 8.60–14.04 8.95–13.89 -3–30 

Ischnocnema sp. CS2 5 (20) 1.79–9.32 22–100 2.41–2.91 56–218 21.13–30.99 6.05–25.97 22.60–30.53 12–289 

Ischnocnema sp. CS3 14 (42) 1.45–13.94 79–100 2.20–3.28 20–71 4.43–13.10 2.99–13.89 0.82–12.90 -90–152 

Ischnocnema sp. CS4 6 (30) 1.04–11.18 67–100 2.02–3.06 21–135 11.56–20.77 5.73–21.39 10.75–20.51 -23–107 

Ischnocnema guentheri 6 (12) 26.82–43.21 85–100 2.91–3.28 71–142 2.20–3.32 1.74–3.07 2.71–4.55 44–112 

Ischnocnema henselii 7 (15) 12.80–20.98 68–99 2.80–3.19 103–190 6.16–10.43 3.61–7.12 7.43–13.20 56–207 
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Table 2. Temperature corrected (up right) and raw (down left) diagnostic acoustic 744 

parameters among the species pairs within the Ischnocnema guentheri complex. CD = 745 

call duration, CRT = call rise time, DF = dominant frequency, NPC = notes per call, 746 

NRA = note (repetition) rate acceleration, NRF = note (repetition) rate to the first five 747 

notes, NRL = note (repetition) rate to the last five notes, N. A. = not applicable.  748 

  
Ischnocnema 

sp. (CS1) 
Ischnocnema 

sp. (CS2) 
Ischnocnema 

sp. (CS3) 
Ischnocnema 

sp. (CS4) 
Ischnocnema 

guentheri 
Ischnocnema 

henselii 
Ischnocnema 
sp. (CS1)   N.A. N.A. N.A. N.A. N.A. 

Ischnocnema 
sp. (CS2) NPC, NRR, NRL    NPC, NRR, NRL NPC, NRR, NRL CD, DF, NPC, 

NRR, NRF, NRL 
CD, NRR, NRF, 

NRL  
Ischnocnema 
sp. (CS3) ------ NRR, NRL   ------ CD, NPC, NRR, 

NRF NPC, NRL 

Ischnocnema 
sp. (CS4) ------ NRR, NRL ------   CD, NRR, NRF, 

NRL, CRT CD, NRF, NRA 

Ischnocnema 
guentheri 

CD, DF, NPC, 
NRR, NRF, NRL, 

NRA 

CD, DF, NRR, 
NRF, NRL 

CD, NPC, NRR, 
NRF 

CD, NRR, NRF, 
NRL   CD, NRR, NRF, 

NRL, NRA 

Ischnocnema 
henselii 

CD, NPC, NRF, 
NRA 

CD, NRR, NRF, 
NRL  NPC CD, NRR CD, NRR, NRF, 

NRL    

749 
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Figure 1. Sampled specimens of the Ischnocnema guentheri complex. (A) Complete and 750 

(B) north–south datasets. Areas above 500 and 1000 m of elevation are shaded gray. 751 

 752 

Figure 2. Migration bands of the complete dataset tested on the Generalized 753 

Phylogenetic Coalescent Sampler (G-PhoCS). 1 = Ischnocnema sp. CS1, 2 = I. sp. CS2, 754 

3 = I. sp. CS3, 4 = I. sp. CS4, g = I. guentheri, and h = I. henselii. 755 

 756 

Figure 3. Migration bands of the north–south dataset tested on the Generalized 757 

Phylogenetic Coalescent Sampler (G-PhoCS). 1n = Ischnocnema sp. CS1 north, 1s = I. 758 

sp. CS1 south, 2= I. sp. CS2, 3 = I. sp. CS3, g = I. guentheri, hn = I. henselii north, and 759 

hs = I. henselii south. 760 

 761 

Figure 4. Species tree topologies for Ischnocnema guentheri species complex inferred 762 

with several non-Bayesian coalescent based methods. (A) Complete dataset, clockwise: 763 

ASTRAL-III, STAR, MP-EST, and NJst. (B) Northern-southern dataset, clockwise: 764 

ASTRAL-III, STAR, MP-EST, and NJst. Numbers are bootstrap supports, except for 765 

ASTRAL-III, which gives support as local posterior probability. 766 

 767 

Figure 5. Species tree topologies for Ischnocnema guentheri species complex inferred 768 

using StarBEAST 2 software package under Bayesian optimality criterion. Maximum 769 

clade credibility tree of (A) complete and (B) north–south datasets. Set of all species 770 

trees minus 10 percent burnin of (C) complete and (D) north–south datasets. The most 771 

common topology is drawn in blue and the second most common one is drawn in red, 772 

showing the uncertainty of the position of Ischnocnema sp. CS3 in both analyses. 773 

 774 



213 
 

  

Figure 6. Positive migration bands for Ischnocnema guentheri complex inferred by 775 

Generalized Phylogenetic Coalescent Sampler (G-PhoCS). (A) Complete and (B) 776 

north–south datasets. Both topologies A (left) and B (right) represented. HEN = 777 

