
Instituto Nacional de Pesquisas da Amazônia – INPA 
Programa de Pós-Graduação em Ecologia 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Desvendando o desconhecido: diversidade, distribuição e diversificação de anuros no 
interflúvio Purus-Madeira 

 
 
 
 
 
 
 
 
 
 
 

MIQUÉIAS FERRÃO DA SILVA JUNIOR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Manaus, Amazonas 
Outubro 2018 

  



 i 

 
MIQUÉIAS FERRÃO DA SILVA JUNIOR  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DESVENDANDO O DESCONHECIDO: DIVERSIDADE, DISTRIBUIÇÃO E 
DIVERSIFICAÇÃO DE ANUROS NO INTERFLÚVIO PURUS-MADEIRA 

 
 
 
 
 
 

Orientadora: Dra. Albertina Pimentel Lima 
Coorientador: Dr. Igor Luis Kaefer 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

Manaus, Amazonas 
Outubro 2018 

 

Tese apresentada ao Instituto 
Nacional de Pesquisas da 
Amazônia como parte dos 
requisitos para obtenção do 
título de Doutor em Biologia 
(Ecologia). 



 ii 

 



 iii 

 

 

 

 

 

 

 

 

 

 

 

F368d Ferrão, Miquéias  
Desvendando o desconhecido: diversidade, distribuição e diversificação de anuros 
no interflúvio Purus-Madeira / Miquéias Ferrão da Silva Junior. – 2018. 
199p. 
 

Tese (Doutorado) - INPA, Manaus, 2018. 
Orientador: Albertina Pimentel Lima 
Coorientador: Igor Luis Kaefer 
Área de concentração: Ecologia 
 

1. Anuros. 2. Taxonomia. 3. Ecologia . 4. Gradientes Ambientais 
 

CDD 597.6 

Sinopse 
Nesta tese investigamos a diversidade e taxonomia de espécies de anuros no 
interflúvio entre os rios Purus e Madeira, bem como os fatores responsáveis pela 
distribuição e diversificação de espécies ao longo da paisagem. Foram utilizados 
dados morfológicos, bioacústicos e moleculares para investigar a diversidade 
escondida e descrever novas espécies do gênero Scinax. Dados de distribuição e 
variáveis ambientais foram utilizados para descrever associações espécie-habitat 
em uma espécie de Scinax. Por fim, foram utilizados dados genômicos de ultima 
geração e análises de genômica da paisagem para entender o papel de gradientes 
ecológicos no fluxo gênico de Phyzelaphryne miriamae. 
 
Palavras-chave: 1. biodiversidade. 2. taxonomia integrativa. 3. ecologia. 4. 
heterogeneidade ambiental. 5. polimorfismo de nucleotídeo único. 6. genômica 
da paisagem. 7. fluxo gênico. 8. Amazônia. 
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RESUMO 

O interflúvio entre os rios Purus e Madeira (IPM) compreende uma das regiões mais 

desconhecidas da Amazônia brasileira. Mesmo sendo uma região extremamente 

ameaçada pelas ações do homem, pouco se conhece sobre a identidade taxonômica dos 

anuros que habitam a região e os processos responsáveis por determinar padrões de 

distribuição e diversificação de espécies. O objetivo geral desta tese foi investigar a 

diversidade escondida de anuros, fornecer subsídios para estudos ecológicos e de 

conservação através da descrição de novos taxons, e revelar processos ecológicos 

responsáveis pela distribuição e diversificação de espécies no IPM. No primeiro 

capítulo, integramos dados morfológicos, bioacústicos e moleculares para investigar a 

existência de diversidade escondida em anuros do gênero Scinax ao longo de 1000 km de 

paisagens no IPM e áreas circunvizinhas. Análises integrativas revelaram que 

aproximadamente 82% da riqueza regional de espécies de Scinax era composta por 

espécies desconhecidas para a ciência. Os resultados evidenciaram o quanto o IPM é 

pouco conhecido do ponto de vista faunístico e a necessidade de ações conservacionistas 

na região. No segundo capítulo, descrevemos formalmente a espécie de Scinax com 

maior distribuição ao longo do IPM e investigamos se sua distribuição geográfica e 

abundância são influenciadas por variáveis ambientais. Scinax ruberoculatus é facilmente 

distinta das demais congêneres por caracteres morfológicos (adultos e girinos) e 

bioacústicos. Diferente do que se esperava para anuros de reprodução aquática, sua 

distribuição e abundância ao longo do IPM é influenciada positivamente pela 

porcentagem de silte no solo e não pela estrutura da floresta (densidade de árvores). 

Sugere-se que está associação espécie-habitat seja guiada pelas necessidades reprodutivas 

da espécie, uma vez que sítios reprodutivos em solos siltosos podem ser menos efêmeros, 

favorecendo assim a sobrevivência dos girinos da nova espécie. No terceiro capítulo, 

descrevemos formalmente uma nova espécie de Scinax com distribuição aparentemente 

restrita à porção central do IPM. Apesar de ser proximamente relacionada com espécies 

do clado Scinax wandae, a nova espécie se distingue de todas estas por caracteres 

morfológicos e de coloração, bem como por seu canto de anúncio. Sua área de ocorrência 

passa por forte pressão antrópica em decorrência do desmatamento influenciado pela 

especulação imobiliária decorrente da reconstrução da BR-319. No quarto capítulo, 

Scinax onca foi descrita com base em espécimes provenientes de duas populações 

distintas do IPM, uma distribuída em florestas densas e a outra em florestas abertas. 

Análises filogenéticas do primeiro capítulo mostraram que estas populações formam 
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clados reciprocamente monofiléticos. As diferenças no padrão de coloração entre as duas 

populações, juntamente com suas relações evolutivas, nos levaram a levantar a hipótese 

de que variações ecológicas do IPM podem ser os responsáveis pela diferenciação destas 

duas populações. Entretanto, dados coletados ao longo de sua distribuição se fazem 

necessários para elucidar se a diferenciação observada é influenciada pelos gradientes 

ambientais. No quinto capítulo, utilizamos uma espécie diminuta de anuro terrícola 

(Phyzelaphryne miriamae) amplamente distribuída no IPM como modelo para testar se o 

fluxo gênico ao longo da paisagem pode ser explicado pela hipótese de gradientes 

ambientais. Pela primeira vez na Amazônia, utilizamos análises genômicas de paisagem 

e milhares de polimorfismos de nucleotídeos únicos (SNPs) para testar esta hipótese. 

Análises de estrutura genética estimaram cinco populações em P. miriamae. Os efeitos 

dos gradientes ambientais no fluxo gênico da espécie alvo foram pronunciados. Os 

valores de explicação das variáveis ambientais, após corrigidas pelo efeito da distância 

geográfica, variaram entre 24.7% (teor de silte no solo) e 30.2% (sazonalidade da 

temperatura). Enquanto que a distância geográfica explicou apenas 2.3–3.7% do fluxo 

gênico. Embora haja efeito da distância geográfica no fluxo gênico de P. miriamae, este 

se limita apenas a pequenas e longas distâncias, sendo nulo em distancias intermediarias.  
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ABSTRACT 

The Purus-Madeira Interfluve (PMI) represents one of the less known areas of Brazilian 

Amazonia. Despite it is extremely threatened by anthropic actions, the knowledge about 

the taxonomic identity of anurans inhabiting the PMI and the processes driving their 

distribution and diversification are poorly known. The main goals of this thesis were to 

investigate the hidden diversity in anurans, provide bases to ecological and conservation 

studies through the description of new taxa, and illuminating the role of environment on 

species distribution and diversification along the PMI. In the first chapter, we integrated 

morphology, bioacoustics, and genetics to explore if there was hidden diversity in anurans 

of the genus Scinax along 1000 km of landscapes in the PMI. Integrative analyses 

revealed that approximately 82% of the regional richness in Scinax was unknown to 

science. Results highlighted how much the PMI faunal diversity is poorly known and its 

need for conservation actions. In the second chapter, we formally described the most 

widely distributed new species of Scinax in the PMI and tested if its geographic 

distribution and abundance were driven by environmental variables. Scinax ruberoculatus 

is easily distinguished from its congeners through morphological (adults and tadpoles) 

and bioacoustical characters. Differing from the predicted for aquatic breeding anurans, 

its distribution and abundance along the PMI is positively driven by silt content and not 

by forest structure (tree density). It is suggested that this habitat-association is driven by 

the species’ reproductive needs once reproductive sites in silty soils may be less 

ephemeral, favouring the survival of tadpoles of the new species. In the third chapter, 

we described a new species of Scinax with distribution apparently restricted to the central 

portion of PMI. Despite it is close related to species of the Scinax wandae clade, the new 

species is distinguished from all other Amazonian Scinax through morphology and 

colouration, as well as by the advertisement call. The species’ habitat is deeply threatened 

by the anthropic pressure due to property speculation as result of the reconstruction of the 

BR-319 highway. In the fourth chapter, Scinax onca was described based in specimens 

from two distinct populations in the PMI, one living in dense forests and the other in open 

forests. Phylogenetic analyses of the first chapter recovered these populations as 

reciprocally monophyletic. Differences in colour pattern, as well as its evolutionary 

relationship, led us to hypothesize that environmental gradients of the PMI may be 

responsible by observed differentiation in these populations. However, data collected 

along its distribution are necessary to elucidate if the observed differentiation is really 



 x 

influenced by environmental gradients. In the fifth chapter, we used a diminutive 

terrestrial anuran (Phyzelaphryne miriamae) and widely distributed in the PMI as a model 

to test if the gene flow along the landscape can be explained by the ecological gradient 

hypothesis. For the first time in Amazonia, genomic landscape analyses and thousands of 

single nucleotide polymorphisms (SNPs) were used to test this hypothesis. Genetic 

structure analyses estimated five ancestral populations in P. miriamae. Results indicated 

that the effect of environmental gradients on gene flow of the target species was 

pronounced. After accounting the effect of geographic distance, the explanation of 

environmental variables ranges from 24.7 % (silt content) to 30.2% (temperature 

seasonality). On the other hand, geographic distance explained just 2.3–3.7% of the gene 

flow. Although there is an effect of geographic distance on gene flow in P. miriamae, it 

is restricted to short and long distances, being null in moderated distances. 
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Figure 1. Sampling area in the Purus-Madeira interfluve and on the east bank of the upper 
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Abbreviations: BR, Brazil; M1–M18, RAPELD sampling modules; Abp, lowland 
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Hyperdystri-Vetic Ferralsol. The small insert in each map shows part of South America 

and abbreviated names of countries. The transverse gray bar represents the study area and 

adjacent territory. 

Figure 2. Maximum clade-credibility tree of Scinax from the Purus-Madeira interfluve 

and the east bank of the upper Madeira (Brazilian Amazonia) and correlated species. The 

16S gene tree was recovered by Bayesian analyses in BEAST. Posterior probabilities are 

given near the nodes. Asterisks indicate PP > 0.95. Vertical gray bars indicate species 

delimitation with the molecular approach. Horizontal gray bars indicate species 

delimitation with the integrative approach. Colored areas in topology represent, from top 

to bottom, the S. rostratus species Group (red), S. ruber Clade (green), S. wandae Clade 

(blue), and S. fuscomarginatus Clade (yellow). Outgroup: members of Scinax rostratus 

species Group, plus Julianus uruguayus and Ololygon berthae. Abbreviations: ABGD, 

Automatic Barcoding Gap Discovery; GMYC, Generalized Mixed Yule Coalescent; 

CCS, Confirmed Candidate Species; UCS, Unconfirmed Candidate Species; DCL, Deep 

Conspecific Lineage; NS, Nominal Species. 

Figure 3. Specimens of Scinax from the Purus-Madeira interfluve and east bank of the 

upper Madeira River, Brazilian Amazonia. (A) Scinax sp. 1, male, SVL 20.2 mm, INPA-

H 34688, from M-9. (B) Scinax sp. 2, male, SVL 18.1 mm, INPA-H 34667, from M-11. 

