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 Sinopse 

Nesta tese investigamos o papel de gradientes ambientais na distribuição, 

abundância, variabilidade genética e fluxo gênico de A. femoralis ao longo de 880 

Km de floresta de terra-firme no interflúvio Purus-Madeira (IPM). Testamos se as 

características do solo e da floresta estão associadas com a distribuição e 

abundância relativa de A. femoralis usando um sistema de amostragens 

padronizadas. Foi aplicado uma abordagem de modelagem multinível baseada em 

dados genômicos para testar se o gradiente geográfico e ambiental ao longo da 

paisagem heterogênea do IPM influencia a variabilidade genética e o fluxo gênico 

dessa espécie. 

 

Palavras chave: Allobates femoralis, interflúvio Purus-Madeira, heterogeneidade   

ambiental, hipótese dos gradientes, genética de paisagens, SNPs, Amazônia. 
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RESUMO   

 

Está bem estabelecido que a ocorrência das espécies depende das suas necessidades 

biológicas em determinados ambientes, e que as espécies estão distribuídas em manchas 

de habitats favoráveis que são separadas umas das outras por habitats inadequados. No 

entanto, determinar como a heterogeneidade do habitat interage com a distribuição e a 

densidade das espécies em várias escalas geográficas e como os processos históricos e 

atuais do ambiente influenciam o fluxo gênico ao longo da paisagem continua sendo um 

dos maiores desafios da ecologia e biologia evolutiva. Esse tipo de abordagem ainda é 

raro na Amazônia, especialmente quando se trata de anuros. O objetivo geral desta tese 

foi investigar o papel de gradientes ambientais na distribuição, abundância, 

variabilidade genética e fluxo gênico de Allobates femoralis ao longo de 880 km de 

paisagens heterogêneas que ocorrem no interflúvio entre os rios Purus e Madeira (IPM). 

No primeiro capítulo, testamos se as características do solo e da floresta estão 

associadas com a distribuição e abundância relativa de A. femoralis através do IPM. Nós 

mostramos que A. femoralis é mais abundante em florestas abertas e ausente ou raro em 

florestas densas e positivamente associado com solos ricos em argila. Nossos dados 

sugerem que a distribuição e abundância relativa dessa espécie é moldada por 

gradientes ecológicos graduais. No segundo capítulo, aplicamos uma abordagem de 

modelagem multinível baseada em dados genômicos e teoria dos circuitos para testar se 

a distância geográfica e o gradiente ambiental ao longo da paisagem heterogênea do 

IPM influenciam a variabilidade genética e o fluxo gênico de A. femoralis. Nós 

mostramos que os padrões espaciais de variabilidade genética e o fluxo gênico em A. 

femoralis são influenciados tanto pela distância geográfica quanto pelos gradientes 

ambientais, suportando assim a hipótese dos gradientes para diversificação. Nós 

também identificamos quatro grupos genéticos que foram associados com variações 

fenotípicas (cor da mancha femoral), forte divergência na parte nordeste do IPM que 

está relacionada a processos históricos e com a presença de diferentes tipos de floresta. 

Sugerimos que investigando o papel da heterogeneidade ambiental em outras espécies 

co-distribuídas irá fornecer dados que podem ser usados para melhor entender o papel 

de gradientes ambientais na diversificação parapátrica de espécies na Amazônia.  
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ABSTRACT 

 

It is well established that the occurrence of species depends on their biological needs in 

given environments, and that species are distributed to favorable habitat patches which 

are separated from each other by unsuitable habitats. However, determining how habitat 

heterogeneity interacts with the distribution and density of species at various geographic 

scales and how historical processes and the contemporary environment has influenced 

gene flow across landscapes remains one of the major challenges in ecology and 

evolutionary biology. This type of approach is still rare in Amazonia, especially when it 

comes to anurans. The main goals of this thesis were to investigate the role of 

environmental gradients on the distribution, abundance, genetic variability and gene 

flow of Allobates femoralis along 880 km of heterogeneous landscape in the interfluve 

between the Purus and Madeira rivers (PMI). In the first chapter, we tested whether 

soil and forest characteristics are associated with the distribution and relative abundance 

of A. femoralis along PMI. We show that A. femoralis is more abundant in open forests 

and absent or rare in dense forests and positively associated with clay-rich soils. Our 

findings suggest that the distribution and relative abundance of this species is shaped by 

gradual ecological clines. In the second chapter, we apply a multilevel modeling 

approach based on genomic data and circuit theory to test whether geographic distance 

and environmental gradients across the heterogeneous landscape of PMI influences the 

genetic variability and gene flow of A. femoralis. We show that spatial patterns of 

genetic variability and gene flow in A. femoralis are influenced by both geographic 

distance and environmental gradients, thus supporting the gradient hypothesis for 

diversification. We also identified four genetic clusters which partly paralleled 

phenotypic variation (femoral spot colour), strong divergence in the northeastern part of 

the PMI that is likely due to historical processes, and with the presence of different 

forest types. We suggest that investigating the role of environmental heterogeneity in 

other codistributed species will provide data that can be used to better understand the 

role of environmental gradients in the parapatric diversification of species in the 

Amazon.
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INTRODUÇÃO GERAL 

 

Ao longo das décadas, diversas hipóteses foram propostas para tentar explicar a 

diversificação e bioregionalização de organismos amazônicos, entre eles, hipótese dos 

rios como barreiras (Wallace 1852; Gascon et al. 2000), hipótese dos refúgios 

pleistocênicos (Haffer 1969; 1974), gradientes ecológicos (Endle 1977; 1982), arcos 

tectônicos (Bush, 1994), dinâmica geológica e hidrológica da bacia (Hoorn 1994; Hoorn 

& Wesselingh 2010), ilhas e incursões marítimas do Terciário Superior (Rasanen et al. 

1995; Lovejoy et al. 1998; Nores 1999) e estocasticidade demográfica (Cohn-Haft 

2000). Dentre estas, as hipóteses alternativas mais exploradas envolviam especiação 

alopátrica por vicariância, ou seja, barreiras físicas teriam isolados espacialmente as 

populações e o fluxo gênico entre elas, dando origem a novas espécies (como a hipótese 

dos rios como barreiras; Wallace 1852). Embora alguns estudos tenham encontrado 

concordância com o padrão de distribuição e diferenciação genética de vários táxons 

associado às porções de terras separadas pelos grandes rios Amazônicos (Hayes & 

Sewlal 2004; Funk et al. 2007; Ribas et al. 2012; Fernandes et al. 2014; Boubli et al. 

2015; Dias‐Terceiro et al. 2015; Ortiz et al. 2018; Ribas et al. 2018), esse padrão não 

foi verificado para todos os rios, ou para todas as espécies (Gascon et al. 1996; 1998; 

Lougheed et al. 1999; Gascon et al. 2000; Symula et al. 2003; Aleixo 2004; Hughes et 

al. 2013). Sendo que as hipóteses que envolve especiação alopátrica ainda é objeto de 

debate (ver Collinvaux et al. 2000; Oliveira et al. 2017; Santorelli et al. 2018). 

Por outro lado, outros estudos mostraram padrões de distribuição e variabilidade 

genética heterogêneas entre populações ao longo de paisagens contínuas ou clines 

geográficos (hipótese dos gradientes; Endle 1977). Nesse cenário, as populações 

diferenciam-se seguindo um modelo de isolamento por distância, muitas vezes 

facilitado pela adaptação ecológica a ambientes adjacentes, mas diferentes e ainda 

podendo ocorrer fluxo gênico entre populações divergentes (Moritz et al. 2000; Nosil 

2012; Leite & Rogers 2013; Ortiz et al. 2018). Desta forma, a capacidade de migração 

das espécies depende de processos de dispersão, que por sua vez depende de 

características das espécies, por exemplo, modos de dispersão e reprodução e 

características espaciais do habitat, como conectividade e grau de resistência ambiental 

(Opdam & Wascher 2004). Essas ideias influenciaram novas e mais complexas 

subdivisões ecológicas da Amazônia (Sombroek 2000; Fine et al. 2005; Baker et al. 