Ischnocnema henselii, GUE = I. guentheri, and CS1–CS4 = I. sp. CS1–CS4. Lineages 778 

beginning with “anc” are ancestral lineages and root is the ancestral lineage of the 779 

whole tree. 780 

 781 

Figure 7. Boxplots showing full range of variation of the eight measured acoustic 782 

parameters in the six putative species within the Ischnocnema guentheri complex. Sister 783 

species share the same color. 1–4 = I. sp. CS1–CS4, g = I. guentheri, and h = I. henselii.  784 

 785 

Figure 8. Boxplots showing full range of variation of the eight measured acoustic 786 

parameters in the five putative species within the Ischnocnema guentheri complex 787 

available in the temperature corrected dataset. Sister species share the same color. 1–4 = 788 

I. sp. CS1–CS4, g = I. guentheri, and h = I. henselii.  789 

 790 

Figure 9. Spectrogram (above) and oscillogram (bellow) of the six putative species 791 

within the Ischnocnema guentheri complex. (A–D) I. sp. CS1–CS4, (E) I. guentheri, 792 

and (F) I. henselii.  793 

 794 

Figure 10. Principal Component Analysis of the advertisement call parameters of the six 795 

putative species within the Ischnocnema guentheri complex showing the three principal 796 

components explaining most of the variation.  797 

 798 
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Figure 10. Principal Component Analysis of the advertisement call parameters of the 799 

five putative species within the Ischnocnema guentheri complex available in the 800 

temperature-corrected dataset showing the three principal components explaining most 801 

of the variation.  802 

 803 

Figure 11. Histograms showing the amount of contribution, in percentage, of each 804 

variable of the Principal Component Analyses of both raw and temperature-corrected 805 

acoustic and also morphometric datasets in the three principal components explaining 806 

most of the variation. The red dashed line shows the expected average contribution. CD 807 

= call duration, DF = dominant frequency, NPC = notes per call, NRA = note 808 

(repetition) rate acceleration, NRF = note (repetition) rate to the first five notes, NRL = 809 

note (repetition) rate to the last five notes. Other abbreviations are in the text. 810 

 811 

Figure 12. Principal Component Analysis of the morphometric measurements of the six 812 

putative species within the Ischnocnema guentheri complex showing the three principal 813 

components explaining most of the variation.  814 

815 
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Fig. 4 825 
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Fig. 12 848 
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Appendix A 853 

Table S1. Species and GenBank accession number of specimens used on our 16S rDNA 854 

tree. Collection acronyms follow Sabaj (2016). 855 

Species Voucher# GenBank ID Species Voucher# GenBank ID 

I. sp. CS1 * KC468462.1 I. sp. CS4 CFBH 6493 KC468490.1 

I. sp. CS1 * KC468464.1 I. sp. CS4 * KC468506.1 

I. sp. CS1 * KC468502.1 I. sp. CS4 * KC468507.1 

I. sp. CS1 CFBH 7718 KC468419.1 I. sp. CS4 * KC468509.1 

I. sp. CS1 * KC468503.1 I. sp. CS4 * KC468510.1 

I. sp. CS1 LRM 945 to be submitted I. sp. CS4 * KC468512.1 

I. sp. CS1 CFBH 16196 KC468518.1 I. sp. CS4 * KC468513.1 

I. sp. CS1 CFBH 15035 KC468495.1 I. sp. CS4 * KC468514.1 

I. sp. CS1 CFBH 15034 KC468494.1 I. sp. CS4 * KC468515.1 

I. sp. CS1 CFBH 15042 KC468499.1 I. sp. CS4 CFBH 12180 KC468473.1 

I. sp. CS1 CFBH 41853 to be submitted I. sp. CS4 * KC468463.1 

I. sp. CS1 CFBH 42298 to be submitted I. sp. CS4 * KC468511.1 

I. sp. CS1 CFBH 42300 to be submitted I. sp. CS4 LRM 937 to be submitted 

I. sp. CS1 CFBH 23222 KC468400.1 I. sp. CS4 * KC468505.1 

I. sp. CS1 CFBH 27496 KC468435.1 I. sp. CS4 * KC468508.1 

I. sp. CS1 CFBH 27522 KC468436.1 I. sp. CS4 CFBH 6482 KC468489.1 

I. sp. CS1 CFBH 27525 KC468439.1 I. sp. CS4 MNRJ 55570 KC468383.1 

I. sp. CS1 CFBH 27523 KC468437.1 I. sp. CS4 MNRJ 55571 KC468384.1 

I. sp. CS1 CFBH 27524 KC468438.1 I. sp. CS4 CFBH 9575 KC468452.1 

I. sp. CS1 CFBH 27526 KC468440.1 I. sp. CS4 CFBH 9575 KC468453.1 

I. sp. CS1 MCP 8167 KC468530.1 I. sp. CS4 UFMG 13363 to be submitted 

I. sp. CS1 CFBH 27494 KC468434.1 I. sp. CS4 UFMG 13365 to be submitted 

I. sp. CS1 CFBH 39282 to be submitted I. guentheri CFBH 26988 KC468402.1 

I. sp. CS1 CFBH 25851 KC468390.1 I. guentheri CFBH 26989 KC468403.1 

I. sp. CS2 UFMG 13906 to be submitted I. guentheri CFBH 26990 KC468404.1 

 856 
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Table S1. Cont. 857 
Species Voucher# GenBank ID Species Voucher# GenBank ID 