(C) Scinax sp. 3, male, SVL 31.3 mm, INPA-H 34584, from M-7. (D) Scinax sp. 5, male, 

not collected, from M-8. (E) Scinax sp. 6, male, SVL 25.2 mm, INPA-H 35562, from M-

17. (F) Scinax sp. 7, male, SVL 23.9 mm, INPA-H 34623, from M-8. (G) Scinax aff. 

cruentommus BRA, male, SVL 25.4 mm, INPA-H 34596, from M-6. (H) Scinax ruber 

PM, couple, not collected. (I) Scinax chiquitanus BRA, female, SVL 33.7 mm, INPA-H 

35554; male, SVL 31.1 mm, INPA-H 35555, from M-14. Photographs by R. Fraga. 
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Figure 1. Sampling area in the Purus-Madeira Rivers Interfluve and schematic 

representation of RAPELD sampling modules and plots. (A) Distribution of RAPELD 

sampling modules along a 600 km transect. Legend: green colour (M1–M9) D tropical 

lowland rainforest with emergent canopy; gold colour (M10–M11) D open rainforest 

lowlands with palm trees. (B) General configuration of each module with ten sampling 

plots. Open squares represent plots where environmental variables used in this study were 

measured. BRA, Brazil. 

Figure 2. Holotype of Scinax ruberoculatus sp. nov. INPA-H 34665. (A) Dorsal view. 

(B) Ventral view. Scale D 5 mm. Photos by M Ferrão. 

Figure 3. Hand and foot of the holotype of Scinax ruberoculatus sp. nov. INPA-H 34665. 

Scale = 1 mm. Photos by M Ferrão.  

Figure 4. Multivariate morphometric space of Scinax ruberoculatus sp. nov. Principal 

Components Analysis of the SVL and 15 body ratios of males (N = 28) and females (N = 

6). (A) Sampled by sex and (B) sampled by RAPELD sampling modules. Abbreviations: 

M2–5 and M7–9, RAPELD sampling modules where specimens were collected; F, 

females; M, males. 

Figure 5. Variation in the dorsal colouration from preserved specimens of Scinax 

ruberoculatus sp. nov. (A) INPA-H 34601, male, SVL 24.1 mm. (B) INPA-H 34600, 

female, SVL 27.5 mm. (C) INPA-H 34609, male, SVL 24.5 mm. (D) INPA-H 34598, 

male, SVL 25.5 mm. (E) INPA-H 34614, male, SVL 25.5. (F) INPA-H 34611, male, SVL 

23.8 mm. (G) INPA-H 34612, male, SVL 24.4 mm. (H) INPA-H 34618, male, SVL 25.2 

mm. (I) INPA-H 34605, female, SVL 26.2 mm. Photos: M Ferrão. 

Figure 6. Variation in the colouration of living specimens of the paratypes of Scinax 

ruberoculatus sp. nov. (A) INPA-H 34607, female, SVL 25.4 mm. (B) INPA-H 34602, 

male, SVL 22.6 mm. (C) INPA-H 34603, male, SVL 23.3 mm. (D) INPA-H 34604, male, 

SVL 25.8 mm. (E) INPA-H 34623, male, SVL 23.9 mm. (F) INPA-H 34602, male, SVL 

22.6 mm. Photos: AP Lima (B, F) and R Fraga (A, C, D, E). 

Figure 7. Advertisement call of Scinax. ruberoculatus sp. nov. (A) Waveform. (B) 

Audiospectrogram. Call recorded at RAPELD sampling module 9, Nascentes do Lago 
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Jari National Park, Beruri Municipality, Amazonas, Brazil. Male recorded: INPA-H 

34665 (SVL 25.9 mm). Temperature: 25 °C. 

Figure 8. Tadpole of Scinax. ruberoculatus sp. nov. (INPA-H 35410) in developmental 

stage 34. (A) Lateral view. (B) Dorsal view. (C) Ventral views. (D) Details of the opened 

oral disc. (E) closed oral disc. Tadpoles were collected at RAPELD sampling module 9, 

Nascentes do Lago Jari National Park, Amazonas, Brazil. Scales for A–C = 5 mm. Scales 

for D–E = 0.5 mm. Photos: M Ferrão. 

Figure 9. Newly metamorphosed Scinax. ruberoculatus sp. nov. (INPA-H 35412). (A) 

Dorsolateral view. (B) Frontodorsal views. This specimen developed under our care from 

a typical tadpole of the new species. Photos: R de Fraga. 

Figure 10. Geographic range of Scinax. ruberoculatus sp. nov. Numbers indicate the 

RAPELD sampling module. Yellow circles: RAPELD sampling modules where the new 

species was observed. White circles: RAPELD sampling modules where the new species 

was not observed. Triangles: RAPELD sampling modules outside the study area where 

the new species was not observed. The diameter of the yellow circles indicates the 

percentage of plots occupied by the new species within each sampling module (10% in 

3–5; 20% in 7–8; 40% in 9; 50% in 2). 

Figure 11. Relationship between the abundance of Scinax ruberoculatus sp. nov. and silt 

content in the Purus-Madeira Rivers Interfluve, Amazonas, Brazil. Model: Log 

(abundance + 1) = constant + log (silt content). r2 = 0.41, F1,9 = 6.48, P = 0.031. 

 

CAPÍTULO 3 

Figure 1. Holotype of Scinax sp. nov. (INPA-H 34688), from Nascentes do Lago Jari 

National Park, Tapauá, Amazonas, Brazil. Scale bar = 5 mm. 

Figure 2. Ventral view of hand (A) and foot (B) of the holotype of Scinax sp. nov. (INPA-

H 34688), from Nascentes do Lago Jari National Park, Tapauá, Amazonas, Brazil. Scale: 

2 mm. 

Figure 3. Holotype of Scinax sp. nov. (INPA-H 34688, SVL = 20.2 mm), Nascentes do 

Lago Jari National Park, Tapauá, Amazonas, Brazil. Photo: Rafael de Fraga. 
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Figure 4. Color in preservative of the Scinax sp. nov. type series from Nascentes do Lago 

Jari National Park, Tapauá, Amazonas, Brazil. A: INPA-H 34700, female, SVL 26.5 mm. 

B: INPA-H 34689, male, SVL 20.7 mm. C: INPA-H 34688, male, 20.2 mm. D: INPA-H 

34692, male, SVL 22.5 mm. E: INPA-H 34691, male, SVL 22.5 mm. F: INPA-H 34690, 

male, SVL 21.6 mm. 

Figure 5. Wave form and audiospectrogram of the advertisement call type A interspersed 

with advertisement call type B of Scinax sp. nov. (INPA-H 34691, SVL 22.5 mm) from 

Nascentes do Lago Jari National Park, Tapauá, Amazonas, Brazil (A). Wave form and 

detailed audiospectrogram (B) of the advertisement call type A (C) and type B (D). 

Figure 6. Bayesian 50% consensus tree inferred from mitochondrial 16S rRNA. Posterior 

probabilities are given above the node when ≥ 0.95. Blue area highlights the new species. 

Figure 7. Geographic range of Scinax sp. nov. in the interfluve between the Purus and 

Madeira rivers, Brazilian Amazonia. Black star: type locality, border of Nascentes do 

Lago Jari National Park (green polygon) in contact with the federal highway BR-319, 

Municipality of Tapauá, Amazonas, Brazil. 

 

CAPÍTULO 4 

Figure 1. Distribution of Scinax onca sp. n. and Scinax iquitorum in Brazilian Amazonia. 

Yellow star: A type locality of S. onca sp. n., kilometre 350 of the BR-319 Highway, 

municipality of Beruri, State of Amazonas. Yellow circles: B paratype locality of S. onca 

sp. n., Floresta Estadual Tapauá Reserve, municipality of Tapauá, State of Amazonas C–

D paratype localities of S. onca sp. n., municipality of Porto Velho, State of Rondônia. 

White triangles: E record of S. iquitorum near southern distribution of S. onca sp. n. 

according Melo-Sampaio and Souza (2015), municipality of Plácido de Castro, State of 

Acre, Brazil F record of S. iquitorum according Machado et al. (2015), municipality of 

Cruzeiro do Sul, State of Acre, Brazil. 

Figure 2. Holotype of Scinax onca sp. n. Dorsal and ventral view of the preserved 

holotype of S. onca sp. n. INPA-H 34584 from middle Purus-Madeira Interfluve, at the 

kilometre 350 of the BR-319 highway, municipality of Beruri, State of Amazonas, Brazil. 

Scale bar 5 mm. 
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Figure 3. Hand and foot of holotype of Scinax onca sp. n. Ventral view of the hand and 

foot of the preserved holotype of Scinax onca sp. n. Scale bar 5 mm. 

Figure 4. Adult specimens of Scinax funereus and S. iquitorum. A, Female specimen of 

Scinax funereus (KU221960b) from San Jacinto, Region Loreto, Peru. B, Male paratype 

of Scinax iquitorum (NMP6V 71267/1) from Puerto Almendras, Region Loreto, Peru. 

Photograph by W.E. Duellman (A) and Jiří Moravec (B). 

Figure 5. Colour in life of Scinax onca sp. n. Colour variation in life of Scinax onca sp. 

n. from the Purus-Madeira Interfluve, Brazilian Amazonia. A–B, INPA-H 34584 

(holotype), adult male from the kilometre 350 of the BR-319 highway, State of 

Amazonas. C–D, INPA-H 34591, adult female from municipality of Porto Velho, State 

of Rondônia. E–F, INPA-H 26625, adult female from the Floresta Estadual Tapauá 

Reserve, municipality of Tapauá, State of Amazonas. Photographs: A–D and F were 

taken after transport of the specimens to the camp, while the image of E was taken 

immediately in the field. 

Figure 6. Colour in preservative of dorsum of Scinax onca sp. n. Dorsal colour variation 

of preserved specimens of Scinax onca sp. n. Specimens from middle (A−C) and southern 

(D−F) Purus-Madeira Interfluve, Brazilian Amazonia. A, INPA-H 34581, male, SVL 

34.3 mm. B, INPA-H 34583, female, SVL 35.5 mm. C, INPA-H 34582 male, SVL 31.5 

mm. D, INPA-H 34594, male, SVL 32.6 mm. E, INPA-H 34589, female, SVL 38.9 mm. 

F, INPA-H 34593, male, SVL 34.5 mm. 

Figure 7. Colour in preservative of venter of Scinax onca sp. n. Ventral colour variation 

of preserved specimens of Scinax onca sp. n. Specimens from middle (A−C) and southern 

(D−F) Purus-Madeira Interfluve, Brazilian Amazonia. A, INPA-H 34583, female, SVL 

35.5 mm. B, INPA-H 34582, male, SVL 31.5 mm. C, INPA-H 34581 male, SVL 34.3 

mm. D, INPA-H 34588, male, SVL 34.1 mm. E, INPA-H 34593, male, SVL 34.5 mm. F, 

INPA-H 34589, female, SVL 38.9 mm. 

Figure 8. Advertisement call of Scinax onca sp. n. Spectrogram (A) and oscillogram (B) 

of an advertisement call of Scinax onca sp. n. The specimen (INPA-H 26624, SVL 32.1 

mm) was recorded in Floresta Estadual Tapauá Reserve, middle Purus-Madeira 

Interfluve, Amazonas, Brazil. (C) A series with eleven calls. Air temperature not 

measured. 
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Figure 9. Tadpole of Scinax onca sp. n. from the middle Purus-Madeira Interfluve (lot 

INPA-H 35411). Specimen collected at kilometre 350 of the BR-319 highway, 

municipality of Beruri, State of Amazonas, Brazil. From top to bottom: dorsal, ventral, 

and lateral views of preserved tadpole in developmental Stage 37. Scale bar 5 mm. 

Figure 10. Oral disc of the tadpole of Scinax onca sp. n. (lot INPA-H 35411; 

developmental Stage 37). Left: ventrolateral and right: ventral view. The tadpole was 

collected in the middle Purus-Madeira Interfluve, at the kilometre 350 of the BR-319 

highway, municipality of Beruri, State of Amazonas, Brazil. Scale bar 2 mm. 