2014; Smith et al. 2014; Dexter et al. 2017) e a extensiva coleta de dados bióticos e 
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abióticos que vem acontecendo nas últimas décadas têm confirmado a existência de 

uma grande heterogeneidade ambiental (Quesada et al. 2010; Lewis et al. 2011; Cintra 

et al. 2013; Martins et al. 2014; Schietti et al. 2016) e reforçado a importância de filtros 

ecológicos para a estruturação espacial da diversidade e composição da biota 

amazônica.  

Desta forma, a hipótese da heterogeneidade de habitat se estabeleceu como uma das 

pedras angulares da ecologia (MacArthur & Wilson 1967; Lack 1969; Pinto et al. 2003; 

Tews et al. 2004), tendo sido responsável pela mudança da aceitação da homogeneidade 

para o reconhecimento da heterogeneidade como chave para a compreensão da 

complexidade da natureza (Wiens 1989). Segundo Legendre & Fortin (1989), na 

natureza os organismos não se distribuem nem aleatória, nem uniformemente, mas em 

manchas ou gradientes, ou seja, heterogeneamente. A heterogeneidade espacial pode ser 

entendida como a expressão de atributos estruturais do ambiente, incluindo 

componentes horizontais, verticais e qualitativos que permitem a presença de micro-

habitats diferenciados em uma área (Pianka 1966; Tews et al. 2004).  

Atualmente o reconhecimento da influência da dimensão espacial nos padrões 

ecológicos e evolutivos é apontado como um novo paradigma da ecologia (Pinto et al. 

2003), cujo tema central envolve a compreensão da influência do ambiente sobre 

processos biológicos em distintas escalas (Legendre 1993; Gaston & Blackburn 2003; 

Ricklefs 2004; Tuomisto 2007). As variações nas características ambientais produzem 

condições que influenciam a distribuição espacial e densidades dos organismos 

(Ricklefs 2003; Pough et al. 2003), de modo que os fatores que tornam um habitat 

favorável para determinada espécie precisam atuarem diretamente sobre as necessidades 

biológicas e fisiológicas das espécies. Isso é consequência do fato de que os processos 

ecológicos e evolutivos ocorrem em um contexto histórico, geográfico, através da 

adaptação, seleção e deriva genética (Endler 1977; Diniz-Filho et al. 2008). Os 

processos que geram a diversidade intra e interespecífica podem ser considerados em 

diferentes escalas temporais, caracterizando então os processos atuais ou ecológicos e 

históricos ou evolutivos (Avise 2000; Moritz et al. 2000; Tuomisto 2007; Morrone 

2009).  

Além das condições ambientais, os fenômenos biogeográficos históricos e as taxas 

diferenciais de especiação também podem influenciar o padrão de distribuição das 

espécies (Zimmerman & Simberloff 1996), separando as áreas de endemismo e 

propondo um padrão de distribuição não visto em nenhum outro lugar do mundo 
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(Cracraft 1985; Borges 2007; Borges & Silva 2012). As condições ambientais são 

fatores abióticos que influenciam a distribuição das espécies em macroescala (Duellman 

1999). Em mesoescala, tanto fatores bióticos como abióticos podem influenciar os 

padrões observados (Duellman 1995; 1999; Menin et al. 2007; Drucker et al. 2008). 

Na floresta amazônica fatores ambientais influenciam a ocorrência, distribuição, 

densidade e atividade local dos anuros (Duellman & Trub 1986; Zimmerman & 

Bierregaard 1986; Duellman 1988; 1995; Menin et al. 2007; Menin et al. 2011; Ribeiro 

et al. 2012; Rojas-Ahumada et al. 2012; Jorge et al. 2016; Ferrão et al. 2018). A 

partilha espacial inclui a exploração de uma grande diversidade de microambientes 

como sítios reprodutivos (Hödl 1990; Zimmerman & Rodrigues 1990). As espécies de 

anuros com reprodução terrestre podem apresentar uma distribuição mais ampla, sendo 

encontradas ao longo de todo o gradiente ambiental, com alguns fatores determinando 

uma maior abundância (Menin et al. 2007). Enquanto as espécies com reprodução 

aquática apresentam uma distribuição mais restrita, sendo encontradas principalmente 

em zonas ripárias, pois possuem maior dependência de corpos d‟água (Duellman & 

Trub 1986; Hödl 1990; Haddad & Prado 2005; Rojas-Ahumada et al. 2012). Porém, 

esses estudos que relacionaram fatores ambientais à distribuição e densidade de anuros 

na Amazônia foram limitados a pequenas e médias escalas, e a maior parte deles foram 

realizados na Amazônia central.  

Investigar as relações entre a estrutura genética das populações e os fatores 

ambientais em uma estrutura de distribuição espacial ao longo de gradientes ambientais 

é essencial para identificar as características de dispersão, extensão e escala que 

modulam as forças que influenciam o fluxo gênico e evidências de adaptação local de 

espécies particulares (Stow et al. 2001; Nielsen 2005; Lowe & Allendorf 2010; 

Savolainen et al. 2013; Wang & Bradburd 2014; Benestan et al. 2016). E para entender 

os processos que impulsionam a distribuição espacial da diversidade genética 

intraespecífica, os fatores que influenciam essa distribuição devem ser investigados em 

diferentes escalas, considerando a história recente e a configuração atual da paisagem, 

uma vez que os padrões regionais acabam sendo um resultado de processos locais 

(Wiens & Donoghue 2004; Rull 2011). Estudos abrangendo grandes escalas podem 

revelar associações espécies-habitat que não seria possível em escalas menores. Nesse 

contexto, as terras baixas amazônicas são especialmente desafiadoras, com uma história 

geológica recente e dinâmica associada à transição de um ecossistema pantanoso 

dominado por um sistema fluvial, e drenado por rios historicamente dinâmicos, com 
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registros de grandes mudanças espaciais recentes em seus cursos (Fittkau et al. 1975; 

Sombroek 2000; Rossetti et al. 2005; Hoorn et al. 2010; Smith et al. 2014), e devido a 

heterogeneidade ambiental ao longo de sua extensão (Cintra et al. 2013; Martins et al. 

2014; Schietti et al. 2016), se mostra ideal para investigar as influencias de gradientes 

ambientais na diferenciação genética de organismos.  

Como resultado da importância dessas questões, a última década viu uma 

proliferação de métodos quantitativos que combinam modelagem de paisagem com 

dados genéticos que são mais sensíveis para avaliar como os fatores da paisagem 

influenciam a estrutura genética espacial, dispersão e fluxo gênico dentro e entre 

populações (Dudaniec et al. 2013; Peterman et al. 2014; Marrote et al. 2014; Manthey 

& Moyle 2015; Dudaniec et al. 2016; Row et al. 2017). Assim como o potencial poder 

explicativo de tal investigação foi substancialmente aprimorado pelo desenvolvimento 

de ferramentas genômicas cada vez mais acessíveis para sequenciamento de próxima 

geração (NGS – Next Generation Sequencing), baseado em milhares de polimorfismos 

de nucleotídeo único (SNPs), que permitem estimativas confiáveis de estrutura genética 

usando poucos indivíduos (Willing et al. 2012; Lemmon & Lemmon 2013; Willette et 

al. 2014; McKinney et al. 2016), no entanto, esta abordagem tem sido raramente 

aplicada a táxons de floresta tropical (Radespiel & Bruford 2014; Ruiz-Lopez et al. 

2016; Fraga et al. 2017). 