I. sp. CS2 UFMG 13905 to be submitted I. guentheri CFBH 26991 KC468405.1 

I. sp. CS2 UFMG 13907 to be submitted I. guentheri CFBH 26992 KC468406.1 

I. sp. CS2 UFMG 13908 to be submitted I. guentheri CFBH 27440 KC468428.1 

I. sp. CS2 CFBH 27318 KC468408.1 I. guentheri CFBH 27442 KC468429.1 

I. sp. CS2 CFBH 27319 KC468409.1 I. guentheri CFBH 27443 KC468430.1 

I. sp. CS2 CFBH 27320 KC468410.1 I. guentheri CFBH 27444 KC468431.1 

I. sp. CS2 CFBH 27321 KC468411.1 I. henselii CFBH 41854 to be submitted 

I. sp. CS2 CFBH 27322 KC468412.1 I. henselii **** KC468470.1 

I. sp. CS2 CFBH 27324 KC468414.1 I. henselii **** KC468471.1 

I. sp. CS2 CFBH 27356 KC468415.1 I. henselii * KC468482.1 

I. sp. CS2 CFBH 27357 KC468416.1 I. henselii CFBH 39255 to be submitted 

I. sp. CS2 CFBH 27359 KC468417.1 I. henselii CFBH 26694 KC468398.1 

I. sp. CS2 CFBH 27323 KC468413.1 I. henselii CFBH 26695 KC468399.1 

I. sp. CS2 PPGT 620 to be submitted I. henselii **** KC468465.1 

I. sp. CS2 PPGT 621 to be submitted I. henselii **** KC468466.1 

I. sp. CS2 PPGT 623 to be submitted I. henselii **** KC468467.1 

I. sp. CS2 PPGT 624 to be submitted I. henselii **** KC468475.1 

I. sp. CS2 CFBH 27434 KC468427.1 I. henselii CFBH 17651 KC468516.1 

I. sp. CS3 CFBH 11350 KC468487.1 I. henselii CFBH 12298 KC468476.1 

I. sp. CS3 * KC468532.1 I. henselii CFBH 12299 KC468477.1 

I. sp. CS3 CFBH 11554 KC468491.1 I. henselii CFBH 12301 KC468479.1 

I. sp. CS3 CFBH 12252 KC468485.1 I. henselii **** KC468468.1 

I. sp. CS3 CFBH 9230 KC468449.1 I. henselii **** KC468469.1 

I. sp. CS3 CFBH 9236 KC468450.1 I. henselii **** KC468478.1 

I. sp. CS3 ** KC468484.1 I. henselii * KC468480.1 

I. sp. CS3 CFBH 12263 KC468483.1 I. henselii * KC468481.1 

I. sp. CS3 CFBH 15036 KC468497.1 I. henselii CFBH 13525 KC468520.1 

I. sp. CS3 CFBH 15044 KC468498.1 I. henselii CFBH 13527 KC468521.1 

 858 
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Table S1. Cont.  859 
Species Voucher# GenBank ID Species Voucher# GenBank ID 