 

CAPÍTULO 5 

Figure 1. Hypothetical representation of slopes of isolation by resistance (IBR) 

hypotheses tested for the effect of environmental variables on Fst/(1-Fst) using seven 

values of γ (0.01, 0.1, 0.5, 1, 5, 10, 100) and α = 1000. Relationships between resistance 

and environmental variables for which high values were interpreted as restrictive (A) or 

permissive to gene flow (B). Numbers close to lines represent γ values. Remaining α 

values (0.5, 10, 100) were not shown to simplify visualization. 

Figure 2. Variables used to test the effect of environmental gradients on gene flow of P. 

miriamae within the interfluve between Purus and Madeira rivers. (A) Silt content. (B) 

Vegetation biomass. (C) Walsh Index. (D) Temperature seasonality. Black circles: 

RAPELD sampling sites. 

Figure 3. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira 

Interfluve. (A) Population admixture estimates (k = 5) as recovered by SNMF. (B) 

Ancestral coefficients of individuals (k = 5) retrieved by SNMF. (C) Posterior 

membership probabilities of individuals according to DAPC using k = 5. 

Figure 4. Correlation between Fst/(1-Fst) and log(geographic distance) (A) and mantel 

correlogram plot depicting the spatial autocorrelation of Fst/(1-Fst) in seven classes of 

log(geographic distance) (B). Filled squares = distance classes with p ≤ 0.05. 
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INTRODUÇÃO GERAL 

A região Neotropical abriga o maior número de espécies de anuros do planeta 

(Duellman 1999), sendo a Amazônia a floresta tropical de terras baixas com a maior 

riqueza de espécies (Mittermeier et al. 2003). Aproximadamente 37% das espécies de 

anuros amazônicos são conhecidas por estarem distribuídas em áreas superiores a 

1.000.000 km², podendo ser consideradas amplamente distribuídas (Fouquet et al. 2007a). 

Entretanto, a ideia de que tantas espécies possuem ampla distribuição está em desacordo 

com a baixa capacidade de deslocamento e alta filopatria observada em diversos grupos 

de anuros (Fouquet et al. 2007a). Adicionalmente, é sabido que linhagens crípticas estão 

ocultas dentro de espécies nominais com amplas distribuições (Angulo e Icochea 2010, 

Simões et al. 2010, Fouquet et al. 2014, Caminer et al. 2017, Rojas et al. 2018). Graças 

aos avanços recentes em diversas áreas da ciência e a integração de várias ferramentas 

(e.g., bioacústica, biologia molecular, morfologia, comportamento), atualmente é 

possível investigar de forma mais detalhada e minuciosa a diversificação evolutiva de 

grupos problemáticos de espécies de anuros (veja Padial et al. 2010). 

Anuros amazônicos com amplas distribuições geográficas (e.g Adelophryne spp., 

Adenomera spp., Allobates spp., Amazophrynella spp., Engystomops spp., Hypsiboas gr. 

calcaratus, Osteocephalus spp., Pristimantis fenestratus, Rhinella gr. margaritifera, 

Scinax gr. ruber) estão sendo alvo de estudos que buscam investigar diversidade críptica 

e seus processos de diversificação evolutiva. Diversas linhagens previamente 

desconhecidas de Rhinella gr. margaritifera e Scinax gr. ruber foram descobertas na 

Guiana Francesa (Fouquet et al. 2007b). Funk et al. (2011) revelaram que duas espécies 

reconhecidas do grupo Hypsiboas calcaratus correspondem atualmente a seis espécies, e 

que duas espécies amazônicas de Engystomops correspondem a cinco espécies, um 

incremento de 200 e 150% na riqueza conhecida para estes grupos, respectivamente. Oito 

espécies de Adenomera ainda não descritas ocorrem na Amazônia, o que representa um 

incremento de 160% na riqueza conhecida para o bioma (Fouquet et al. 2014). Jungfer et 

al. (2013) revelou através de dados moleculares e morfológicos a existência de pelo 

menos nove novas espécies de Osteocephalus. De forma similar, Caminer et al. (2017) 

investigou a existência de diversidade escondida em Dendropsophus gr. leucophyllatus 

através da integração de dados morfológicos, bioacústicos e moleculares, resultando na 

descrição de duas novas espécies. Estimativas iniciais apontavam que o número de 
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espécies de anuros amazônicos estava subestimado em até 115% (Fouquet et al. 2007a). 

Entretanto, o número de espécies desconhecidas pode ser ainda maior (Funk et al. 2011). 

Anuros estão passando por um drástico declínio global (Houlahan et al. 2000, 

Stuart et al. 2004). Paradoxalmente, o número de descrições de novas espécies de anuros 

encontra-se longe da estabilidade (Caramaschi 2010, Brown et al. 2011, Padial et al. 2012, 

Teixeira et al. 2012, Venegas e Duellman 2012, Brandão et al. 2013, Carvalho e Giaretta 

2013, Caminer e Ron 2014, Peloso et al. 2014, Lima et al. 2015, Jungfer et al. 2016, 

Caminer et al. 2017, Rakotoarison et al. 2017, Melo-Sampaio et al. 2018), o que corrobora 

as predições de diversidade escondida de Fouquet et al. (2007a) e Funk et al. (2011). 

Apesar do contínuo incremento no número de descrições, dezenas ou talvez centenas de 

espécies de anuros amazônicos aguardam descrição formal.  

Espécies são amplamente conhecidas como unidades fundamentais em estudos 

ecológicos (Gotelli 2004). Estudos taxonômicos em áreas pouco conhecidas, 

especialmente em florestas megadiversas como a Amazônia, são essenciais para a 

obtenção de padrões ecológicos. A falta de identificações precisas em nível específico 

pode comprometer a obtenção de padrões ecológicos, tanto em nível de espécie quanto 

em nível de comunidade (Isaac et al. 2004, Bortolus, 2008). Além disto, erros de 

identificação taxonômica empobrecem as comparações entre diferentes áreas e 

conclusões sobre distribuição de muitas espécies de anuros na Amazônia (Fouquet et al. 

2007a, Pinheiro et al. 2012). Isto prejudica diretamente medidas de conservação com base 

na biodiversidade e endemismo de uma determinada área, refletindo preconceitos graves 

na semelhança de composição real entre áreas a serem selecionados para fins de 

conservação (Bickford et al. 2007). Portanto, a delimitação e descrição de espécies 

desempenha um papel importante no desenvolvimento de ações conservacionistas em 

áreas ameaçadas, além de ser fundamental para a condução de investigações ecológicas 

(Nair et al. 2012). 

O estudo dos processos envolvidos na distribuição da biodiversidade em 

diferentes escalas espaciais é uma das principais questões em ecologia e biogeografia 

(Gaston e Blackburn 2003). Sabe-se que fatores bióticos e abióticos determinam a 

distribuição das espécies em diferentes escalas espaciais (Ricklefs 2004). Entretanto, para 

que os fatores abióticos sejam importantes preditores em modelos de distribuição e 

abundância de espécies, é necessário que estes atuem diretamente sobre as restrições 

fisiológicas das espécies. Características tais como pele permeável (Ludwig 1945), 
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diversidade de modos reprodutivos (Silva et al. 2012), susceptibilidade dos ovos à 

desidratação (Duellman e Trueb 1994) e baixa habilidade de dispersão (Blaustein et al. 

1994) fazem dos anuros um excelente grupo para se investigar o papel de gradientes na 

distribuição e abundância das espécies ao longo da paisagem na qual estas ocorrem. 

Os principais fatores ambientais determinando a distribuição de anuros em 

grandes escalas espaciais são temperatura, precipitação, altitude e vegetação (Duellman 

e Thompson 1996, Duellman 1999, Silva et al. 2012). Em pequena e média escala, os 

principais fatores influenciando a distribuição e abundância de anuros com reprodução 

aquática são distância do riacho (Menin et al. 2011, Ribeiro et al. 2012, Rojas-Ahumada 

et al. 2012), largura (Eterovick e Barata 2009, Keller et al. 2009) e fluxo do riacho (Keller 

et al. 2009), disponibilidade (Ernst e Rödel 2006, Zimmerman e Bierregaard 1986) e pH 

de poças (Jorge et al. 2016), e por fim, a estrutura da vegetação (Parris e McCarthy 1999, 

Eterovick e Barata 2006, Koller et al. 2009, Ferreira et al. 2018). Os estudos 

correlacionando gradientes ambientais à distribuição e abundância de anuros florestais na 

Amazônia estão limitados a pequenas e médias escalas, e a maior parte deles foi realizada 

na Amazônia Central (Allmon 1991, Pearman 1997, Menin et al. 2007, Menin et al. 2011, 

Tsuji-Nishikido e Menin 2011, Rojas-Ahumada et al. 2012). O que se observa é que o 

modo reprodutivo dos anuros constitui um exemplo formidável de como as diferenças na 

biologia das espécies podem fornecer importantes explicações sobre seus padrões de 

distribuição (Menin et al. 2007, Keller et al. 2009, Menin et al. 2011, Silva et al. 2012). 

Novos estudos abrangendo grandes extensões da paisagem podem revelar associações 

espécie-habitat que de outra forma seriam impossíveis de serem observados em pequena 

e média escala. 

Entender como a paisagem afeta o fluxo gênico de populações na natureza 

permanece como um dos principais interesses da biologia evolutiva e possui papel 

fundamental na compreensão dos fatores que promoveram a alta diversidade de espécies 

encontrada atualmente na Amazônia. Desde o século 19, diversas hipóteses alternativas 

foram criadas para tentar explicar a diversificação de espécies (Wallace 1852, Haffer 

1969, Endler 1977, 1982, Räsänan et al. 1990, Ayres et al. 1992, Webb 1995, Nores 

1999). Dentre estas, a mais explorada e testada nos últimos 20 anos na Amazônia é a 

teoria de rios como barreira (Wallace 1852). Esta teoria postula que grandes rios 

promovem isolamento alopático através do impedimento de fluxo gênico entre 

populações que habitam margem opostas de um dado rio. Apesar da diferenciação 
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genética de várias espécies ter sido correlacionada com a presença de grandes rios 

Amazônicos (Funk et al. 2007, Fernandes et al. 2012, Ribas et al. 2012, Lynch Alfaro et 

al. 2015, Boubli et al. 2015, Fouquet et al. 2015, Ferreira et al. 2017, Maia et al. 2017, 

Nazareno et al. 2017, Ortiz et al. 2018, Naka & Brumfield 2018, Ribas et al. 2018), a 

mesma correlação não é clara ou não se aplica a outros organismos (Gascon et al. 1996, 

1998, Lougheed et al. 1999; Gascon et al. 2000, Symula et al. 2003, Aleixo 2004). Com 

o avanço recente de técnicas analíticas e o aumento no esforço em se amostrar áreas 

desconhecidas da Amazônia, o teste de outras hipóteses de diversificação devem ganhar 

campo dentro da biologia evolutiva. 

Dentre as hipóteses menos exploradas, a teoria de gradientes ambientes (Endler 

1977) demonstra plausibilidade visto a heterogeneidade ambiental da paisagem 

Amazônica. Esta teoria prediz que diferenciação genética pode ocorrer entre populações 

naturais em decorrência de divergência adaptativa guiada por gradientes ambientais, 

como por exemple mudanças na estrutura da floresta, granulometria do solo, temperatura 

e pluviosidade ao longo da área de distribuição da espécie alvo. De acordo com esta 

hipótese, a diferenciação genética pode ocorrer mesmo diante a presença de fluxo gênico 

(Moritz et al. 2000). Dentre as principais dificuldades em se testar a hipótese de gradientes 

ambientais, a presença de potenciais barreiras físicas ao longo da área de estudo e a 

distância geográfica entre amostras podem enviesar fortemente os resultados de testes 

estatísticos. O viés associado a distância geográfica pode ser minimizado através do uso 

de análises que permitam condicionar esta variável, como por exemplo, análises de 

redundância parcial baseadas em matrizes de distância. Quanto ao viés relacionado a 

presença de barreiras físicas, a forma mais simples é delimitar geograficamente a área de 

estudo de maneira a incluir apenas amostras de um lado de potenciais barreiras, como por 

exemplo, restringir o esforço amostral dentro de grandes interflúvios. 