Desta forma, Allobates femoralis como seu comportamento sedentário e 

movimento aparentemente restrito, com indivíduos distribuídos em manchas, aliadas a 

grande abundância e fácil amostragem, é um excelente modelo para investigar como os 

gradientes ambientais interferem na distribuição, densidade, estruturação genética e 

troca de fluxo gênico em diferentes escalas espaciais. Allobates femoralis apresenta uma 

ampla distribuição, mas até o momento não havia sido estudado o que determina a 

presença da espécie nas manchas de paisagem e nem que fatores locais determinam a 

abundância da espécie nos ambientes onde está presente. A ausência de uma base de 

dados moleculares e de amplas amostragens também haviam impossibilitado inferências 

mais expressivas sobre as relações evolutivas e fluxo gênico das linhagens que compõe 

esse sistema. Assim, estudos abrangendo grandes extensões da paisagem e em 

diferentes escalas espaciais (ampla, média e local), podem revelar padrões inéditos, e o 

delineamento amostral com sítios de coleta padronizados ao longo de 880 km no 

interflúvio Purus-Madeira se mostra ideal para entender o papel de gradientes 

ambientais na distribuição, abundância, variabilidade genética e fluxo gênico de 
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espécies de anuros. Portanto, além de contribuir para o progresso intelectual no tema, os 

resultados dessa tese podem subsidiar melhores ações para a conservação da 

biodiversidade Amazônica.  
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OBJETIVOS 

 

      O principal objetivo desta tese foi investigar o papel de gradientes ambientais na 

distribuição, abundância, variabilidade genética e fluxo gênico de Allobates femoralis 

ao longo de paisagens heterogêneas que ocorrem no interflúvio entre os rios Purus e 

Madeira (IPM). 

 

Capítulo 1: testar se as características do solo e da floresta estão associadas com a 

distribuição e abundância relativa de Allobates femoralis em um gradiente ambiental de 

880 km através do interflúvio Purus-Madeira.  

 

Capítulo 2: Aplicar uma abordagem de modelagem multinível baseada em dados 

genômicos para testar se o gradiente geográfico e ambiental ao longo da paisagem 

heterogênea do IPM influencia a variabilidade genética e o fluxo gênico de Allobates 

femoralis. 
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CAPÍTULO 1 

Ferreira, A.S.; Jehle, R.; Stow, A.J.; Lima, A.P. 2018. Soil and forest structure predicts 

large-scale patterns of occurrence and local abundance of a widespread Amazonian 

frog. Peerj, 6, e5424. DOI: 10.7717/peerj.5424 
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CAPÍTULO 2 

Ferreira, A.S.; Lima, A.P.; Jehle, R.; Ferrão, M.; Stow, A. landscape genomics across a 

large Amazonian interfluve supports the gradient diversification hypothesis for the frog 

Allobates femoralis. Manuscrito em preparação para a Molecular Ecology.  
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Abstract 

Landscape genomics offers a powerful approach to understanding species‟ dispersal 

patterns. However, ecological processes of diversification acting across geographically 

continuous populations have been rarely documented in Amazonia, due to lack of 

thorough taxonomic, geographic and molecular (genome-wide) sampling over extensive 

areas. We address this challenge by applying multilevel approaches to model landscape 

drivers of genetic structure in the brilliant-thighed poison frog (Allobates femoralis). 

More specifically, we focus on a 880 km long transect along the Purus-Madeira 

interfluve (PMI) and analyze > 10 000 SNPs from 66 individuals to test the hypothesis 

that, due to environmental gradients and the geographic extent of the region, 

connectivity between sampling points will be governed by isolation by geographic 

distance (IBD) as well as environmental resistance (IBR) modeled through a suite of 

ecological traits. We show that strong IBD as well as IBR were evident in the spatial 

patterns of genetic variability, supporting the gradient hypothesis for diversification. We 

however also identified four genetic clusters which partly paralleled phenotypic 

variation (femoral spot colour), and which could be explained by historical processes in 

the northeastern part of the PMI, and the presence of different forest types in the 

southwest. This study sheds light on the processes that can generated diversity across 

continuous Amazonian landscapes.  

Keywords: Purus-Madeira interfluve, RADseq, single nucleotide polymorphism, 

landscape genetics, evolutionary genetics, circuit theory. 
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Introduction 

The processes generating the high biodiversity in Amazonia result from long and 

complex interactions between geological, climatic, ecological and evolutionary 

processes (Rossetti, Mann de Toledo & Góes 2005; Hoorn et al. 2010; Smith et al. 

2014). The evolutionary models proposed to explain distribution patterns of Amazonian 

biota largely depend on barriers imposed by major Amazonian rivers (the riverine 

barrier hypothesis; Wallace 1852; Ribas et al. 2012; Nazareno, Dick & Lohmann 2017; 

Godinho & Da Silva 2018), historical geological and hydrological dynamics (Antonelli 

et al. 2010), ancient ridges (Bush 1994), saline lakes resulting from marine incursions 

(Rasanen, Linna, Santos & Negri 1995; Lovejoy, Bermingham & Martin 1998), and 

climatic cycles that reduced forest areas in the Amazon to small forest refuges, isolating 

populations and promoting allopatric speciation (Haffer 1969; Vanzolini & Williams 

1981). The strengths of these hypotheses, however, are still the subject of debate 

(Colinvaux, De Oliveira & Bush 2000; Oliveira, Vasconcelos & Santos 2017; 

Santorelli, Magnusson & Deus 2018). 

A further framework for diversification focusing on populations in sympatry or 

parapatry is the gradient hypothesis (Endler 1977; see reviews in Moritz, Patton, 

Schneider & Smith 2000; Leite & Rogers 2013). The gradient hypothesis predicts that 

biotic or abiotic environmental differences may be sufficient to lead to divergence 

among populations, resulting in parapatric divergence along a continuous geographical 

or environmental cline, in a process that later led to the term ecological speciation 

(Schluter 2009). Under this scenario, allele frequencies will vary among localities 

following isolation-by-distance patterns with higher gene flow among geographically 

closer localities, in addition to ecological adaptation of populations in adjacent but 

different environments generating genetic and phenotypic differentiation (Wright 1943; 
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Endler 1977; Nosil 2012; Calsbeek, Smith & Bardeleben 2007; Price 2008). Transition 

zones can result from primary contact, both when parapatric populations differentiate in 

situ, and from secondary contact, when initially isolated populations reestablish contact 

after differentiation (Thorpe 1984), although defining the nature of contact zones is still 

a major challenge (Endler 1977; Thorpe 1984; Grahame, Wilding & Butlin 2006). In 

continuous populations, contact zones generally reflect the degree of environmental 

variation experienced by different populations of the same species at different sites (De 

Abreu, Schietti & Anciães 2018). Therefore, it is often difficult to evaluate the 

mechanisms interacting between geographical, environmental variables and 

ecologically-based selection on the differentiation patterns of populations (Nosil 2012; 

Stein, Gerstner & Kreft 2014). 

The Amazonian basin is generally viewed to be governed by the riverine barrier 

hypothesis, with intervening land areas (interfluves) between the largest Amazonian 

rivers termed "areas of endemism" (AoE; Cracraft 1985; Ribas et al. 2012; Borges & 

Silva 2012; Oliveira, Vasconcelos & Santos 2017). However, the observation that the 

distribution of taxa is heterogeneous within AoEs, apparently associated with limits 

concordant with transition zones, smaller tributaries and with other characteristics of the 

landscape, has added complexity to our understanding of their dynamics (Simões, Lima, 

Magnusson, Hödl & Amézquita 2008; Naka et al. 2012; Fernandes et al. 2013; Ferreira, 

Jehle, Stow & Lima 2018; Ortiz, Lima & Werneck 2018).  