I. sp. CS3 CFBH 15033 KC468493.1 I. henselii * KC468522.1 

I. sp. CS3 CFBH 15045 KC468501.1 I. henselii CFBH 35837 to be submitted 

I. sp. CS3 CFBH 15040 KC468496.1 I. henselii CFBH 42295 to be submitted 

I. sp. CS3 CFBH 15038 KC468500.1 I. henselii CFBH 27549 KC468441.1 

I. sp. CS3 CFBH 27428 KC468422.1 I. henselii CFBH 27550 KC468442.1 

I. sp. CS3 CFBH 27431 KC468424.1 I. henselii CFBH 27551 KC468443.1 

I. sp. CS3 CFBH 27432 KC468425.1 I. henselii CFBH 27552 KC468444.1 

I. sp. CS3 CFBH 27433 KC468426.1 I. henselii CFBH 27553 KC468445.1 

I. sp. CS3 CFBH 27427 KC468421.1 I. henselii CFBH 27554 KC468446.1 

I. sp. CS3 CFBH 27430 KC468423.1 I. henselii CFBH 8497 KC468448.1 

I. sp. CS3 CFBH 27426 KC468420.1 I. henselii CFBH 9368 KC468451.1 

I. sp. CS3 CFBH 27407 KC468418.1 I. henselii UFSC 2934 KC468459.1 

I. sp. CS3 PPGT 631 to be submitted I. henselii MCP 10700 KC468525.1 

I. sp. CS3 PPGT 634 to be submitted I. henselii MCP 10702 KC468526.1 

I. sp. CS3 PPGT 635 to be submitted I. henselii MCP 10703 KC468527.1 

I. sp. CS3 MNRJ 57640 KC468385.1 I. henselii MCP 10704 KC468528.1 

I. sp. CS3 CFBH 13931 KC468488.1 I. henselii MCP 10762 KC468529.1 

I. sp. CS3 * KC468458.1 I. henselii * KC468472.1 

I. sp. CS3 *** KC468407.1 I. henselii CFBH 39280 to be submitted 

I. sp. CS3 CFBH 24772 KC468391.1 I. henselii CFBH 39281 to be submitted 

I. sp. CS3 CFBH 24773 KC468392.1 I. henselii CFBH 11040 KC468460.1 

I. sp. CS3 CFBH 24774 KC468394.1 I. henselii CFBH 27470 KC468432.1 

I. sp. CS3 CFBH 24771 KC468393.1 I. henselii CFBH 27471 KC468433.1 

I. sp. CS3 PPGT 626 to be submitted I. henselii MLPDB 8704 KC468447.1 

I. sp. CS3 PPGT 630 to be submitted I. henselii MCP 10561 KC468523.1 

I. sp. CS3 PPGT 628 to be submitted I. henselii MCP 10565 KC468524.1 

I. sp. CS4 CFBH 24141 KC468388.1 I. henselii CFBH 11655 KC468461.1 

I. sp. CS4 CFBH 7201 KC468519.1 I. henselii CFBH 13473 KC468486.1 
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Table S1. Cont. 861 
Species Voucher# GenBank ID Species Voucher# GenBank ID 

I. sp. CS4 CFBH 24143 KC468387.1 I. henselii CFBH 23298 KC468386.1 

I. sp. CS4 CFBH 6725 KC468504.1 I. henselii CFBH 26686 KC468397.1 

I. sp. CS4 * KC468456.1 I. henselii CFBH 26871 KC468401.1 

I. sp. CS4 CFBH 16236 KC468517.1 I. henselii * KC468492.1 

I. sp. CS4 CFBH 9891 KC468457.1 I. erythromera MNRJ 44562 JX267341.1 

I. sp. CS4 CFBH 9892 KC468454.1 I. erythromera MNRJ 51868 JX267340.1 

I. sp. CS4 CFBH 9917 KC468455.1 I. nasuta CFBH 25439 KC468389.1 

I. sp. CS4 CFBH 24769 KC468395.1 I. nasuta CFBH 24782 JX267520.1 

I. sp. CS4 CFBH 24770 KC468396.1 I. izecksohni UFMG 7503 JX267510.1 

I. sp. CS4 PPGT 648 to be submitted I. oea MNRJ 34949 JX267338.1 

I. sp. CS4 PPGT 647 to be submitted I. oea MNRJ 38416 JX267313.1 

I. sp. CS4 PPGT 622 to be submitted 
 

*Tissues from which we were not able to trace the vouchers. 862 

**Whole specimen used as tissue sample 863 

***Specimen housed at UFJF collection, number untraceable 864 

****Specimen housed at MZUSP collection, number untraceable 865 

 866 

Table S2. Primers used in this study 867 

Primer  Gene Sequence Reference 

16SAR F 16S CGCCTGTTTATCAAAAACAT Palumbi et al. (1991) 

16S-Wilk2 R 16S GACCTGGATTACTCCGGTCTGA Wilkinson et al. (1996) 

16SBR R 16S GACCTGGATTACTCCGGTCTGA Palumbi et al. (1991) 

 868 

869 
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 870 

 871 

Fig S1. The 50% majority rule consensus tree from Bayesian inference analysis of 16S 872 

rRNA, inferred under the GTR + Γ + I model. Numbers above branches show posterior 873 

probabilities. 874 
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Appendix B 875 

G–PhoCS input control file 876 

GENERAL-INFO-START 877 
 878 
 seq-file   ingroup.gph 879 
 trace-file   cs1cs2-mcmc-trace.log 880 
 mcmc-iterations   1000000 881 
 iterations-per-log  100 882 
 logs-per-line   100 883 
 mcmc-sample-skip  10 884 
  885 
 find-finetunes   TRUE 886 
 887 
 tau-theta-alpha   1.0 888 
 tau-theta-beta   10000.0 889 
  890 
 mig-rate-alpha   0.002 891 
 mig-rate-beta   0.00001 892 
  893 
 locus-mut-rate   CONST 894 
  895 
GENERAL-INFO-END 896 
 897 
CURRENT-POPS-START 898 
 899 
 POP-START 900 
  name   CS1 901 
  samples  BB454_CS1_seq1 h BB454_CS1_seq2 h 902 
BB479_CS1_seq1 h BB479_CS1_seq2 h DB952_CS1_seq1 h DB952_CS1_seq2 h 903 
LRM945_CS1_seq1 h LRM945_CS1_seq2 h 904 
 POP-END 905 
  906 
 POP-START 907 
  name  CS2 908 
  samples  PPGT620_CS2_seq1 h PPGT620_CS2_seq2 h 909 
 POP-END 910 
 911 
 POP-START 912 
  name  CS3 913 
  samples  CH451_CS3_seq1 h CH451_CS3_seq2 h 914 
CFBH27433_CS3_seq1 h CFBH27433_CS3_seq2 h 915 
 POP-END 916 
 917 
 POP-START 918 
  name  CS4 919 
  samples  LRM937_CS4_seq1 h LRM937_CS4_seq2 h 920 
PCAG1763_CS4_seq1 h PCAG1763_CS4_seq2 h PPGT622_CS4_seq1 h 921 
PPGT622_CS4_seq2 h 922 
 POP-END 923 
 924 
 POP-START 925 
  name  HEN 926 
  samples  BB455_henselii_seq1 h 927 
BB455_henselii_seq2 h CC226_henselii_seq1 h CC226_henselii_seq2 h 928 
DB949_henselii_seq1 h DB949_henselii_seq2 h PPGT456_henselii_seq1 h 929 
PPGT456_henselii_seq2 h CFBH27554_henselii_seq1 h 930 
CFBH27554_henselii_seq2 h 931 
 POP-END 932 
  933 