Devido à heterogeneidade da paisagem (Cintra et al. 2013, Martins et al. 2015, 

Schietti et al. 2016, Ferreira et al. 2018) ao longo de sua extensão, sua disposição 

latitudinal dentro da Amazônia, o interflúvio entre os rios Purus e Madeira se mostra ideal 

para investigar as influências de gradientes ambientais na diferenciação genética de 

organismos. Recentemente, Ortiz et al. (2018) correlacionou a estrutura genética 

encontrada em três marcadores (um mitocondrial e dois nucleares) de um anuro arborícola 

com os diferentes tipos de florestas de terras baixas que compõem o interflúvio Purus-

Madeira. A variação na coloração da plumagem de três espécies de aves que habitam este 
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mesmo interflúvio foi fortemente correlacionada com a heterogeneidade ambiental 

existente ao longo da paisagem (Abreu et al. 2018), o que pode ser indicio indireto do 

efeito da variabilidade ambiental no fluxo gênico destas espécies. Ortiz et al. (2018) e 

Abreu et al. (2018) utilizaram apenas variáveis que representam o tipo de floresta ou a 

estrutura da floresta em suas associações, respectivamente. O efeito de importantes 

variáveis ambientais conhecidas como preditoras em anuros (e.g., temperatura, 

pluviosidade e granulometria do solo: Menin et al. 2007, Menin et al. 2011, Ferreira et al. 

2018) na diferenciação genética permanece desconhecido na Amazônia.  

A obtenção de amplas quantidades de marcadores moleculares em estudos 

evolutivos com grande cobertura geográfica e com grande número de indivíduos foi, 

durante muito tempo, uma das principais barreiras para o estudo dos efeitos da 

heterogeneidade ambiental no fluxo gênico de organismos. Novas técnicas moleculares 

(Mardis 2008), habilitadas por tecnologias de sequenciamento e facilitadas pelo rápido 

desenvolvimento de métodos computacionais e modelos matemáticos têm permitido que 

pesquisadores deixem de utilizar apenas poucas dezenas de marcadores, e passem a 

utilizar milhares até dezenas de milhares de sítios polimórficos únicos - SNPs (Davey et 

al. 2011, McCormack et al. 2013). Dentre as vantagens de se utilizar SNPs em escala 

genômica em estudos evolutivos, uma das mais atrativas é a possibilidade de detectar de 

maneira refinada os possíveis efeitos da paisagem na diversificação de espécies (Rašić et 

al. 2014). 
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OBJETIVOS 

 O principal objetivo desta tese foi investigar e descrever a diversidade de espécies 
de anuros que ocorrem no interflúvio entre os rios Purus e Madeira (IPM) e revelar o 
papel dos gradientes ambientais na sua distribuição e diversificação. 

Capítulo 1: investigar a existência de diversidade escondida em anuros do gênero Scinax 
ao longo de 1000 km de paisagens do IPM e áreas vizinhas. 

Capítulo 2: descrever uma nova espécie de Scinax do IPM e testar se sua distribuição e 
abundância estão sendo influenciados por variáveis ambientais. 

Capítulo 3: descrever uma nova espécie de Scinax com distribuição aparentemente 
restrita a porção central do IPM. 

Capítulo 4: descrever uma nova espécie de Scinax com base em duas populações 
divergentes e distribuídas em diferentes florestas do IPM. 

Capítulo 5: testar se gradientes ambientais influenciam o fluxo gênico de Phyzelaphryne 
miriamae ao longo de paisagens heterogêneas do IPM através de abordagem genômica. 
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CAPÍTULO 1 

High species richness of Scinax treefrogs (Hylidae) in a threatened Amazonian 
landscape revealed by an integrative approach. PLoS ONE 11(11): e0165679. 
doi:10.1371/journal.pone.0165679
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CAPÍTULO 2 

A new species of Amazonian snouted treefrog (Hylidae: Scinax) with description of a 
novel species-habitat association for an aquatic breeding frog. PeerJ 6: e4321. doi: 
10.7717/peerj.4321
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CAPÍTULO 3 

A New Species of Scinax (Anura: Hylidae) with Red-Striped Eyes from Brazilian 
Amazonia. Manuscrito aceito para publicação no Journal of Herpetology
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Abstract 

Amazonia has the most species-rich forest of the Neotropics and scientists have 

attempted to understand the mechanisms driving the diversification of its biota. Among 

the hypotheses evoked to explain processes promoting species diversification, the 

ecological gradient hypothesis predicts that divergences between populations reflect 

environmental changes across the species range, even in the presence of gene flow. 

Herein, we used a diminutive terrestrial anuran (Phyzelaphryne miriamae) widely 

distributed in the interfluve between the Purus and Madeira rivers as a model to test 

whether gene flow along the landscape can be explained by the ecological gradient 

hypothesis. For the first time in Amazonia, genomic landscape analyses and thousands 

of single nucleotide polymorphisms (SNPs) were used to test this hypothesis. Genetic 

structure analyses estimated five populations in P. miriamae. Results indicated that the 

effect of environmental gradients on gene flow of this species is pronounced. After 

accounting the effect of geographic distance, the explanation of environmental variables 

on gene flow ranged from 24.7 % (silt content) to 30.2% (temperature seasonality). On 

the other hand, geographic distance between demes also explained gene flow but its 

effect was less pronounced (2.3–3.7%) and restricted to short and long distances, being 

null in moderated distances. Overall, the genetic diversification of our model agrees 

with predictions of the ecological gradient hypothesis. The effects of environmental 

changes on gene flow were stronger in our species model than in other organisms 

distributed in the same region. Such pronounced effect is likely related to behavioural 

and physiological features of P. miriamae linked to its small body size, terrestrial 

reproductive mode and low dispersal ability. 

  

Introduction 
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Amazonia has the major and most diverse forest of the Neotropical region, being 

considered a global biodiversity hotspot (Hansen et al., 2013; Antonelli et al., 2018). 

Evaluating the mechanisms that drive gene flow in organisms across the landscape, 

preventing or favoring genetic differentiation, is crucial to explain the extraordinarily 

high biodiversity of Amazonia and has been one of the major issues in evolutionary 

biology. Since the 19th century, speciation hypotheses have been argued to explain the 

diversification of Amazonian biota (e.g., Wallace, 1852; Haffer, 1969; Endler, 1977; 

Vanzolini & Williams, 1981; Endler, 1982; Räsänan, Salo, Jungnert, & Pittman, 1990; 

Bush, 1994).  

Among these hypotheses, the riverine barrier (Wallace, 1852) has been 

extensively tested along more than two decades (e.g., Gascon, Lougheed, & Bogart, 

1996; Lougheed, Gascon, Jones, Bogart, & Boag, 1999; Gascon et al., 2000; Funk et al., 

2007; Fernandes, Wink, Sardelli, & Aleixo, 2012; Fouquet, Ledoux, Dubut, Noonan, & 

Scotti, 2012a; Ribas, Aleixo, Nogueira, Miyaki, & Cracraft, 2012; Kaefer, Tsuji-

Nishikido, Mota, Farias, & Lima, 2013; Alfaro et al., 2015; Fouquet et al., 2015; 

Ferreira, Aleixo, Ribas, & Santos, 2017; Maia, Lima, & Kaefer, 2017; Nazareno, Dick, 

& Lohmann, 2017; Ortiz, Lima, & Werneck, 2018; Ribas et al., 2018). This hypothesis 

postulates that large Amazonian rivers promote allopatric isolation by suppressing gene 

flow between populations inhabiting different river margins (Wallace, 1852). 

Differently to the former, the ecological gradients hypothesis (Endler 1977, 1982) does 

not require allopatric isolation by physical barriers to generate genetic divergence. 

Instead, it predicts that populations differentiate, even in the presence of gene flow, as 

result of adaptive divergence induced by environmental gradients, such as changes in 

temperature, precipitation, soil moisture, and forest structure. Supporting or not this 
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hypothesis depends on the significant correlation between gene flow among populations 

and ecological differences along the species range after accounting for the effects of 

geographic distance (Funk et al., 2007). Despite its plausibility to explain genetic 

divergence within species across heterogeneous landscapes, the ecological gradient 

hypothesis has been poorly explored in Amazonia (Moritz, Patton, Schneider, & Smith, 

2000; Leite & Rogers, 2013).  

Difficulties to test the ecological gradient hypothesis could arise because of 

different factors. The existence of present or past physical barriers (e.g. rivers, 

mountains, structural arches) within the range of the target species would generate 

dissimilarities that are larger than predicted and led to misinterpretations. Taking it into 

account, species distributed along intervening landscapes between large rivers in 

lowland forests may represent a formidable study system to evaluate the role of 

environment gradients on gene flow of Amazonian organisms. Another important 

concern in evaluating the ecological gradient hypothesis is the heterogeneity of a given 

landscape since genetic differentiation is not expected as result of homogeneous habitats 

but other mechanisms, such as isolation by distance (Wright, 1943). 

Although its complex geological history (Hoorn et al., 2010; Hayakawa & 

Rossetti, 2015; Ruokolainen, Moulatlet, Zuquim, Hoorn , & Tuomisto, 2018), the 

Madeira River has been reported as a barrier to gene flow in many organisms (Ribas, 

Aleixo, Nogueira, Miyaki, & Cracraft, 2012; Kaefer, Tsuji-Nishikido, Mota, Farias, & 

Lima, 2013; Fernandes, Cohn-Haft, Hrbek, & Farias, 2014; Thom & Aleixo, 2015; 

Ribas et al., 2018), and restricting the sampling design of studies to just one shore 

would avoid biases related to river effect on genetic differentiation. In fine-scale, the 

landscape of northern Purus-Madeira Interfluve (PMI) is characterized by lowland 

dense forests, silty soils, shorter dry period and less seasonal temperature (Cintra et al., 
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2013; Martins et al., 2015; Schietti et al., 2016; Ferreira, Jehle, Stow, & Lima, 2018). 

Southward it changes to lowland open forests, clay soils, longer dry periods and more 

seasonal temperature (Cintra et al., 2013; Martins et al., 2015; Schietti et al., 2016; 

Ferreira, Jehle, Stow, & Lima, 2018). All these features turn the PMI a suitable 

landscape scenario to test the ecological gradient hypothesis.  

Other important consideration when testing the ecological gradient hypothesis 

lies in the choice of the target organism. Anuran amphibians have permeable skin 

(Ludwig, 1945), eggs and tadpoles susceptible to dehydration (Rudin-Bitterli, Evans, & 

Mitchell, 2018; Rudin-Bitterli, Mitchell, & Evans, 2018), and usually low vagility 

(Blaustein, Wake, & Sousa, 1994). Changes on soil moisture and temperature can 

directly influence the anuran bacterial skin communities (Varela, Lesbarrères, Ibáñez, & 

Green, 2018), which are a crucial component of the immune system (Kueneman et al., 

2016), affecting the susceptibility of species to disease and survival. Additionally, 

variation in dry periods may negatively affect anurans by maximizing the cutaneous 

evaporative water loss (Mitchell & Bergman, 2016). Physiological features make 

anurans advantageous subjects for investigating the role of environmental gradients on 

genetic differentiation across landscapes. 

In this study, we use the miniaturized Amazonian frog Phyzelaphryne miriamae 

Heyer, 1977 to test the ecological gradient hypothesis. This species inhabits the litter of 

non-flooded lowland forest along the PMI and has direct development of terrestrial 

eggs. These traits may turn both adults and eggs susceptible to changes in 

environmental variables directly or indirectly related to temperature and humidity of 

their habitat. Herein, we sequenced thousands of single nucleotide polymorphisms 

(SNPs) and applied genomic landscape approaches to evaluate the effect of 

environmental variables on gene flow of P. miriamae along ~900 km of heterogeneous 
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forests. The main prediction of our hypothesis is that the environmental variables should 

better explain gene flow than geographic distance. 