To assess how environmental parameters influence the extent of genetic 

variation within and among populations, it is helpful to use taxa that retain ancestral 

differentiation at small spatial scales (Manel & Holderegger 2013; Richardson 2012; 

Wang 2012; Ortiz, Lima & Werneck 2018; Barratt et al. 2018). Amphibians are ideal 

candidates due to their strong association with local environmental conditions, 
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physiological restrictions, high philopatry and low dispersal abilities (Lougheed, Austin, 

Bogart, Boag & Chek 2006; Zeisset & Beebee 2008). Therefore, studies investigating 

spatial genetic structure in tropical anurans within AoE would provide novel insights 

into the factors that drive population differentiation processes associated with variation 

on environmental variables of rainforests. In this context, western Amazonian lowlands 

are especially challenging, with a recent and dynamic geologic history associated to the 

transition from a wetland-dominated landscape to system drained by rivers that are 

historically highly dynamic, with large and recent spatial changes in their courses 

(Rossetti, Mann de Toledo & Góes 2005; Hoorn et al. 2010; Ruokolainen, Moulatlet, 

Zuquim, Hoorn & Tuomisto 2018). 

One of the main problems regarding standardized and fine-scale studies of 

intraspecific diversity within Amazonia AoE is the difficulty to access the remote areas 

distant from large rivers. The Program for Planned Biodiversity and Ecosystem 

Research (PPBio) installed research sites along the Purus-Madeira interfluve (PMI), 

within the Inambari AoE, providing an opportunity to study intraspecific diversity. 

Combined, all research sites represent the largest geographic gradient sampled within a 

single Amazonian interfluve (Magnusson et al. 2013). The PMI is crossed by the BR-

319 highway, which has been abandoned since 1988. But currently the Brazilian 

government is starting new efforts to reconstructing and paving the BR-319 highway, 

which will strongly impact the deforestation process and biodiversity loss in this region 

(Fearnside & Graça 2006; Fearnside et al. 2009), where habitat loss models predict the 

loss of a third of the Purus-Madeira interfluve, which is equivalent to approximately 5.4 

million hectares by 2050 (Maldonado, Keizer, Graça, Fearnside & Vitel 2012). The 

Amazonas state government‟s State Secretariat for the Environment and Sustainable 

Development (SDS) and the federal government‟s Ministry of Environment (MMA) 
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have plans for creating a series of protected areas within the PMI (Fearnside et al. 

2009). Studies have shown an environmental gradient along the PMI, where physical 

soil and hydrologic characteristics combined with weather conditions drive the forest 

structure and its dynamics (Cintra et al. 2013; Emilio et al. 2013; Martins et al. 2014; 

Schietti et al. 2016). This system partially explains the distribution, abundance and 

change of species composition (Ferrão, Fraga, Moravec, Kaefer & Lima 2018; Ferreira, 

Jehle, Stow & Lima 2018; Ortiz, Lima & Werneck 2018), providing an ideal situation 

to investigate ecological and historical factors associated to the current diversity 

patterns. 

Here, we apply a genetic-based multilevel modelling approach to assess for 

parapatric divergence across geographic and ecological gradients in the brilliant-thighed 

poison frog (Allobates femoralis), a terrestrial frog widely distributed to Amazon basin. 

We adopt a landscape resistance approach based on circuit theory that uses Single 

Nucleotide Polymorphism (SNPs) data and georeferenced occurrences. Our study spans 

over an approximately 880 km long transect within the PMI, and represents an 

appropriate management scale for effective conservation strategies of species. 

Therefore, we used the intraspecific population structure of A. femoralis as a model for 

testing geographic variations effects on isolation-by-distance (IBD) and current 

landscape features effects on isolation-by-resistance (IBR). In doing so, using our 

analytical framework, this study provides an important first step towards understanding 

fine-scale diversification patterns and processes in this highly-threatened AoE. 

 

Materials and methods 

Study species 

The brilliant-thighed poison frog, Allobates femoralis (Aromobatidae, Grant et al. 
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2017), is a small (~ 33 mm) and ground-dwelling diurnal frog which feeds on a wide 

range of invertebrate taxa (Caldwell 1996; Simões, Lima, Magnusson, Hödl & 

Amézquita 2008). This species is widely distributed throughout primary, non-flooded 

forest areas of the Amazon basin and Guiana Shield (Amézquita et al. 2009; Ferreira, 

Jehle, Stow & Lima 2018), suggesting that flooding areas of major Amazonian rivers 

may represent barriers for gene flow. Phylogeographic and taxonomic studies suggest 

that A. femoralis comprises a suite of cryptic species distributed across the Amazonian 

basin (Grant et al. 2017; Fouquet et al. 2007b; Santos et al. 2009; Simões, Lima & 

Farias 2010), and habitat loss is a major factor causing population declines and 

extinction risk (Simões et al. 2014). Allobates femoralis move via leaf litter or on fallen 

tree trunks (Roithmair 1992; Montanarin, Kaefer & Lima 2011), and the configuration 

of forest habitat is an important determinants of the A. femoralis distributions (Ferreira, 

Jehle, Stow & Lima 2018). Males exhibit territorial behaviour and females lay eggs on 

dead leaves in male territories during the rainy season (Ringler, Ursprung & Hödl 2009; 

Montanarin, Kaefer & Lima 2011). The availability and location of sites for tadpole 

deposition influences year-to-year displacement of individuals that survive more than 

one breeding season (Ringler, Ursprung & Hödl 2009; Ringler, Beck, Weinlein, Huber 

& Ringler 2017). Dispersal is male-biased and the ephemeral occurrence of suitable 

bodies of water also sometimes forces male A. femoralis to deposit tadpoles more than 

180 m away from their territories (Ringler, Pašukonis, Hödl & Ringler 2013), to which 

they reliably return (Pašukonis, Loretto, Landler, Ringler & Hödl 2014). In our study 

area there are three morphotypes of A. femoralis in relation to the coloration of the 

femoral spot (yellow, red and orange), being distributed in separate localities and 

finding in one contact zone. 
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Study area and sampling 

In November and March 2010-2015, we sampled A. femoralis in 16 locations along an 

880 km transect which is crossed by a federal highway (BR-319) and delimited by the 

Purus and Madeira rivers (Fig. 1; Table S1). The PMI is located in the south of the 

Amazon River covering approximately 15.4 million hectares, and presents gradients of 

vegetation cover type, soil and climatic seasonality (Cintra et al. 2013; Schietti et al. 

2016; Ferreira, Jehle, Stow & Lima 2018). The PMI is characterized by a complex 

hydrography with hundred small rivers that flood large areas in northeastern region and 

patches of forest in the southwest by overflow during the rainy season, and with most 

streams disappearing in the dry season (Fan & Miguez-Macho 2010; Schietti et al. 

2016). This interfluve has a recent sedimentary origin from Late Pleistocene-Early 

Holocene, and ranges between 30 m and 100 ma.s.l. (Sombroek 2000; Rossetti, Toledo 

& Góes 2005). The mean annual precipitation varies from 2200 to 2800 mm, and is 

highest in the middle portion of the PMI (Alvares, Stape, Sentelhas, de Moraes 

Gonçalves & Sparovek 2013; Fick & Hijmans 2017). Northeastern and central regions 

of the PMI are characterized by lowland dense rainforest with a mean tree basal area of 

56.45 m
2
 ha

-1
 (Schietti et al. 2016; Ferreira, Jehle, Stow & Lima 2018), and soil is 

mainly Plinthosols with predominance of silt (Cintra et al. 2013; Martins et al. 2014). 

Southwestern parts (Madeira River, Porto Velho) are characterized by lowland open 

rainforest with a mean tree basal area of 19.31 m
2
 ha

-1
 (Ferreira, Jehle, Stow & Lima 

2018) and soil in this region is Podzolic with predominant texture of clay (Cintra et al. 

2013). Also, considerable areas of savanna are present between open and dense 

rainforest (IBGE 1997). Of the 16 sampling sites included in this study, 14 were 

previously used by Ferreira et al. (2018) to describe associations between soil and forest 

structure on the occurrence and relative abundance of A. femoralis. 
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Figure 1. Map of sites at which samples of Allobates femoralis were collected in the 

central-southern Amazonia, Brazil. For results from population structure analyses see 

Figure 3 and sample sizes see Table 3. 