234 
 

  

 POP-START 934 
  name  GUE  935 
  samples  CFBH27440_guentheri_seq1 h 936 
CFBH27440_guentheri_seq2 h 937 
 POP-END  938 
 939 
CURRENT-POPS-END 940 
 941 
ANCESTRAL-POPS-START 942 
 943 
 POP-START 944 
  name ancH1 945 
  children CS1 HEN 946 
 POP-END 947 
 948 
 POP-START 949 
  name  ancG2 950 
  children CS2 GUE 951 
 POP-END 952 
 953 
 POP-START 954 
  name ancG23 955 
  children CS3 ancG2 956 
 POP-END  957 
  958 
 POP-START 959 
  name  ancH1G23 960 
  children ancH1 ancG23 961 
 POP-END 962 
 963 
 POP-START 964 
  name  root 965 
  children ancH1G23 CS4 966 
 POP-END 967 
 968 
ANCESTRAL-POPS-END 969 
 970 
MIG-BANDS-START 971 
 972 
BAND-START 973 
        source                  CS1 974 
        target                  CS2 975 
BAND-END 976 
 977 
BAND-START 978 
        source                  CS2 979 
        target                  CS1 980 
BAND-END 981 
 982 
MIG-BANDS-END 983 

 984 

985 
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 986 
Appendix C 987 

Specimens examined 988 

 989 

Ischnocnema sp. CS1: BRAZIL: PARANÁ: Morretes (CFBH 42298, 42300). SANTA 990 

CATARINA: Blumenau (CFBH 27522–27526); Guaramirim (CFBH 27494, 27496). SÃO 991 

PAULO: Ilhabela (CFBH 15034, 15042); São Luiz do Paraitinga (CFBH 7718). 992 

 993 

Ischnocnema sp. CS2: BRAZIL: RIO DE JANEIRO: Nova Friburgo: Estrada Velha para 994 

Lumiar (PPGT 620–621, 624); Nova Friburgo (CFBH 27434); Santa Maria Madalena: 995 

Parque Estadual do Desengano (CFBH 27319, 27321, 27357, 27359, 27434). 996 

 997 

Ischnocnema sp. CS3: BRAZIL: RIO DE JANEIRO: Cachoeiras de Macacu (27407); 998 

Nova Friburgo (CFBH 27407, 27427, 27428, 27430, 27431, 27433); Teresópolis: 999 

Parque Nacional da Serra dos Órgãos (PPGT 626–630); Teresópolis: Parque Estadual 1000 

dos Três Picos, Núcleo Vale da Revolta (CFBH 24772–24774, PPGT 631, 634–636). 1001 

SÃO PAULO: Cubatão (CFBH 11350); Ilhabela (CFBH 15033, 15036, 15038, 15040, 1002 

15044, 15045). 1003 

 1004 

Ischnocnema sp. CS4: BRAZIL: MINAS GERAIS: Camanducaia (CFBH 6724); Lima 1005 

Duarte: Parque Estadual do Ibitipoca (UFMG 13363, 13365). RIO DE JANEIRO: Nova 1006 

Friburgo: Estrada Velha para Lumiar (PPGT 622); Petrópolis: Parque Nacional da Serra 1007 

dos Órgãos (PPGT 647–649). SÃO PAULO: Campos do Jordão: parque Estadual dos 1008 

Mananciais de Campos do Jordão (CFBH 9917, 24143); Jundiaí: Serra do Japí: (CFBH 1009 

9575); Santo Antônio do Pinhal (CFBH 7201); São Paulo: Parque Estadual da Serra do 1010 

Mar, Núcleo Caraguatatuba (CFBH 12180).  1011 
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 1012 

Ischnocnema guentheri: BRAZIL: RIO DE JANEIRO: Rio de Janeiro: Floresta da Tijuca 1013 

(CFBH 26989–26994, 27440, 27442–27444).  1014 

 1015 

Ischnocnema henselii: BRAZIL: PARANÁ: Arianópolis (CFBH 27470–27471); 1016 

Piraquara (CFBH 11039–11040). SANTA CATARINA: Anitápolis (CFBH 9367–9368); 1017 

São Bonifácio (CFBH 27549–27554). SÃO PAULO: Miracatu (CFBH 35837); São 1018 

Bernardo do Campo (CFBH 12298); São Paulo: Parque Estadual da Serra do Mar, 1019 

Núcleo Curucutu (CFBH38048–38050, 38054); Tapiraí (CFBH 23298). 1020 

 1021 

Ischnocnema nasuta: BRAZIL: RIO DE JANEIRO: Nova Friburgo: Hotel Leuenroth (Al-1022 