 

MATERIAL AND METHODS 

 

Study system and sampling 

 Phyzelaphryne miriamae is a small (~15 mm), leaf-litter, and crepuscular frog 

occurring south of the Amazon River. This is the sole species in the genus 

Phyzelaphryne and prior to this study was known only from few localities (Fouquet et 

al., 2012). Males are territorial and call on large decomposing trunks or inside of heaps 

of leaf-litter in twilight (MF and APL personal communication). Females oviposit 

between humid leaf-litter and eggs do not develop into aquatic free-living tadpoles but 

directly into froglets (MF and APL personal communication). 

 The PMI is located south of the Amazon River and covers approximately 15.4 

million hectares. The hydrography is characterized by a network of small streams that 

drain mainly into Madeira River (Maldonado, Keizer, Graça, Fearnside, & Vitel, 2012). 

The PMI has a recent geological origin with unstable sediments from Late Pleistocene 

or Early Holocene, with flat topography in regional scale, ranging from 27 to 80 m 

above sea level (Sombroek, 2000). Soils are Plinthosols and Gleysols (Martins et al., 

2013) with predominance of silt in the north and clay in the south (Ferreira, Jehle, Stow, 

& Lima, 2018). The mean annual precipitation varies from 1900 to 2700 mm with 

rainfall concentrated in the middle portion of the interfluve. The northern portion of the 

PMI is characterized by dense lowland rainforest with approximately 8000 stems by ha 

(Schietti et al., 2016; Ferreira, Jehle, Stow, & Lima, 2018), while open lowland 

rainforests (~ 4000 stems by ha; Ferreira, Jehle, Stow, & Lima, 2018) cover the 
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southern portion. These forests are separated by patches of Savanna and ecotonal 

environments (Rosseti et al., 2018). 

We sampled P. miriamae in 15 RAPELD modules (Magnusson et al., 2013) 

distributed across approximately 900 km in the PMI. RAPELD modules have two 

parallel trails (equidistant 1 km) and each trail has five plots distant 1 km from each 

other. RAPELD modules were sampled three times in the rainy season 

(October-March) from 2011 to 2014. Searching was carried out during twilight and 

used both acoustic and visual cues to locate individuals. In addition to specimens 

collected in RAPELD modules, P. miriamae were sampled at its type locality (Humaitá, 

Amazonas, Brazil) in November 2016. Tissue samples were collected, and specimens 

were deposited in the herpetological section of the zoological collection of the Instituto 

Nacional de Pesquisas da Amazonia (Manaus, Brazil). Fifty-nine specimens were 

collected in 14 RAPELD modules and four additional specimens were collected in the 

type locality. Specimens were not found in RAPELD module M4. 

 

SNP discovery and filtering 

 Tissue samples from 63 P. miriamae were sent to Diversity Arrays Technology 

Pty. Ltd (Canberra, Australia) for DNA extraction, and SNP discovering and 

genotyping. SNP discovering and genotype followed the DArTSeqTM protocol that 

combine Diversity Arrays markers (Jaccoud, Peng, Feinstein, & Kilian, 2001; Kilian et 

al., 2012) and next-generation sequencing on Illumina platforms (Sansaloni et al., 2011) 

to genotype thousands of SNPs across the genome of a target species. SNPs were 

discovered and genotyped using the reference genome from Nanorana parkeri (Sun et 

al., 2015). Diversity Arrays Technology genotyped 18,863 SNPs. 
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 SNPs were filtered through the R package radiator 0.0.10 (Gosselin, 2017). We 

ran radiator in the interactive mode, which allows the user to inspect tables and graphs 

before selecting values for each parameter. We excluded monomorphic loci and retained 

only loci common in all samples. We also excluded loci with reproducibility < 90%, 

call rate < 60%, read depth < 8, and minor allele frequencies (MAF) < 2%. Only one 

SNP per locus was retained to avoid bias caused by physical linkage (Morin, Martien, & 

Taylor, 2009). The filtering process excluded two specimens and resulted in a dataset of 

5462 SNPs. We used the packages radiator, LEA v.1.8.1 (Frichot & François, 2015) and 

adegenet (Jombart, 2008; Jombart & Ahmed, 2011) to convert the filtered data set into 

the genotype code required by downstream analyses. 

 Exploratory analysis of genetic differentiation retrieved extremely high values of 

FST between samples from M1–M3 and those from M5–M15 (e.g. FST = 0.846 between 

M3 and M5), while relatively low FST was recovered between samples within M1–M3, 

and within M5–M15 (see Supplemental Material S1). Additionally, a species tree using 

the entire SNP dataset retrieved the clade composed by samples from M1–M3 as deeply 

divergent in relation to those clades representing samples from M5–M15 (See 

Supplemental Material S1). To avoid biases associated to inclusion of historical effects 

in the ecological analyses and results, we excluded samples from M1–M3 in the original 

dataset (18863 SNPs) and refiltered it following the same methods as previously cited. 

The refiltered dataset consisted of 47 specimens and 4,459 SNPs that were considered in 

the following analyses.  

 

SNPs potentially under selection 

 We used FST outlier analysis (OA) and environmental association analysis 

(EAA) to detect putatively adaptive SNPs. The OA method is based on Bayesian 
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modeling implemented in BaysScan v.2.1 (Foll & Gaggiotti, 2008), does not assume 

equal differentiation between populations, and is powerful in detecting outliers in 

scenarios with low-admixtured samples (Luu, Bazin, & Blum, 2017). BayeScan was run 

using prior odds of 100, sample size of 200,000, thinning interval of 10, 20 pilot runs of 

length 10,000, and burn-in of 50,000. Outlier SNPs discovered by BayeScan were 

filtered by a q-value of 0.01. The EAA method uses latent factor mixed models 

(LFMM) to test correlations between genetic variation and environmental variables 

(Frichot, Schoville, Bouchard, & Francois, 2013) and was implemented in the package 

LEA. These correlations were tested by LFMM when estimating latent factors that 

correct the effect of population structure. SNPs are considered outliers after associations 

between environmental variables and allelic frequencies are corrected for confounding 

effects (Frichot & François, 2015). We selected four environmental variables (see 

above) that would potentially drive differentiation in allele frequencies in frogs. LFMM 

was run with 10,000 iterations with burn in of 5,000 and 5 repetitions. The K value used 

to run LFMM was selected through the function find.clusters (Jombart, Devillard & 

Balloux, 2010) as implemented in adegenet v.2.1.0 (Jombar & Ahmed, 2011). The α 

value of False Discovery Rate (FDR) of 0.01 was used in LFMM. We considered 

putatively adaptive the SNPs identified by BayeScan plus SNPs in common among all 

environmental variables used in LFMM. BayeScan and LFMM identified 14 and 3 

putatively adaptive SNPs, respectively. The following analyses were performed only 

with neutral SNPs data set. 

 

Summary statistics 

 We tested for significant deviation from Hardy-Weinberg equilibrium (HWE) at 

each sampling location using the exact test implemented by the package diveRsity 
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(Keenan, McGinnity, Cross, Crozier, & Prodöhl, 2013). The probability that loci deviate 

from HWE across all sampling locations was calculated by exact tests in the package 

pegas (Paradis, 2010) and p-values were corrected by FDR correction (Benjamini & 

Yekutieli, 2001) using a = 0.01 in the package stats (R Core Team, 2018). Levels of 

expected (HE) and observed (HO) heterozygosity and their standard error were computed 

in GenAlEx 6.5 (Peakall & Smouse, 2012). Fixation index (FIS) (F = 1 – (HO/HE)) and 

its 95% confidence interval was calculated for each population using 999 bootstraps in 

package diveRsity. We calculated pairwise genetic differentiation (FST) following Weir 

& Cockerham (1984) in Arlequin 3.5.2 (Excoffier & Lischer, 2010) and the significance 

level (a = 0.05) was calculated using 1000 permutations. We performed an analysis of 

molecular variance (AMOVA) using 1000 permutations to calculate the level of genetic 

variation between populations, between samples within population and within samples 

as implemented in package poppr (Kamvar, Brooks, & Grünwald, 2014). The alpha 

values for the three levels of genetic variation was obtained via Monte Carlo 

permutations testing (1000 random permutations) implemented in package ade4 (Dry & 

Dufour, 2007). 

 A single specimen was collected at M11 and M15, and we included these two 

samples in the nearby sampling module (M12 and M14, respectively) for population 

analyses. Sampling site M11 is far ~20 km from M12 and M15 is far ~15 km from 

M14. Clustering analyses showed that these two samples were grouped within these 

respective clusters, indicating that this act would not impact the results of population 

analyses. 

 

Accessing genetic structure 
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 DAPC (Jombart, Devillard, & Balloux, 2010) and sNMF (Frichot, Mathieu, 

Trouillon, Bouchard, & François, 2014) were used to infer the best-fit number of 

ancestral populations. DAPC is a multivariate method that performs discriminant 

analysis (DA) to group individuals based on largest between-group variance and 

smallest within-group variance. Given that DA requires number of alleles to be smaller 

than the number of individuals (Jombart, Pontier, & Dufour, 2009), DAPC firstly 

performs a principal component analysis to reduce the dataset into a small number of 

synthetic variables. DAPC was ran as implemented in the package adegenet using the 

first 5 principal components (PC) and k = 5. We set the number of PCs used in DAPC 

trough function xvalDapc and K was set by find.clusters function using 46 PCs.  

sNMF implements sparse non-negative matrix factorization and least-square 

optimization algorithms to estimate ancestry coefficients of large genomic datasets 

(Frichot, Mathieu, Trouillon, Bouchard, & François, 2014). sNMF estimates both 

homozygote and heterozygote frequencies and avoids Hardy–Weinberg and linkage 

equilibrium assumptions (Frichot, Mathieu, Trouillon, Bouchard, & François, 2014). 

The k values (2–10) were tested with 10 replicates for each value of k and 10000 

interactions. The best-supported k and the best run were selected by estimation of the 

lowest error value of ancestry through cross-entropy criterion. sNMF was performed in 

the R package LEA. 

 

Isolation by distance 

 Isolation by distance (IBD) is commonly recovered to explain spatially limited 

gene flow in natural populations. Two complementary tests were carried out to evaluate 

the effect of geographic distance on genetic differentiation of P. miriamae. As 

recommended by Rousset (1997), pairwise Fst was linearized using the formula Fst/(1-
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Fst ) and geographic distances (km) were log-transformed using natural base (~2.718). 

Firstly, we performed a global simple Mantel test (Mantel, 1967) correlating the Fst/(1-

Fst ) matrix against the pairwise log-transformed geographic distance matrix. Mantel 

test was conducted using the function mantel as implemented by Legendre & Legendre 

(2012) in the package vegan 2.5.1 (Oksanen et al., 2018) and the statistical significance 

was obtained by 1000 permutations. To assess the correlation of Fst/(1-Fst ) and 

log(geographic distance) along classes of distances, we carried out a Mantel 

correlogram (Sokal, 1986; Oden & Sokal, 1986). The Mantel correlogram was 

computed through 10000 permutations using the function mantel.correlog in vegan. 

Classes of geographic distances were selected by Sturges’ equation (Sturges, 1926). 

Correlation used to perform mantel and mantel.correlog functions were Pearson, and 

significance levels for both tests were assumed when a < 0.05. P values of Mantel 

correlogram were corrected through FDR.  