 

We collected a total of 66 A. femoralis individuals from 13 localities in the PMI, 

11 of which were PPBio research sites (modules, M), which follow the RAPELD 

configuration (see Magnusson et al. 2013 for more details), and from two localities in 

areas between modules in dense rainforest (BM8_9 and BM9_10) in the northeast 

region. We did not find A. femoralis in multiple surveys in three modules in the 

northeast of the PMI (M3-M5) due to locally unsuitable habitat (see Ferreira, Jehle, 

Stow & Lima 2018 for more details). Allobates femoralis was searched by acoustic and 

visual sampling during the daily periods of peak vocalization for the species (7:00-
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10:00 a.m. and 14:00-18:00 p.m.). We captured frogs by hand and maintained them in 

sealed plastic bags until arrival in the laboratory, where they were sacrificed and fixed 

after tissue (leg muscle) was removed for genetic analyses. Specimens were deposited 

in the herpetological section of the zoological collection of the Instituto Nacional de 

Pesquisas da Amazônia (INPA-H, Manaus, Brazil). We collected A. femoralis under 

permits from IBAMA/SISBIO (Ministry of Environment, Government of Brazil) 

process numbers 13.777 and 7836-1.  

 

Genotyping and filtering  

Tissue from all 66 A. femoralis was processed for DNA extraction, sequencing, 

genotyping, and SNP discovering at Diversity Arrays Technology Pty. Ltd. (Canberra, 

Australia). The DArTSeq
TM 

genotyping-by-sequencing protocol used is based on a 

combination of Diversity Arrays (DArT) markers (Jaccoud, Peng, Feinstein & Kilian 

2001; Kilian et al. 2002; Luikart, England, Tallmon, Jordan & Taberlet 2003) and 

sequencing with Illumina platforms (Sansaloni et al. 2011; Petroli et al. 2012) to 

identify single nucleotide polymorphisms (SNPs) across the genome of a target species. 

We used the genome of Nanorana parkeri (Sun et al. 2015) as a reference. Detailed 

descriptions of DArT marker technologies for SNP discovery and genotyping are 

provided in Jaccoud, Peng, Feinstein & Kilian (2001), Kilian et al. (2012) and 

Thompson, Stow & Raftos (2017). 

A data set of 147.595 SNPs genotypes was filtered for missing data at both the 

individual and locus level using the R-package RADIATOR v. 0.010 (Gosselin 2017). 

Only individuals and loci with ≥ 95% available data were retained. SNPs were also 

screened for allele coverage, with any SNPs displaying a call rate < 60%, and local and 

global minimum allele frequencies (MAF) < 1% removed from the dataset. 
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Additionally, we excluded monomorphic loci and in cases where multiple 

polymorphisms were found within the same sequence length, only one SNP per locus 

was retained, and all other duplicates were removed to avoid statistical bias from 

physical linkage (Lemay & Russello 2015; Zheng et al. 2012). Two samples from M14 

failed to pass for quality control and were excluded, retaining 64 individuals from 13 

populations genotyped for 10.275 filtered SNPs (see Table 1 for all filtering step). 

During the filtering, the RADIATOR package converted the dataset in several formats (i.e. 

genotype coding system) required by several packages in further analyses. All other 

required file types were created using two file conversion programs PGDSpider v. 

2.1.1.3 (Lischer & Excoffier 2012) and PLINK v. 1.9 (Chang et al. 2015), and the 

packages RADIATOR, LEA (Frichot & François 2015) and adegenet (Jombart 2008; 

Jombart & Ahmed 2011). The output files were used for the following analyses. 

Table 1. Number of putative SNPs retained following each filtering step. 

From reads to SNP   SNP count 

   Stacks catalog 

 

147 595 

Reproducibility 

  ≥  95% of markes 

 

147 350 

Call rate 

  ≥ 60% of markers 

 

48 986 

Population filters 

  monomorphic markers 

 

20 220 

markers commom in all populations 14 994 

Individual threshold (%) 

  ≥ 60% of markers 

 

14 967 

MAF filters  

  Global MAF = 0.01 

  Local MAF = 0.01 

 

14 967 
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Our initial analysis involving all localities showed that the M1 and M2 modules 

were highly genetically differentiated from all other sampling sites along the PMI (e.g. 

FST ranged from 0.72-0.83; Supplementary Figure S1). These two modules also formed 

a separate cluster in our genetic structure and phylogenomic relationships analyses 

(Supplementary Figure S2 and S3). Because of this large genetic divergence, we did not 

consider the individuals of these two modules in the landscape genetics analyses. 

 

Detection of putatively neutral SNPs  

We searched for loci with a level of genetic divergence that exceeding neutral 

expectations using two different approaches. First, we detected putatively neutral SNPs 

using FST outlier analysis (OA) with BAYESCAN v. 2.1 (Foll & Gaggiotti 2008), a 

Bayesian method based on a logistic regression model that separates locus-specific 

effects of selection (adaptive genetic variation) from population-specific effects of 

demography (neutral genetic variation). BAYESCAN is powerful in detecting outliers 

in scenarios with low-admixtured samples (Luu, Bazin & Blum 2017), and we used a 

sample size of 200 000 and a prior model (prior odds parametrization) of 100, a 

thinning interval of 10-20 pilot runs of length 10 000, and a burn-in of 50 000 steps. 

Second, we used environmental association analysis (EAA) with Latent Factors Mixed 

Models (LFMM), which tests for association between loci and environmental variables 

using the R-package LEA v. 2.1.0 (Frichot & François 2015). LFMM uses a hierarchical 

Bayesian mixed model based on the residual of a PCA to take population genetic 

SNPs 

  SNPs per locus = 1   10 373 

Heterozygosity   10 275 
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structure into account (Benestan et al. 2016). We selected four environmental variables 

that are potentially related to signatures of selection in frogs: vegetation cover type, silt 

content, and temperature seasonality (BIO4 as in e.g. www.worldclim.org/bioclim, 

showing the annual range in temperature, and the Walsh index which reflects the 

intensity and duration of the dry season). We summarized the variables by using the 

first axis of a Principal Component Analysis (PCA). To avoid biases in PCA to due 

scales differences in variables, we scaled the PCA by dividing the (centered) columns 

by their standard deviations. LFMM was run using 10 000 iterations, a burn-in of 5000 

steps, 5 repetitions, and three genetic clusters (using Bayesian clustering programs, we 

found that K = 3 ancestral populations could better explain the data). We set both 

BAYESCAN and LEA with false discovery rate (FDR) of 0.05. This study is focused on 

spatially explicit neutral genetic processes thus the following analyses were performed 

only with putatively neutral SNPs data set (i.e. Manel, Schwartz, Luikart & Taberlet 

2003).  

 

Accessing Intraspecific Genetic Structure  

We estimated intraspecific genetic structure between localities using the algorithm 

sNMF in the R-package LEA v. 2.1.0 (Frichot, Mathieu, Trouillon, Bouchard & 

François 2014), using a likelihood algorithm implemented in the programs 

ADMIXTURE v. 1.3.0 (Alexander, Novembre & Lange 2009), and using discriminant 

analysis of principal components (DAPC) in the R-package adegenet v. 2.1.1 (Jombart, 

Devillard & Balloux 2010). sNMF is a method based on sparse Non-negative Matrix 

Factorization algorithms (NMF) and least-squares optimization (Frichot, Mathieu, 

Trouillon, Bouchard & François 2014). We tested values of genetic groups (K) ranging 

from 1 to 11 (upper limit equal to n localities) with 20 independent runs per test, alpha 

http://www.worldclim.org/bioclim
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set at 100, a tolerance error of 0.00001, entropy set as true (where the cross-entropy 

criterion is calculated), a random seed of 50 and 10 000 interactions in the algorithm. 