MN 420–425, MNRJ 24023 [former USNM 96468], USNM 96469, syntypes of 1023 

Hylodes nasutus); Nova Friburgo (CFBH 40981–40984). 1024 
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The mitochondrial genomes of five frog species of the Neotropical 18 

genus Ischnocnema (Anura: Brachycephaloidea: Brachycephalidae) 19 

We present nearly complete mitogenomes for five species of Ischnocnema, all 20 
within the I. guentheri series: I. erythromera, I. guentheri, I. henselii, I. nasuta, 21 
and I. oea. We assembled mitogenomes from anchored hybrid enrichment data 22 
using Eleutherodactylus atkinsi as initial seed. We recovered the 13 protein-23 
coding genes, 22 tRNA genes, and two rRNA genes for almost all species and the 24 
order of genes agrees with most previously sequenced anurans. We provide a 25 
phylogenetic tree with four outgroups, which is consistent with previous 26 
phylogenetic hypotheses, with I. erythromera as the sister group of the remaining 27 
species of the I. guentheri series. 28 

Keywords: Amphibia; Brazil; Ischnocnema guentheri series; mitogenomes; 29 
Terrarana  30 

 31 

The Neotropical genus Ischnocnema Reinhardt and Lütken, 1862 comprises 33 species 32 

(Frost 2018) of leaf-litter dwelling frogs divided into four species series and two species 33 

unassigned to any series (Canedo and Haddad 2012; Padial et al. 2014). Within them, 34 

the I. guentheri series comprises ten species distributed all over the southern and central 35 

portions of the Atlantic Forest, throughout seven Brazilian states and the Argentinean 36 

province of Misiones (Frost 2018). The series has a challenging taxonomy, with notable 37 

intra and inter-specific morphological variation (Heyer 1984), and some of its members 38 

may actually represent complexes of morphologically cryptic species (Gehara et al. 39 

2013). Herein we provide nearly complete metagenome sequences for half (five) of the 40 

currently recognized species of the I. guentheri series, assembled from anchored hybrid 41 

enrichment data: I. erythromera (Heyer, 1984), I. guentheri (Steindachner 1864), I. 42 

nasuta (Lutz, 1925), I. oea (Heyer, 1984) (one specimen each), and I. henselii (Peters, 43 

1870) (five specimens). Voucher specimens and tissue samples are housed in the CFBH 44 
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or LGE collections and acronyms follow Sabaj (2016). 45 

We extracted total DNA from ethanol-preserved muscle or liver tissues using the 46 

DNeasy Qiagen® kit following manufacturer’s protocols. DNA was eluted to a volume 47 

of 100 μl and quantified using a Qubit fluorometer dsDNA BR Assay Kit (Thermo 48 

Fisher Scientific Inc). Extractions were sent to the Center for Anchored Pylogenomics, 49 

Tallahasee, FL, USA to be sequenced with a method for anchored hybrid enrichment 50 

analysis (Lemmon et al. 2012). Equal quantities of indexed samples were pooled and 51 

enrichments performed with probes designed for anchored loci from Amniotes (Prum et 52 

al. 2015; Ruane et al. 2015; Tucker et al. 2016). Sequencing was carried out on an 53 

Illumina HiSeq2500 sequencer. For mitochondrial genomes assemblies, each lane of 54 

raw sequence reads was first concatenated per sample and quality-trimmed using 55 

Trimmomatic (Bolger et al. 2014), and then we used MITObim v1.9 (Hahn et al. 2013) 56 

using as reference the mitogenome of Eleutherodactylus atkinsi (GenBank number: 57 

JX564864). Assemblies were checked by mapping the trimmed reads to the final fasta 58 

file with Geneious v6 (Kearse et al. 2012) and scanned by eye to confirm appropriate 59 

mapping. Regions with very low coverage (less than 3 reads) were manually edited to 60 

unknown nucleotides (‘N’). The preliminary annotation of final mitochondrial genomes 61 

was carried out by MITOS (Bernt et al. 2013), available for online use at 62 

http://mitos.bioinf.uni-leipzig.de/, and verified by alignment with published 63 

Brachycephaloidea mitogenomes. The protein-coding regions were checked to confirm 64 

no indels or stop codons were present. The new mitogenomes have been deposited in 65 

GenBank under accession numbers xxx-xxx.We recovered the 13 protein-coding genes 66 

and two rRNA genes for all species and almost all 22 tRNA genes. The order of genes 67 

agrees with most previously sequenced Neobatrachia.  68 



240 
 

  

For phylogenetic inferences, Ischnocnema sequences were aligned to published 69 

complete or near complete genomes of four outgroups (Table 1) using the software 70 

MAFFT v.7 (Katoh and Standley 2013). To avoid ambiguous alignments, we used only 71 

protein-coding and rRNA genes in the analyzes. Search for the best partition scheme 72 

and best fitting nuclear substitution models was performed by PartitionFinder 2.1.1 73 