The log(geographic distance) matrix was highly correlated with all 

environmental resistance matrices used in this study (Pearson correlation higher than 

0.80 in all cases). As results from Mantel and Partial Mantel using log(geographic 

distance) alone may be biased by indirect effect from environmental variables, we 

alternatively ran distance-based Redundancy Analyses — dbRDA (Legendre & 

Anderson, 1999) to compute the effect of geographic distance conditioned by 

environmental variables. dbRDA analyses were computed separately for each 

environmental variable because all variables were highly correlated among them 

(Pearson correlation higher than 0.80 in all cases). The significance of geographical 

dbRDAs were assessed through an ANOVA-like permutation test using 1000 

permutations as implemented in vegan. 
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Isolation by resistance 

 Isolation by resistance (IBR) was estimated using an approach similar to 

Dudaniec et al. (2013) and Dudaniec et al. (2016). Differently from these studies, 

models of resistance surface were constructed and evaluated separately for each 

environmental variable due to high values of correlation among them, rather than 

included in the same models. First, values in the original raster of each environmental 

variable were converted to range from 1 to 100 to facilitate posterior comparisons. A 

series of raster representing different models of resistance surfaces were developed 

separately for each of the four environmental variables (described below) as follows: 

𝑟" = 1 + 	α (
𝐹" − 1
99 ,

-

 

where r is the resistance of the raster cell i; α is the parameter that determines the 

maximum possible resistance value; Fi is the value of the cell i (1 ≤ Fi ≥ 100); the 

exponent γ determines the shape of the relation between the environmental variable and 

resistance being linear when γ = 1 and non-linear when γ ≠ 1 (Fig. 1). This model 

assumes that resistance increases as environmental variable increases. Five different 

values of α (0,5,10,100,1000) and seven values of γ (0.01,0.1,0.5,1,5,10,100) were used. 

The combination of values of α and γ resulted in 35 raster files representing different 

models of resistance surfaces. Raster models were created in R using the packages sp 

1.2.5 (Bivand, Pebesma, & Gomez-Rubio, 2013), rgdal 1.2.16 (Bivand, Keitt, & 

Rowlingson, 2017), raster 2.6.7 (Hijmans, 2017), DT 0.2 (Xie, 2016) and dbplyr 1.1.0 

(Wickham, 2017). Resistance values between localities in each raster model were 

calculated using circuitscape 4.0.5 (McRae, Shah, & Mohapatra, 2013). 
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Figure 1. Hypothetical representation of slopes of isolation by resistance (IBR) 

hypotheses tested for the effect of environmental variables on Fst/(1-Fst) using seven 

values of γ (0.01, 0.1, 0.5, 1, 5, 10, 100) and α = 1000. Relationships between resistance 

and environmental variables for which high values were interpreted as restrictive (A) or 

permissive to gene flow (B). Numbers close to lines represent γ values. Remaining α 

values (0.5, 10, 100) were not shown to simplify visualization. 

 

Many methods have been used to evaluate resistance distances against genetic 

distance: correlation between distances based on Mantel test (Mantel, 1967), regression 

on distance matrices (Legendre, Lapointe & Casgrain, 1994), linear mixed effects 

models, and Procrustes rotation test (Gower, 1975). In a recent comparison of methods 

for model selection, Shirk, Landguth, & Cushman (2017) showed that linear mixed 

effects model is the most accurate method among the seven methods evaluated by them, 

including those cited above. Herein, a maximum likelihood population effects (MLPE) 

mixed effects model (Clarke, Rothery, & Raybould, 2002) was fit for each combination 

of α and γ using pairwise resistance distance, Fst/(1-Fst) and population as independent, 

dependent and random variable, respectively. MLPE mixed effect models were 

performed through ResistanceGA 4.0.2 (Peterman, 2018) and lme4 1.1.16 (Bates, 
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Mächler, Bolker, & Walker, 2015) using the function mlpe_rga. The robustness of 

MLPE mixed effect models for each environmental variable were accessed through 

1000 pseudo bootstrap replications using the function Resist_boot of the ResistanceGA 

package. Resist_boot sampled 85% of the samples in each bootstrap iteration and used 

Akaike Information Criteria corrected for small sample size (AICc) to rank models. 

Despite AIC calculated from MLPE mixed effect models may represent unreliable 

scores (Clarke, Rothery, & Raybould, 2002), models were computed setting 

REML=FALSE in the function mlpe_rga, allowing the calculation of valid AIC scores. 

 Based on the biology of the target species (e.g. low vagility and territoriality) 

and on the geographic distribution of sampled populations, separating the effect of 

geographic distance while correlating landscape resistance and gene flow is an 

important matter. We performed distance-based Redundancy Analysis (dbRDA: 

Legendre & Anderson, 1999) to quantify the correlation between the best MLPE model 

for each environmental variable and Fst/(1-Fst) while controlling the effect of 

geographic distance. dbRDA was used instead the widely used partial Mantel test 

because the former analysis seems to be more accurate for species continuously 

distributed along the landscape and its type II error rates are lower than those of partial 

Mantel test (Kierepka & Latch, 2015). dbRDA analyses were performed in vegan 2.5.1. 

using Fst/(1-Fst) as response, resistance distance as predictor and log(geographic 

distance) as condition. The significance of dbRDAs were assessed through an ANOVA-

like permutation test using 1000 permutations also performed in vegan.  

 

Environmental variables 

 Distribution of Amazonian anurans have been correlated with environmental 

variables like forest structure, soil texture, physical-chemical properties of soil, distance 
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of stream, and temperature (Menin, Lima, Magnusson, & Waldez, 2007; Menin, 

Waldez, & Lima, 2011; Landeiro, Waldez, & Menin, 2014; Jorge, Simões, Magnusson, 

& Lima, 2016; Ferrão, Fraga, Moravec, Kaefer, & Lima, 2018; Ferreira, Jehle, Stow, & 

Lima, 2018). Some of these environmental variables may facilitate or impede gene 

flow. In the present study, four environmental variables were used to detect putatively 

adaptive SNPs and to estimate the role of environmental gradients on gene flow: 

temperature seasonality, intensity and duration of dry period, soil structure, and forest 

structure. (1) The seasonality of temperature has direct effect on immunological system 

of amphibians (Raffel, Rohr, Kiesecker, & Hudson, 2006) and seasonal environmental 

can negatively affect the susceptibility of species to disease (and survival). Hence, 

environments with reasonably stable temperature are expected to facilitate gene flow. 

(2) Environments with intense and long dry periods — represented herein by the Walsh 

index (Walsh, 1996) — may affect negatively the suitability of amphibians by 

maximizing the cutaneous evaporative water loss (Mitchell & Bergman, 2016). As the 

target species does not inhabit riparian areas that potentially facilitate rehydration 

during dry periods, environments with shorter and less intense dry periods may be more 

favorable to occupancy and may favor gene flow. (3) Soil moisture is represented by the 

silt content. Silty soils are structurally instable, and it increases water retention (Juo & 

Franzluebbers, 2003), keeping the air close to soil surface and the leaf-litter moister 

than sandy or clay soils. Eggs of Phyzelaphryne miriamae are deposited between the 

leaf-litter close to soil surface and require favorable moisture conditions to avoid 

dehydration, due to that silty soils are expected to favor the viability and development 

of eggs into froglets, facilitating gene flow. (4) We used aboveground live woody 

biomass density (vegetation biomass hereafter) as proxy of forest structure. The PMI is 

covered meanly by dense and open lowland rainforest. The leaf area index is known to 
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affect directly the forest’s microclimate (Hardwick et al., 2015). Less dense canopy 

forests in the tropics (e.g., open lowland rainforest) have lower values of leaf area index 

that increase the temperature and moisture immediately above the soil due to high 

values of light and wind incidence (Hardwick et al., 2015). Accordingly, open lowland 

forests in the southern study area would difficult gene flow by representing less 

favorable habitat for adults and eggs of the target species. 

 

Figure 2. Variables used to test the effect of environmental gradients on gene flow of P. 

miriamae within the interfluve between Purus and Madeira rivers. (A) Silt content. (B) 

Vegetation biomass. (C) Walsh Index. (D) Temperature seasonality. Black circles: 

RAPELD sampling sites. 

 

We obtained temperature seasonality (BIO4) of the period 1950–2000 from 

WorldClim database (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). Intensity and 

duration of dry period (Walsh Index) was calculated using monthly precipitation data 

(WorldClim) and obtained from AMBDATA database (Amaral, Costa, Arasato, 

Ximenes, & Rennó, 2013). Silt content at 15 cm depth was obtained from SoilGrids 

database (Hengl et al., 2017) and vegetation biomass (Baccini et al., 2012) was accessed 

from The Carbon Source database. All raster files were interpolated to 30 arc-sec (~1 

km2) and cropped to the study area using the package raster.  
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Based on the behavior and biology of the target species, large rivers as Purus 

and Madeira may represent strong physical barriers to migration and gene flow. The 

absence of the Purus and Madeira rivers in raster files during calculation of resistance 

distances in circuitscape may bias results by considering the pathway the one crossing 

the river. Due to that, rivers were merged to raster files of all variables before 

constructions of models combining α and γ to hedge the circuit analysis mainly within 

PMI. Values assigned to rivers were always higher than the less suitable values to gene 

flow according to each environmental variable. 

 

RESULTS 

 

Genetic diversity 

None of populations deviated from Hardy-Weinberg equilibrium. 

Approximately 38% of the 4442 putatively neutral SNPs deviated significantly (p ≤ 

0.01) from the HWE of which 1171 SNPs (~ 26%) remained significant after FDR 

correction. Observed and expected heterozygosity were low in all sampling sites, with 

Ho ranging from 0.026 ± 0.002 to 0.065 ± 0.002, and He ranging from 0.025 ± 0.001 to 

0.081 ± 0.002 (Table 1). Expected heterozygosity was lower than Ho in the sampling 

site M13 (FIS = -0.0237). The M06, M10 and M11 showed a positive FIS but the 

confidence interval encompassed zero (Table 1). FIS Confidence intervals of M03 did 

not overlap with the intervals of M13 and the highest FIS was estimated for the M11.  
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Table 1. Genetic diversity indices for all sampling sites. CI, confidence interval; He, 

expected heterozygosity; Ho, observed heterozygosity; Fis, fixation index 1–(Ho/He); N, 

number of samples; SE, standard error. 

  N Ho ± SE He ± SE Fis Lower CI Higher CI 

M5 4 0.059 ± 0.003 0.068 ± 0.002 0.1327 0.0776 0.2422 

M6 3 0.058 ± 0.003 0.061 ± 0.002 0.0581 -0.0642 0.4464 

M7 7 0.065 ± 0.002 0.081 ± 0.002 0.1900 0.0890 0.2473 

M8 5 0.064 ± 0.002 0.078 ± 0.002 0.1825 0.0694 0.2767 

M9 7 0.065 ± 0.002 0.080 ± 0.002 0.1875 0.0727 0.2532 

M10 5 0.065 ± 0.002 0.077 ± 0.002 0.1503 -0.0345 0.2528 

HUM 5 0.045 ± 0.002 0.058 ± 0.002 0.2229 -0.0126 0.3861 

M12 7 0.044 ± 0.002 0.049 ± 0.002 0.1086 0.0018 0.1738 

M13 5 0.026 ± 0.002 0.025 ± 0.001 -0.0237 -0.2125 0.0815 

 

Overall genetic differentiation measured as Fst was high (mean ~0.48), ranging 

from 0.13 (M6 vs. M7) to 0.80 (M5 vs. M13) (Table 2). The lowest Fst between 

neighbour sampling sites (less than 100 km) was recovered between M6 and M7 (0.13), 

while the highest Fst was recovered between M5 and M6 (0.46). Fst was significantly 

different from zero for each pair of localities (Table 2). Analysis of molecular variance 

(AMOVA) using sampling site as higher level indicated that 51% of variance was 

accounted between sampling sites, while 9% was accounted within sampling sites and 

40% was accounted between individuals. The higher variance in AMOVA using 

environmental classes was accounted between classes (44%), followed by variance 

within samples (35%) and within environmental classes (21%). Statistical significance 

recovered by permutation tests on both AMOVAs were lower than 0.001. 
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Table 2. Pairwise genetic differentiation (FST) across sampling sites (lower diagonal) 

computed following Weir & Cockerham (1984) and its respective p-values (upper 

diagonal) based on 1000 permutations. Asterisks represent p values < 0.01. 