The best-supported K and the best run were selected by estimation of the lowest error 

value of ancestry through the cross-entropy criterion. The program ADMIXTURE 

simultaneously estimates the probability of the observed genotypes using ancestry 

proportions and population allele frequencies (Alexander, Novembre & Lange 2009). 

Significance of the methods was defined at p < 0.05, otherwise individuals were 

considered pure. We ran ADMIXTURE using cross-validation of a random seed as 43, 

the point estimation method as block relaxation algorithm, QuasiNewton as 

convergence acceleration algorithm and a delta of < 0.0001 to terminate point 

estimation. The number of K with the best fit was determined by the lowest cross-

validation error value. DAPC is a multivariate method that performs discriminant 

functions to describe the relationships between clusters, and membership probabilities 

of each individual for different groups, optimizing variance between groups while 

minimizing variance within groups (Jombart, Devillard & Balloux 2010). We used 

cross-validation to define the number of PCs retained in the analysis. Cross-validation 

provides an objective optimization procedure for identifying the "golidlocks point" in 

the trade-off between retaining too few and too many PCs in the model. We used the 

number of PCs associated with the lowest Root Mean Squared Error - RMSE as the 

optimum number of PCA in the DAPC analysis. Eight PCs and two DAs were retained 

for the analyses, and explained 41% of the total variance. 

 

 Measuring Genetic Differentiation  

We tested for significant deviation from Hardy-Weinberg Equilibrium (HWE) for each 

locality and locus to evaluate the null hypothesis of random mating. Each locality was 
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considered as a population (folloeinng Oliveira et al. 2017). Observed (HO) and 

expected (HE) heterozygosity and inbreeding coefficients (FIS) were calculated using the 

R-package diveRsity v. 1.9.90 (Keenan, McGinnity, Cross, Crozier & Prodöhl 2013), 

based on 999 bootstraps with 95% confidence interval and 1000 replicates for the 

Monte Carlo test. Limited gene flow and the presence of genetic structure will result in 

a spatial Wahlund effect (Wahlund 1928). This is because pooling genetic data where 

genetic structure is present will result in a heterozygosity deficit compared to HWE 

expectation.  

To assess genetic differentiation between localities, we calculated pairwise 

genetic distances based on genotypic relatedness. Genotypes are shuffled at each 

generation, and genotypic structure derived from genotypic similarity between 

individuals can detect short-term processes such as the spatial distribution of close 

relatives (Stow, Sunnucks, Briscoe & Gardner 2001). We used the R-package adegenet 

v. 1.3.1 (Jombart & Ahmed 2011) to estimate pairwise relatedness with five different 

indices. We further used distance matrices based on Nei‟s distance to test the effect of 

IBD and IBR on genetic differentiation and resistance surface, and as recommended by 

Rousset (1997) we linearized FST using the formula FST/(1-FST). We also tested 

differences between populations and groups of populations (clusters) with analysis of 

molecular variance (AMOVA) using 1000 permutations, as described by Excoffier, 

Smouse & Quattro (1992) using the R-package poppr v. 2.7.1 (Kamvar, Tabima & 

Grünwald 2014).   

 

Phylogenomic relationships 

We explored phylogenomic relationships using SNAPP v. 1.4.1 (Bryant, Bouckaert, 

Felsenstein, Rosenberg & Roychoudhury 2012) implemented in BEAST v. 2.5 
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(Bouckaert et al. 2014). To reduce computational requirements and run times, we 

selected 2–3 representative individuals per population without signatures of between-

population admixture to avoid bias. Mutation rates (u and v) were estimated from the 

data in SNAPP, with the birth rate (λ) of the Yule prior based on the number of samples 

used. The trial run for each dataset used a chain length of 1.000.000 generations, 

sampling every 1.000 trees. We inspected final log files, and created maximum clade 

credibility trees (median node heights) by combining three independent runs in 

TreeAnnotator v. 2.5 after discarding 25% as burn-in. We used the SNAPP analysis to 

verify the relationship between the individuals (clusters), and specifically between 

individuals from M1 and M2 modules of the rest of the PMI (see Supplementary Figure 

S3). 

 

Constructing the Environmental Resistance Surfaces  

The study area is characterized by a mosaic of different vegetation types influenced by 

differences in soil gradients and climatic seasonality. We selected four continuous 

landscape variables to be the most important resistors of A. femoralis gene flow: 

vegetation-cover type (as discrete variable), silt content, temperature seasonality (BIO4) 

and the Walsh index (a proxy for climate conditions that represent intensity and 

duration of the dry season) as continuous variables. These variables likely affect the life 

history of A. femoralis across all seasons, and reflect large-scale environments 

important for A. femoralis occurrence and abundance (Ferreira, Jehle, Stow & Lima 

2018). We obtained the environmental variables in raster files from the public 

repository Ambdata (Amaral, Costa, Arasato, Ximenes & Rennó 2013; 

www.dpi.inpe.br/Ambdata). Ambdata provides environmental data for the entire 

Amazon basin, which we reduced to our study area coordinates using the R-package 
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raster v. 2.6.7 (Hijmans 2017) with a cell resolution of 30 arcsecond (1 km
2
). We then 

extracted the values of each sampling location and quantified correlations between 

variables. To avoid model overparameterization, we removed strongly correlated 

variables (r > 0.85) based on their presumed biological relevant for A. femoralis. We 

then standardized all raster file to values between 1 and 100, a valid approach to 

standardized both the range and distribution of resistance values to facilitate 

comparisons among surfaces (Row, Knick, Oyler-McCance, Lougheed & Fedy 2017). 

All environmental raster files are available at Supplementary Figure S4. We modelled 

resistance across the landscape following Dudaniec et al. (2013) and Dudaniec et al. 

(2016), evaluating each resistance surface model separately. We assumed that resistance 

was a function of environmental variables as follows:  

𝓇𝒾 = 1 + α  
𝐹𝒾 − 1

100 − 1
 
𝛾

 

where 𝓇𝒾 is the resistance of raster cell 𝒾; 𝐹𝒾 is the environmental variables value of 

cell 𝒾, in our case (1  𝐹𝒾  100);  > 0 is a parameter that determines the maximum 

possible resistance value, with 1 +  being the maximum resistance value possible; the 

exponent   is a parameter that determines the shape of the relationship between 

environmental variable values (𝐹𝒾) and resistance  𝓇𝒾 , being linear when  = 1 and 

nonlinear when   1 (Shirk, Wallin, Cushman, Rice & Warheit 2010; Dudaniec et al. 

2013; 2016). The equation expresses resistance as a function of the effect of landscape 

features on resistance, and explicitly assumes that the effects of vegetation-cover type 

and temperature seasonality on resistance are negative and positive, respectively (Fig. 

2). 

 We assumed a range of values for the parameters  and . These values were 0, 5, 

10, 100, 1000 for  and 0.01, 0.1, 0.5, 1, 5, 10, 100 for  (see Fig. 2). Raster models 
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were created using the R-packages sp v. 1.2.7 (Bivand, Pebesma & Gomez-Rubio 

2013), rgdal v. 1.2.18 (Bivand, Keitt & Rowlingson 2018), raster v. 2.6.7 (Hijmans 

2017), DT v. 0.4 (Xie 2018) and dbplyr v. 1.2.1 (Wickham & Ruiz 2018). For each 

possible combination of these values (i.e. 35 models), we calculated the resistance value 

of each raster cell for the four landscape features, and used circuit theory (Hanks & 

Hooten 2013; McRae, Dickson, Keitt & Shah 2008) as implemented in 

CIRCUITSCAPE v. 4.0.5 (McRae 2006) to calculate pairwise resistance distance 

between our sampling locations for each landscape resistance surface. This approach 

assesses all current and total resistance between any two points and may better represent 

gene flow that occurs over multiple generations (McRae & Beier 2007; MacRae & Shah 

2009).  