(Lanfear et al. 2017). Phylogenetic analyzes were performed under Bayesian inference 74 

(BI), maximum likelihood (ML), and maximum parsimony (MP) optimality criterions 75 

with the software MrBayes 3.2.6 (Ronquist et al. 2012), RAxML 8.2.11 (Stamatakis 76 

2014), and TNT 1.5 (Goloboff and Catalano 2016) respectively. The best partition 77 

scheme with respective best-fitting substitution models and details on each phylogenetic 78 

analysis are given in Supplemental online Material I.  79 

 The three phylogenetic analyzes are congruent and show all Ischnocnema 80 

species as a fully-supported clade, sister group of Eleutherodactylus atkins, this 81 

relationship highly-supported (Fig. 1). The two species of Pristimantis Jiménez de la 82 

Espada, 1870 also appear as a fully-supported clade. Ischnocnema erythromera is the 83 

sister species of all other Ischnocnema in our tree and I. guentheri and I. henselii, as 84 

well as I. nasuta and I. oea, appear as sister species. The only clade not highly-85 

supported in our phylogeny was I. nasuta + I. oea, but only in the ML analysis (65% of 86 

bootstrap replicates). These results are congruent with the previous phylogenetic 87 

hypothesis encompassing all these Ischnocnema species (Canedo and Haddad 2012). 88 

The mitogenomes assembled here provide important information regarding the 89 

relationships within the I. guentheri species series and their genomic evolution. 90 
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Table 1. GenBank accession numbers, collection numbers, local of collection, and 188 
geospatial coordinates of specimens of the Ischnocnema species sequenced. 189 
Species GB accession  

number Voucher Local of collection Coordinates (decimal 
degrees) 

I. erythromera To be submitted CFBH 40985 Teresópolis, RJ, Brazil -22.45386, -42.99235 

I. guentheri To be submitted CFBH 27440 Rio de Janeiro, RJ, Brazil -22.96192, -43.28912 

I. henselii To be submitted CFBH41854 Bertioga, SP, Brazil -23.73123, -46.17280 

I. henselii To be submitted CFBH 35837 Miracatu, SP, Brazil -24.28223, -47.46796 

I. henselii To be submitted CFBH 27554 São Bonifácio, SC, Brazil -27.87721, -48.94057 

I. henselii To be submitted CFBH 39280 São Francisco do Sul, SC, Brazil -26.22797, -48.68011 

I. henselii To be submitted LGE 10099 San Pedro, Misiones, Argentina -26.90000, -53.86667 

I. nasuta To be submitted CFBH 40981 Nova Friburgo, RJ, Brazil -22.28923, -42.67095 

I. oea To be submitted CFBH 40987 Santa Teresa, ES, Brazil -19.90706, -40.54034 

190 
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 191 

 192 

Figure 1. The 50% majority rule consensus tree from Bayesian inference analysis of 193 

mitogenomic sequences of Ischnocnema and four outgroups. Numbers above branches 194 

are posterior probabilities and numbers below branches are maximum likelihood 195 

bootstrap replicates (left) and maximum parsimony jackknife replicates (right). No 196 

support below species level is shown. Pictures show Ischnocnema nasuta (left), I. 197 

erythromera (above, right), and I. henselii (below, right). 198 

199 
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Suplemental Online Material 200 

Phylogenetic Analyses 201 

Bayesian inference 202 

Bayesian inference analysis was performed in MrBayes 3.2.6 (Ronquist et al. 2012) 203 

using two independent runs of 1.0 x 107 generations, starting with random trees and four 204 

Markov chains (one cold), sampled every 1000 generations. Twenty-five percent of 205 

generations and trees were discarded as burnin and the analysis was performed with 206 

unlinked character state frequencies, substitution rates of GTR model, gamma shape 207 

parameters, and proportion of invariable sites between partitions. Runs were considered 208 

convergent if standard deviation of split frequencies was lower than 0.01 and Estimated 209 

Sample Size (ESS) was higher than 100. The best partition scheme and respective best 210 

fitting substitution models are shown in Table S1. 211 

Maximum likelihood 212 

Maximum likelihood analysis was computed in RAxML v. 8.2.11 (Stamatakis 2014), 213 

searching the most likely tree 100 times and conducting 1000 non-parametric bootstrap 214 

replicates. The best partition scheme is shown in Table S1. Because RAxML does not 215 

apply different models for different partitions, the run was performed with the GTR + Γ 216 

model for all partitions. 217 

Maximum parsimony 218 

Maximum parsimony analysis was performed in the software TNT v. 1.5 (Goloboff and 219 

Catalano 2016) treating gaps as missing. The low number of terminals (13 in total) 220 

allowed us to search for the most parsimonious tree using the implicit enumeration 221 

(ienum command) algorithm, which is not heuristic and guarantees the result to be 222 

optimal. Implicit enumeration was also used to estimate 1000 replicates of parsimony 223 
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Jackknife absolute frequencies.  224 