 M5 M6 M7 M8 M9 M10 HUM M12 M13 

M5 - 0.03 * 0.01 * 0.03 * * * 

M6 0.46 - * 0.02 * 0.03 0.02 * 0.02 

M7 0.43 0.13 - * * * * * * 

M8 0.49 0.27 0.21 - * * * * * 

M9 0.53 0.34 0.28 0.14 - * * * * 

M10 0.56 0.40 0.35 0.25 0.19 - * * * 

HUM 0.64 0.51 0.45 0.38 0.35 0.22 - * * 

M12 0.74 0.69 0.64 0.61 0.58 0.54 0.59 - * 

M13 0.80 0.78 0.70 0.69 0.66 0.65 0.69 0.31 - 

 

Genetic structure 

 The best-fit number of ancestral populations estimated by sNMF was highly 

concordant with DAPC and both approaches supported five ancestral populations (k = 

5). sNMF uncovered high levels of admixture in individuals from sampling sites M08 

and M10. However, individuals within the same sampling sites showed similar levels of 

admixture (Fig. 1). Globally, DAPC recovered high values of posterior membership 

probabilities for all individuals, except by one individual from sampling site M10 that 

was attributed to the same population represented by individuals from M6 and M7 (Fig. 

x). 

 



 156 

 

Figure 3. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira 

Interfluve. (A) Population admixture estimates (k = 5) as recovered by SNMF. (B) 

Ancestral coefficients of individuals (k = 5) retrieved by SNMF. (C) Posterior 

membership probabilities of individuals according to DAPC using k = 5. 

 

Isolation by distance 

 Globally, the pairwise Fst/(1-Fst) in P. miriamae increases with larger 

geographic distances (r = 0.92, p < 0.001) (Fig. 2A). However, the Mantel correlogram 

using seven classes of geographic distance demonstrated that pairwise Fst/(1-Fst) was 

spatially autocorrelated within four distance classes (Fig. 2B). Pairwise Fst/(1-Fst) was 

positively correlated with geographic distances within 60 km (r = 0.34, p = 0.017) and 

86 km (r = 0.47, p = 0.004), while negatively correlated within 365 km (r = -0.30, p = 

0.05) and 525 km (r = -0.66, p = 0.007). After excluding the effect of temperature 

seasonality, Walsh Index, and vegetation biomass through dbRDA, the outcome of 

geographic distance on Fst/(1-Fst) was statistically significant and explained 2.3–3.7% 
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of gene flow (Table 3). However, the effect of geographic distance was not significant 

after accounting the effect of silt content (R2 < 0.1%, p = 0.71). 

 

 

Figure 4. Correlation between Fst/(1-Fst) and log(geographic distance) (A) and Mantel 

correlogram plot depicting the spatial autocorrelation of Fst/(1-Fst) in seven classes of 

log(geographic distance) (B). Filled squares = distance classes with p ≤ 0.05. 

 

Isolation by resistance 

 The model with lowest average AICc (11.65) for the effect of silt content on 

Fst/(1-Fst) in P. miriamae was α = 1000 and γ = 1. This model was top-ranked 46.7% of 

the iterations and explained in average 91.6% of the genetic variation. The Walsh Index 

explained 91.5% of the variation of Fst/(1-Fst). The best model (average AICc = 10.04) 

of this environmental variable was α = 1000 and γ = 100 and was top-ranked 48.7% of 

the time. The top-ranked model (41.1%) explaining the relation between temperature 

seasonality and Fst/(1-Fst) was α = 1000 and γ = 0.1 (average AICc = 9.35) accounting 

for 91% of the explanation. Lastly, the best model (average AICc = 10.13) for the effect 
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of forest on Fst/(1-Fst) was α = 5 and γ = 0.5, being top-ranked 35% of the time and 

explained 91% of the genetic variation. After accounting for the effect of geographic 

distance through dbRDA analyses, the environmental variable that best explained the 

genetic variation of P. miriamae was temperature seasonality (R2 = 0.302, p = 0.001), 

followed by Walsh Index (R2 = 0.295, p = 0.001), vegetation biomass (R2 = 0.275, p = 

0.01) and silt content (R2 = 0.247, p = 0.001). 

 

Table 3. Summary of results of maximum likelihood population effects mixed effects 

models (MLPE), ecological and geographical distance-based redundancy analyses 

(dbRDA) depicting the effect of isolation by resistance and distance on gene flow of P. 

miriamae along the Purus-Madeira Interfluve. 

Environment

al Variable 

MLPE ECO dbRDA GEO dbRDA 

α γ AICc r2 r2 p R2 p 

Temperature 

seasonality  
1000 0.1 9.35 0.916 0.302 0.001 0.037 0.001 

Walsh Index 1000 100 10.04 0.915 0.295 0.001 0.032 0.001 

Vegetation 

biomass 
5 10 10.7 0.918 0.275 0.001 0.023 0.003 

Silt content 1000 1 11.65 0.916 0.247 0.001 <0.001 0.716 

The p values were obtained by analyses of variance (ANOVA) through 1000 permutations. 

 

DISCUSSION 

Genetic structure 

 Genetic clustering analyses in Phyzelaphryne miriamae along the PMI revealed 

high levels of genetic structure at putatively neutral SNPs. Many studies in Amazonia 
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attributed genetic structure of frogs, at least partially, to physical barriers (Fouquet, 

Ledoux, Dubut, Noonan, & Scotti, 2012; Kaefer, Tsuji-Nishikido, Mota, Farias, & 

Lima, 2013; Fouquet et al., 2015; Maia, Lima, & Kaefer, 2017; Ortiz, Lima, & 

Werneck, 2018). However, geographic distribution of genetic clusters in P. miriamae 

cannot be explained by physical barriers due to absence of large rivers or mountains 

within PMI that match genetic breaks. In this study, five populations in P. miriamae 

distributed along the PMI were recuperated and geographic distribution of populations 

did not match with abrupt changes in the environment. On the other hand, structure 

analysis in the large treefrog Osteocephalus taurinus recovered three populations 

occurring in the PMI and genetic breaks coincided well with the ecotonal zone between 

the open and dense lowland forest (Ortiz, Lima, & Werneck, 2018). Higher levels of 

genetic structure in P. miriamae may be consequence of its life-history features. Small 

terrestrial anurans with small clutch size and lacking free-living tadpoles are known to 

be highly structured compared to large arboreal anurans with large clutch size and 

exotrophic tadpoles in Amazonia (Fouquet, Ledoux, Dubut, Noonan, & Scotti, 2012; 

Fouquet et al., 2015).  

Additionaly, different forest ecotypes explained 73% of the molecular variance 

of O. taurinus within PMI (Ortiz, lima, & Werneck, 2018). In contrast, genetic variation 

explained by different environmental classes in P. miriamae was lower than that 

explained using sampling sites as factor. It suggests that suddenly environmental 

changes within PMI are not good proxies of genetic structure and differentiation in P. 

miriamae.  

 

Isolation by distance 
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Gene flow in P. miriamae along landscapes in PMI was affected by geographic 

distance in our global correlation test. Mantel test detected strong correlation (r = 0.92, 

p < 0.001) between genetic differentiation and geographic distance in P. miriamae. 

Using the same test, Funk et al. (2007) recovered moderate (r = 0.44) to strong (r = 

0.83) IBD effect on three populations of the frog Physalaemus petersi but no significant 

effect in a fourth population. Similarly, Mantel correlation (r) varied from 0.40 to 0.55 

in the frog Adenomera andreae (Fouquet, Ledoux, Dubut, Noonan, & Scotti, 2012). In 

the frog genus Allobates, geographic distance strongly affected gene flow in A. 

paleovarzensis (r = 0.76), while moderate (r = 0.57) and absence of effect was detected 

in the A. nidicola–masniger complex and A. tapajos, respectively (Kaefer, Tsuji-

Nishikido, Mota, Farias, & Lima, 2013; Maia, Lima, & Kaefer, 2017). Along the same 

sampling area in the PMI, gene flow was significantly affected by geographic distance 

(r = 0.82) in O. taurinus (Ortiz, Lima, & Werneck, 2018). Although most of these 

studies have detected IBD, there is no consensus about the role and magnitude of 

geographic distance on gene flow of Amazonian anurans. Discordances may be 

consequence of differences in the number and geographic range of sampled localities, 

habitat configurations, as well as species’ dispersal capability and physiology (Jenkins 

et al., 2010; Paz, Ibáñez, Lips, & Crawford, 2015; van Strien, Holderegger, & van Heck 

, 2015).  

The distribution of our sampling sites along the landscape and the pattern of 

environmental shift from north to south PMI can bias the detection of IBD. The use of 

partial tests (e.g. partial Mantel, partial dbRDA) in this scenario would be an alternative 

approach to detect IBD without competing effects (e.g. IBR). Despite a strong and 

significant correlation between geographic distance and gene flow in P. miriamae 

demonstrated by Mantel test, this effect decreased substantially (r² = 0.023–0.037) after 
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removing the effects of environmental resistance through partial dbRDAs. This low IBD 

effect is supported by Mantel correlogram’s results, which showed IBD just on short 

and very long distances. Recent studies that have also used partial tests to calculate IBD 

after discounting the effect of environment features in heterogeneous landscapes (Mims, 

Hauser, Goldberg, & Olden , 2016; Maia, Lima, & Kaefer, 2017). Cushman & 

Landguth (2010) demonstrated that results of simple correlation tests may be incorrect 

due to the absence of formal evaluation of competing alternative hypotheses (e.g. 

environmental features). On the other hand, partial tests are robust in their ability to 

reject incorrect causal mechanisms and correctly identify the driving process 

responsible for the observed gene flow across the landscape (Cushman & Landguth, 

2010; Shirk, Landguth, & Cushman, 2017).  

 

Isolation by resistance 

Our results demonstrated that the ecological gradients are important drivers of 

genetic differentiation in P. miriamae. MLPE models showed strong effect of 

environmental resistances on gene flow of P. miriamae. After removing the effect of 

IBD through partial dbRDAs, all environmental resistances used to characterize the 

landscape were statistically significant and explained (r²) 24.7–30.2% of the variation in 

gene flow along the PMI. The effect of ecological gradients on genetic differentiation 

has also been reported through population genetics approach in many organisms, such 

as invertebrates (Villemey et al., 2016), fishes (Mather, Hanson, Pope, & Riginos, 

2018), mammals (Dudaniec et al., 2013; Dudaniec et al., 2016; Ruiz-Lopez et al., 2016), 

birds (Khimoun et al., 2016), reptiles (Fraga, Lima, Magnusson, Ferrão, & Stow, 2017; 

Beninde, Feldmeier , Veith, & Hochkirch, 2018; Sánchez-Ramírez et al., 2018), and 

amphibians (Dudaniec, Spear, Richardson, & Storfer, 2012; Peterman, Connette, 
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Semlitsch, & Eggert , 2014; Burkhart et al., 2017; Ortiz, Lima, & Werneck, 2018). The 

pronounced effect of ecological gradients on gene flow of P. miriamae is similar to 

those observed in other amphibians. Studying four species of pond-breeding 

salamanders in North America, Burkhart et al. (2017) showed that genetic 

differentiation in Ambystoma annulatum was best explained by topographic position 

index (r² = 0.39) and distance from nearest ravine (r² = 0.54), while eastness is the best 

predictor for Ambystoma opacum and Notophthalmus viridescens louisianensis (r² = 

0.30; in both species) and northness (r² = 0.43) for Ambystoma maculatum. In the 

Amazonian frog O. taurinus, the greatest fraction of genetic variation was observed 

between forest ecotypes (72.86%) (Ortiz, Lima, & Werneck, 2018). 

  Temperature seasonality and intensity of dry period (Walsh Index) were the best 

environmental variables predicting gene flow in P. miriamae along the PMI. These 

variables have a nonlinear relationship with gene flow, explaining 30.2% and 29.5% of 

its variation, respectively. Landscapes in the PMI with less stable temperature through 

the year and long dry period prevent gene flow of P. miriamae. Extreme environmental 

conditions are known to difficult suitability in amphibians by acting on their physiology 

and immunology (Raffel, Rohr, Kiesecker, & Hudson, 2006; Mitchell & Bergman, 

2016). Additionally, small amphibians have lower resistances to water loss (Riddell, 

Apanovitch, Odom, & Sears, 2017). Due to that and the small size of P. miriamae, we 

suggest that long dry periods and strong changes in mean temperature during dry season 

limit the movement and survival of adults. We do not expect that changes in 

temperature and intensity of the dry period affect the survival of eggs and froglets 

because the breeding season of P. miriamae coincides with the wet season (more stable 

temperatures and moisture). This hypothesis is supported by the role of rate water loss 

in gene flow of adults and juveniles of the salamander Plethodon albagula (Peterman, 
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Connette, Semlitsch, & Eggert, 2014). In this species, the rate of water loss predicts 

genetic differentiation in adults but not in juveniles (Peterman, Connette, Semlitsch, & 

Eggert, 2014). 