 

Figure 2. Shapes of the isolation-by-resistance (IBR) relationships tested for the effect 

of temperature seasonality and vegetation-cover type on genetic distance FST/(1-FST) 

using seven values of  (0.01, 0.1, 0.5, 1, 5, 10, 100). The different slopes are not shown 

( values) and is set at 5 here for simplicity. The curves show decreasing landscape 

resistances from right to left for vegetation-cover type (A) and left to right for 

temperature seasonality (B). 

 

We then fitted a Maximum-Likelihood Population-Effects (MLPE) mixed-

effects models for each combination of  and  to evaluate the contribution of landscape 



 69 

features in explaining genetic differentiation in A. femoralis. This model used pairwise 

metrics for genetic differentiation and landscape resistance (or cost), where each 

pairwise data point is considered an observation. The lack of independence is 

incorporated as a population-level factor that distinguishes between data points that 

share a common deme, and those that do not (Clarke, Rothery & Raybould 2002; Row, 

Knick, Oyler-McCance, Lougheed & Fedy 2017). A comparison of the fit of models in 

a biologically relevant model set can readily accommodate ecological complexity 

(Burnham & Anderson 2002). Pairwise genetic distance FST/(1-FST) was used as the 

dependent variable, resistance and connectivity distance as the independent variable and 

population as the random variable. We fitted the mixed-effects models using 

parameterization to account for the non-independence of values within pairwise 

distance matrices without restricting maximum-likelihood (Clarke, Rothery & Raybould 

2002; Van Strien, Keller & Holderegger 2012). We constructed 35 different models of 

all combinations of the predictor variables assuming that, in every model, the predictors 

for variation in the intercept were the same as for those in the slope; setting 

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

(see below). Next, we performed a model selection approach to characterize parameter 

uncertainty using Akaike Information Criteria (AIC) to estimate the relative 

contributions of each parameter combination of the four landscape features. Then, we 

compared models by calculating the difference between the AIC of each model and the 

minimum AIC value found for the set of models compared (Burnham & Anderson 

2002; Diniz-Filho, Rangel & Bini 2008). Note that models where  is equal to 0 (seven 

models for each landscape features) are identical regardless of  values, and were thus 

considered to be identical, reducing the analysis to 29 unique models. These analyses 

were performed using R-package ResistanceGA v. 4.0-4 (Peterman 2018), the general 
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function mlpe_rga for flexibly fitting MLPE models using the standard lme4 v. 1.1-17 

formula interface (Clarke, Rothery & Raybould 2002; Bates, Maechler, Bolker & 

Walker 2015), magrittr v. 1.5 (Bache & Wickham 2014) and dplyr v. 0.7.4 (Wickham, 

Francois, Henry & Müller 2017). 

 

Effect of isolation by distance vs. isolation by resistance on genetic differentiation 

We hypothesized that five potential drivers are largely responsible for genetic 

differentiation in A. femoralis across the Purus-Madeira interfluve: (i) geographical 

distance, (ii) resistance through differences in temperature seasonality, (iii) resistance 

through differences in silt content, (iv) resistance through differences in vegetation-

cover type, and (v) resistance through differences in intensity and duration of the dry 

season (Walsh index). The first driver (geographical distance) represents the predicted 

pattern of isolation by distance (IBD), whereas the others are based on assumptions 

regarding the permeability of landscape features to dispersal and represent the probable 

isolation by resistance (IBR) pattern. These hypotheses are not mutually exclusive and, 

in combination, may better explain the genetic pattern we observe. 

We assumed that geographical distance and temperature seasonality are 

inhibitors of gene flow, and thus resistance increased as the geographical distance and 

seasonality of temperature increased. Vegetation-cover type, silt content and Walsh 

index were considered promotors of gene flow (i.e. higher values would have lower 

resistance). In addition, large rivers represent an important barrier for anurans (Ron 

2000; Kaefer, Tsuji-Nishikido, Mota, Farias & Lima 2013; Dias-Terceiro et al. 2015; 

Simões 2016; Godinho & Da Silva 2018; Ortiz, Lima & Werneck 2018), including A. 

femoralis (see Simões, Lima, Magnusson, Hödl & Amézquita 2008; 2014). We 

therefore reasoned that, because the Purus-Madeira interfluve is delimited by these 
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rivers and A. femoralis strongly avoids flooded habitats, gene flow is likely restricted by 

these areas. Consequently, we assigned these rivers a prohibitively high resistance in 

each resistance distance raster. All rasters are available in Figure S4. 

The effect of isolation by distance (association between geographic and FST/(1-

FST)) was tested among all sampling localities through a Mantel test (Mantel 1967) 

using the function mantel.randtest implemented in the ade4 v. 1.7-11 R-package (Dray 

& Dufour 2017), under 10.000 permutations. Geographic distance was modeled with 

Cartesian coordinates and Nei‟s distance. The shortest distance between sampling sites 

was 17.77 km between M12 and M13 and the longest was 601.44 km between M6 and 

M14 as measured with a Global Positioning System (Supporting information Table S2). 

We also carried out an independent test for spatial autocorrelation between geographic 

distance and genetic differentiation along classes of distances using a Mantel 

correlogram (Oden & Sokal 1986), computed using the function mantel.correlog with 

10.000 permutations, number of classes as selected by the Strurges equation, using 

Pearson correlation and correction of P-values through FDR in the vegan v. 2.5-1 R-

package (Oksanen et al. 2018). We set the null hypothesis where no genetic 

differentiation is associated with classes of geographic distance at p > 0.05. 

The effect of isolation by resistance (association between genetic and cost 

distance) decoupled from geographic distance (IBD) was calculated using distance-

based redundancy analysis (dbRDA) in the vegan v. 2.5.1 R-package (Oksanen et al. 

2018). dbRDA is a direct extension of multiple regression to model multivariate 

response data (Legendre & Gallagher 2001; Benestan et al. 2016). We performed an 

dbRDA to quantify the correlation between the best MLPE model for each landscape 

feature and FST/(1-FST), assuming models with genetic differentiation as dependent 

variable and cost distances as independent variables, conditioned on IBD (geographic 
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distance in km). These models were useful to investigate the separate influences of 

landscape features on genetic variation among samples when IBD is not taken into 

account. dbRDA is also more accurate for continuously distributed species, and its type 

II error rates are lower than partial Mantel tests (Kierepka & Latch 2015). We obtained 

statistical significance from each dbRDA model using analyses of variance (ANOVAs; 

1000 permutations). 

 

Results 

Data filtration and detection of putatively neutral SNPs 

The individuals from the northern modules M1 and M2 were found to constitute 

evolutionary units unique from the rest of the PMI (see Supplementary Figures S1, S2 

and S3), and therefore were excluded from the landscapes genetic analyses.  

Using 54 individuals of A. femoralis from 11 localities, we obtained a total of 

10.275 filtered and informative SNPs. BAYSCAN detected 174 SNPs (2,28%) and 

LFMM identified 639 SNPs (8,37%) putatively under divergent selection at the 5% 

significance level.  

 

Population Structure 

ADMIXTURE, sNMF and DAPC analyses produced congruent results for the number 

of inferred ancestral populations (K = 3; Fig. 3). The three analyses also identified the 

same grouping pattern: a cluster in the first three modules (M6 to M8), a cluster in the 

five subsequent sites (from BM8_M9 to M11), and another cluster confined to the 

eastern bank of upper Madeira river (M12 to M14). The largest cluster B was comprised 

of 24 individuals and had the largest geographic distribution across dense and open 

forest ecotypes, however with a considerable admixture with individuals of cluster A 
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(cluster A = 0.90  0.17; cluster B = 0.88  0.12; cluster C = 0.99  0.00). Cluster A 

was situated in dense forest area and comprised 14 individuals (M6-M8). Cluster C was 

comprised of 16 individuals from open forest area separated from the open forest further 

northeast (M11) by transition area with savanna patches (see Fig. 1). Individuals from 

the three clusters did not overlapped in the DAPC plots (Fig. 4).  