Table S1. Best partition scheme and respective best fitting nucleotide substitution 225 

models. 226 

Partition Number of 
sites Model 

12S 972 GTR + Γ + I 
16S 1664 GTR + Γ + I 
ND1, ND3, and CytB 1st positions 801 GTR + Γ + I 
ND1, ND3, CytB, and COIII 2nd positions 1061 GTR + Γ 
ND1, ND3, CytB, COIII, and ND4L 3rd positions 1157 GTR + Γ + I 
ND2, ND5 1st positions, and ATP8 2nd position 1004 GTR + Γ + I 
ND2, ND5, and ATP6 2nd positions 1165 GTR + Γ 
ND2, ND4, and ND5 3rd positions 1390 GTR + Γ + I 
COI 1st position 514 SYM + Γ + I 
COI 2nd position 514 GTR + I 
COI and COII 3rd positions 738 GTR + Γ + I 
COII and COIII 1st positions 486 SYM + Γ + I 
COII, ND4, and ND4L 2nd positions 775 GTR + I 
ATP8 1st position 65 GTR + Γ 
ATP6 and ATP 8 3rd positions 293 GTR + Γ + I 
ATP6, ND4, and ND4L 1st positions 779 GTR + Γ + I 
ND6 1st position 173 GTR + Γ + I 
ND6 2nd position 173 GTR + Γ 
ND6 3rd position 173 GTR + Γ + I 
 227 
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CONCLUSÕES GERAIS 

 
 A série de Ischnocnema guentheri possui um clado que contém I. oea e duas novas 

espécies. Uma das novas espécies, I. garciai, é morfologicamente indistinguível de I. 

oea mas possui algumas características acústicas diagnósticas. Já I. feioi possui as 

características acústicas com algum nível de sobreposição com relação às de I. oea, mas 

sua morfologia difere bastante. O apêndice calcâneo mais alto que largo é uma 

sinapomorfia putativa para o grupo natural que corresponde às três espécies e o calo 

nupcial dos membros da série de I. guentheri parece possuir importantes características 

morfológicas que explicam a relação próxima entre esta série e a série de I. parva. 

  A família Brachycephalidae e os gêneros Brachycephalus e Ischnocnema são arranjos 

monofiléticos e possuem alto suporte. Estes relacionamentos são recorrentes na 

literatura e é provável que se mantenham estáveis em análises futuras. Apesar do 

monofiletismo de Ischnocnema e de algumas de suas séries de espécies, alguns 

relacionamentos dentro do gênero são pouco suportados e outros se mostram instáveis 

quando analisados sob critérios de otimização distintos. Para que esses relacionamentos 

possam ser mais bem entendidos, é essencial que espécies cujas posições filogenéticas 

ainda não foram testadas, bem como novos marcadores moleculares, sejam adicionados 

à matriz.  

  Ischnocnema nanahallux se mostrou fora da série de I. parva, como espécie irmã dos 

membros das séries de I. guentheri, I. parva e I. venancioi. Embora este relacionamento 

contrarie o senso comum devido a semelhança morfológica geral entre I. nanahallux e 

os membros da série de I. parva, o calo nupcial grande, conspícuo e glandular parece 

ser uma sinapomorfia do clado composto pelas séries de I. guentheri, I. venancioi e I. 

parva, estando ausente em I. nanahallux. A recém-proposta série de I. venancioi conta 

com a espécie que dá nome à série, I. hoehnei e pelo menos mais duas novas espécies. 

 Nossa análise com 388 fragmentos de genes mostrou que as seis espécies do complexo 

de Ischnocnema guentheri e também as populações do norte e do sul dentro de I. 

henselii e I. sp. CS1 possuem uma estruturação genética bastante forte, além de quase 

não possuírem fluxo gênico entre as linhagens. Mesmo uma análise tão robusta e com 

tantos marcadores moleculares não foi capaz de posicionar uma das espécies candidatas 

de maneira definitiva e a posição filogenética de I. sp. CS3 ainda é incerta. Isso pode ter 

ocorrido devido à rápida diversificação de algumas espécies dentro do complexo de I. 

guentheri. A morfologia não se mostrou eficaz na separação das linhagens, mas 

características bioacústicas foram capazes de separar as espécies putativas do complexo 

de I. guentheri. Apesar de nem todas as espécies possuírem características acústicas 
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diagnósticas que as separem de todas as outras espécies sem sobreposição, as espécies 

irmãs são acusticamente diagnosticáveis. Os resultados acústicos e genéticos indicam 

que cada uma das seis espécies putativas no complexo é uma linhagem que evolui 

separadamente. Porém, recomenda-se cautela acerca das decisões taxonômicas a serem 

tomadas, pois há nomes disponíveis (um ou dois, dependendo da decisão tomada) para 

algumas das espécies candidatas. 

 Os genomas mitocondriais de Ischnocnema erythromera, I. guentheri, I. henselii, I. 

nasuta e I. oea estão de acordo com os mitogenomas encontrados para a maioria dos 

Neobatrachia sequenciados até agora. Além disso, as relações filogenéticas recuperadas 

a partir desses dados são consistentes com hipóteses filogenéticas anteriores, com I. 

erythromera como grupo irmão do clado composto pelas outras espécies e I. guentheri 

intimamente relacionada a I. henselii.   

 
 