 Forest structure (vegetation biomass) also explained an important fraction 

(27.5%) of the gene flow in P. miriame. Moreover, the best model showed a nonlinear 

relationship between vegetation biomass and gene flow, for which high values of 

vegetation biomass facilitate gene flow between populations. Recently, changes in the 

structure of forests explained phenotypic differentiation (plumage colour and 

brightness) in two species of passerine birds (Gymnopithys salvini and Willisornis 

poecilinotus) along the PMI (Abreu, Schietti, & Anciães, 2018), and authors argued that 

more open forests facilitate sexual selection in these species. Differences in forest 

structure was evoked as the main driver of genetic differentiation in the tree frog. O. 

taurinus across its range in the PMI (Ortiz, Lima, & Werneck, 2018). In our study 

system, changes in forest structure may drive the gene flow in two different but 

nonexclusive ways. Firstly, gene flow may be facilitated in denser forests of PMI due to 

the high production of leaf litter and fallen trees compared to more open forests (Schietti 

et al., 2016). During field sampling we noted that P. miriame seems to prefer habitats 

with high amount of leaf litter, which are used for reproduction (MF & APL pers. 

com.). Secondly, the incidence of sunlight and wind is higher in more open forests and 

result in low moisture, directly affecting the body water balance which may limit 

movement and survival of adults and egg/embryo survival of P. miriamae. The role of 

forest structure on gene flow in P. miriamae is corroborated by ecological studies that 

correlated the distribution of other terrestrial Amazonian frogs with forest structure 

(Menin, Lima, Magnusson, & Waldez, 2007; Dias-Terceiro et al., 2014; Ferreira, Jehle, 

Stow, & Lima, 2018). 
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  Despite the moderate effect of soil structure (silt content) on gene flow of P. 

miriamae compared to other ecological gradients evaluated here, this variable presented 

a linear correlation and explained 24.7% of the genetic differentiation. In practice, 

landscapes with silty soils are conductive to gene flow while areas with low percentage 

of silt are restrictive. High proportion of silt reduces the water drainage capacity of soil 

(Juo & Franzluebbers ,2003) and has positive effect on moisture of the upper soil layer 

and leaf litter. As this tiny species inhabits and deposits eggs between dead leaves just 

above the soil, moisture availability in this layer might affect its survival, reproduction 

and growth. Such prediction is supported by high rates of hatchling malformations and 

low rates of embryonic survival in the terrestrial frog Pseudophryne guentheri observed 

in xeric soils against mesic soils (Rudin-Bitterli, Evans, & Mitchell, 2018). In the same 

study, adults from mesic soils rehydrated faster than those from xeric soils, which was 

suggested as beneficial to fitness. Moreover, soil structure is correlated with density and 

composition of terrestrial arthropods in Amazonian forests (Frankling, Magnusson, & 

Luizão, 2005; Aguiar, Gualberto, & Frankling, 2006; Dambros et al., 2016) and might 

drive gene flow by enhancing survival and fitness of adults and offspring as result of 

food resource availability.  

 

Implications for conservation  

 We revealed high genetic differentiation between populations of P. miriamae in 

the study area. Nevertheless, part of this genetic diversity is threatened by habitat loss 

and fragmentation as consequence of infrastructure development associated to the 

reconstruction of the abandoned BR319 highway that intersect the PMI from north to 

south. A model predicting deforestation as consequence of the reconstruction of this 

highway revealed that up to 5.4 million hectares of preserved forests will be destroyed 
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until 2050 (Maldonado et al., 2012). The most threatened region according this 

modelling coincides with the distribution of the three southern populations of P. 

miriamae. Despite the reconstruction of BR319 is delayed due to legal issues, 

deforestation induced by land speculation already started in the southern PMI, even 

within conservation units (MF & RF pers. com.). To make it worse, the southern and 

most differentiated population of P. miriamae (M12-M14) is distributed within the 

impact zone of two giant hydroelectric powerplants and part of the sampled plots in this 

area is currently submerged. Additionally, intraspecific genetic diversity of other frog 

species from PMI showed similar geographic pattern of differentiations (Ortiz, Lima, & 

Werneck, 2018), thus reinforcing the conservation concerns in this part of Amazonia. 

Unfortunately, intraspecific genetic diversity and evolutionary processes are still not 

protected by conservation laws in Brazil. 

 

Conclusion 

 Our results showed that the intraspecific genetic diversity in the terrestrial frog 

Phyzelaphryne miriamae is highly partitioned and geographically structured across its 

distribution in a wide portion of Amazonia. We found strong evidence for 

environmental variables predicting gene flow in this species, corroborating the 

ecological gradient hypothesis. Overall, climatic gradients (seasonal temperature and 

intensity of dry period) better explained gene flow than edaphic and vegetation 

variables. Stochastic processes, such as isolation by geographic distance, also drive the 

evolutionary diversification of our study system but in a less expressive way. 

Intraspecific genetic diversity of our target species will be threatened by habitat loss and 

fragmentation if the predicted deforestation becomes real. 
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METHODS  

 

We calculated pairwise genetic differentiation (FST) following Weir & 

Cockerham (1984) between populations in Arlequim v. 3.5.2 (Excoffier &Lischer 

2010). Population pairwise FST and its significance level (a = 0.05) were calculated 

using 1000 permutations. Due to the sampling effort that resulted in just one specimen 

collected in the sampling site M11 and M15, we included these two samples in the 

nearby sampling module (HUM and M14, respectively) for population analyses 

purpose. Sampling site M11 is far ~20 km from HUM and M15 is far ~15 km from 

M14. 
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 sNMF (Frichot et al. 2014) were used to infer the best-fit number of ancestral 

populations. The k values (2–10) were tested with 10 replicates for each value of k and 

10000 interactions. The best-supported k and the best run were selected by estimation of 

the lowest error value of ancestry through cross-entropy criterion. sNMF was performed 

in the R package LEA (Frichot 2015). 

 Phylogenetic relationship between populations were reconstructed through 

SNAPP 1.3 (Bryant et al. 2012) implemented in BEAST 2.4.8 (Bouckaert et al.2014). 

To reduce computational time, we selected 3 representative specimens per population. 

We ran SNAPP using a chain length of 1,000,000 generations, sampling every 1,000 

trees. Two independent runs were executed and combined through TreeAnnotator 2.4.6 

after discarding 10% as burn-in. 

 

RESULTS 

Genetic differentiation 

 

Table 1. Pairwise genetic differentiation (FST) across sampling sites (bellow diagonal) 

computed following Weir & Cockerham (1984) and its respective p-values (above 

diagonal) based on 1000 permutations. Bold values represent nonsignificant p-values. 

 M01 M02 M03 M05 M06 M07 M08 M09 M10 HUM M12 M13 

M01 - 0.003 0.013 0.003 0.017 0.001 0.006 0.002 0.002 0.003 0.001 0.000 

M02 0.212 - 0.022 0.009 0.015 0.000 0.007 0.003 0.009 0.015 0.001 0.007 

M03 0.255 0.205 - 0.026 0.095 0.005 0.014 0.004 0.021 0.014 0.011 0.021 

M05 0.866 0.857 0.846 - 0.032 0.003 0.011 0.007 0.030 0.007 0.004 0.009 

M06 0.868 0.858 0.846 0.454 - 0.009 0.015 0.012 0.024 0.027 0.006 0.018 

M07 0.848 0.841 0.827 0.417 0.128 - 0.001 0.000 0.002 0.002 0.000 0.002 

M08 0.850 0.842 0.827 0.481 0.279 0.212 - 0.002 0.004 0.008 0.001 0.010 

M09 0.854 0.847 0.835 0.521 0.349 0.295 0.130 - 0.002 0.003 0.000 0.001 

M10 0.859 0.850 0.834 0.555 0.407 0.359 0.260 0.199 - 0.004 0.002 0.006 

HUM 0.882 0.876 0.869 0.637 0.528 0.459 0.394 0.354 0.229 - 0.001 0.009 
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M12 0.902 0.899 0.897 0.742 0.702 0.640 0.603 0.575 0.541 0.588 - 0.001 

M13 0.923 0.921 0.925 0.803 0.784 0.697 0.681 0.650 0.643 0.690 0.310 - 

 

Genetic structure 

 

Figure 1. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira 

Interfluve. Population admixture estimates (k = 4) recovered by SNMF. 

 

Phylogenetic relationships 
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Figure 2. Phylogenetic relationship of populations of P. miriamae reconstructed through 

SNAPP.  
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SÍNTESE 

 No primeiro capítulo desta tese, revelamos que o conhecimento a cerca das 
espécies de Scinax que habitam o interflúvio entre os rios Purus e Madeira (IPM) era 
ínfimo. Além disso, corroboramos a ideia de que áreas pouco exploradas na Amazônia 
podem estar repletas de espécies desconhecidas para a ciência. No caso do IPM, a 
diversidade de espécies estava subestimada em 82%. Valor este duas vezes mais alto do 
que o estimado para a região neotropical. 

 No segundo capítulo descrevemos formalmente a espécie de Scinax mais 
amplamente distribuída no IPM. Ao utiliza-la como modelo para entender o efeito do 
ambiente na distribuição de espécies no IPM, revelamos pela primeira vez a associação 
entre um anuro amazônico de reprodução aquática com uma variável edáfica. Isto 
demonstra que estudos de associação espécie-habitat conduzidos em áreas menos 
conhecidas da Amazônia podem revelar resultados inéditos. 

 No terceiro capítulo descrevemos outra espécie nova de Scinax. Só conseguimos 
registrar a nova espécie em uma pequena área na porção central do IPM, mesmo com 
inventários intensos em mais de 450 parcelas de amostragem permanente distribuídas por 
grande parte da Amazônia. Apesar de ocorrer na borda interna do Parque Nacional 
Nascentes do Lago Jarí, a especulação imobiliária por conta da reconstrução da BR-319 
tem feito o desmatamento avançar dentro do parque. 

 No quarto capítulo descrevemos uma nova espécie de Scinax com base em duas 
populações distribuídas em duas florestas distintas no IPM. Levados pela monofilia 
recíproca e pelos diferentes padrões de coloração apresentados, hipotetizamos que 
variações no ambiente podem estar direcionando a diferenciação observada nestas duas 
populações.  

 No quinto capítulo testamos a hipótese de gradientes ambientais. Os resultados 
mostram que tanto gradientes ambientais quanto distância geográfica influenciam o fluxo 
gênico em Phyzelaphryne miriame ao longo das paisagens heterogêneas do IPM. 
Entretanto, as variáveis ambientais por nós avaliadas explicam melhor o fluxo gênico do 
que distância geográfica. 

 Os resultados obtidos nesta tese representam um avanço no conhecimento da 
diversidade de espécies de anuros do IPM, bem como no entendimento dos fatores e 
processos responsáveis pela distribuição e diversificação das espécies nesta região pouco 
explorada da Amazônia. Esta tese compreende apenas o início de uma série de estudos na 
região. Dezenas de outras novas espécies de anuros ocorrem na região e aguardam 
descrição formal. Uma vez que espécies distintas reagem de forma diferente as mudanças 
no ambiente que habitam, estudos futuros descrevendo o papel da heterogeneidade 
ambiental na distribuição de espécies podem potencialmente revelar novos padrões de 
associação espécie-habitat. Além dos gradientes ambientais, outros fatores podem 
também ser responsáveis pela diversificação e manutenção da biodiversidade local, e 
devem ser investigados de maneira detalhada.    
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