 

Figure 3. Barplots of population structure analyses conducted for Allobates femoralis 

along Purus-Madeira interfluve in central-southern Amazonia, resulting from SNPs. A) 

ADMIXURE, B) sNMF and C) DAPC. Sampling locations and the most probable 

number of genetic clusters (k) is provided. Each genetic cluster is assigned to a different 

color, and each bar represent an individual with the proportion of their admixed genome 

(p < 0.05), except to DAPC.  
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Figure 4. Results of the DAPC analysis among geographic populations of Allobates 

femoralis using 10 275 SNPs. Custer A (green circles), samples from M6-M8; cluster B 

(yellow circles), samples from B8_9-M11 and Cluster C (blue circles), samples from 

M12-M14. 

 

Genetic Differentiation  

Levels of genetic variation are given in Table 2. No significantly deviations from 

Hardy-Weinberg equilibrium (HWE) were observed within populations. However, 

when pooling data across populations we found significant deviations from HWE for 

1.614 (21.15%) putatively neutral SNPs, and for 1.117 SNPs (14.63%) when adjusted 

for false discovery rates (FDR). Observed heterozygosity ranged from 0.08 (M14) to 

0.12 (M8), and expected heterozygosity ranged from 0.08 (M14) to 0.13 (BM8_9 and 

M9). Inbreeding coefficients ranged between -0.077 (M14) and 0.167 (BM8_9).  
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Table 2. Genetic differentiation indexes calculated for Allobates femoralis sampling 

sites with number of collected individuals along Purus-Madeira interfluve in central-

southern Amazonia. 

Parameters are as follows: number of sampled individuals (NTOTAL), observed 

heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS) and 

their low and high values are presented for each locality and Hardy-Weinberg 

equilibrium (HWE). Sampling localities abbreviations: M (modules), BM (between 

modules). 

 

Pairwise genetic distances (FST) ranged from 0.020 (M13 vs. M14) to 0.207 (M6 

vs. M14, Table 3), and generally increased with geographic distance (highest between 

M6-M8 in the northeast and M12-M14 inn the southeast, see Table 3 and Table S2). 

AMOVAs for populations and genetic clusters revealed that most of the genetic 

variation was expressed among individuals (59.13% and 53.80%, resopectively), 

followed by the variation among the populations (34.97%) and clusters (33.91%) as 

well as among individuals within populations (5.90%) and genetic clusters (12.29%). 

 

              

  

Parameter 

Site NTOTAL HO HE FIS FIS low FIS high HWE 

M6 5 0.09 0.09 0.0434 -0.0341 0.0827 1 

M7 5 0.10 0.10 0.0126 -0.0756 0.0719 1 

M8 4 0.12 0.12 0.0389 -0.1102 0.1448 1 

BM8_9 7 0.11 0.13 0.1672 0.0524 0.239 1 

M9 5 0.11 0.13 0.1202 -0.0517 0.2236 1 

BM9_10 3 0.11 0.11 0.0023 -0.053 0.0985 1 

M10 3 0.11 0.11 -0.0151 -0.0719 0.077 1 

M11 6 0.10 0.11 0.1244 -0.0025 0.1777 1 

M12 6 0.09 0.10 0.0386 -0.0846 0.1041 1 

M13 6 0.09 0.09 0.009 -0.128 0.0742 1 

M14 4 0.08 0.08 -0.077 -0.2999 0.0515 1 
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Statistical significance recovered by permutation tests on both AMOVAs are below 

0.001. Detailed information on sample size per localities are shown in Table 2. 

 

Table 3. Pairwise genetic distances (FST) based on Nei's distance estimates between 

sampling sites. 

 

 

Isolation by geographic distance  

There were significant associations between genetic and geographic distances, 

supporting IBD among sampling sites in A. femoralis (Fig. 5, Mantel test: p < 0.0001, r
2
 

= 0.96). The Mantel correlogram calculated for seven classes of geographic distance 

(km) over genetic distances showed spatial autocorrelation in four cases (Fig. 6). 

Genetic distance was positively correlated with geographic distances within 60 km (r = 

0.67, p < 0.001) and 143 km (r = 0.24, p = 0.02), while a negatively correlation was 

observed for scales of 476 km (r = -0.61, p = 0.03) and 560 km (r = -0.61, p < 0.001). 

 

 

  M6 M7 M8 BM8_9 M9 BM9_10 M10 M11 M12 M13 M14 

M6 - 0.037 0.058 0.080 0.094 0.121 0.127 0.137 0.198 0.201 0.207 

M7 

 

- 0.048 0.071 0.082 0.108 0.114 0.125 0.185 0.189 0.194 

M8 

  

- 0.043 0.050 0.076 0.082 0.092 0.154 0.157 0.162 

BM8_9 

   

- 0.032 0.055 0.063 0.073 0.135 0.138 0.143 

M9 

    

- 0.051 0.058 0.070 0.133 0.137 0.141 

BM9_10 

     

- 0.051 0.061 0.130 0.133 0.139 

M10 

      

- 0.053 0.133 0.137 0.141 

M11 

       

- 0.116 0.122 0.125 

M12 

        

- 0.021 0.029 

M13 

         

- 0.020 

M14                     - 
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Figure 5. Patterns of gene flow based on correlation between genetic distance FST/(1-

FST) and geographic distance, indicating isolation by geographic distance in A. 

femoralis across Purus-Madeira interfluve. 

 

Figure 6. Spatial autocorrelation of Mantel calculated for seven classes of geographic 

distance (km) over genetic distances Fst/(1-Fst) in Allobates femoralis across Purus-

Madeira interfluve. Black squares indicate significant distance classes (p ≤ 0.05). 
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Isolation by environmental resistance 

The best model (lowest AICc) for the effect of vegetation-cover type on genetic 

distance in A. femoralis was  = 5,   = 10, and explained 98% of the genetic variation 

(Table 4). Walsh index explained 96% of the genetic variation at  = 100 and   = 5 

(Table 4). Temperature seasonality and silt content explained 95% of the genetic 

variation in both cases, with the maximum-likelihood parameters of   = 10 and 1000, 

and  = 5 and 1, respectively (Table 4). This parameter combination indicates that IBR 

is at the maximum value when all landscape features have values of 100 (see Fig. 2). 

All the ΔAIC values were the same for the four landscape features (0.00), supporting 

the maximum-likelihood models. In the dbRDA models, the Walsh index best explained 

the observed genetic variation of A. femoralis and captured 8.4% of the observed 

variation (F1,52 = 41.72; p = 0.001), followed by vegetation-cover type (6.4%; F1,52 = 

26.85, p = 0.001), temperature seasonality (5.3%; F1,52 = 20.54, p = 0.001) and silt 

content (3.5%; F1,52 = 11.79, p = 0.001; Table 4). The figures from the dbRDA models 

are available in Figure S5. 

 

Table 4. Summary of model selection, maximum likelihood population effects mixed 

effects models (MLPE) and distance-based redundancy analyses (dbRDA) showing the 

effects of isolation by resistance (IBR) on gene flow in Allobates femoralis along the 

Purus-Madeira Interfluve. 

 

  MLPE dbRDA 

Variables   AICc C r
2
 SE t-value r

2
 F p 

Vegetation-cover type 5 10 36.66 0.00 0.98 0.0800 21.223 0.064 26.85 0.001 

Walsh index  100 5 51.81 0.00 0.96 0.0707 17.025 0.084 41.72 0.001 

Temperature seasonality  10 5 52.73 0.00 0.95 0.0903 16.053 0.053 20.54 0.001 

Silt content 1000 1 50.69 0.00 0.95 0.0887 16.557 0.035 11.79 0.001 
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AIC, Akaike Information Criteria. The parameter combination of the best models with 

the maximum-likelihood for each landscape features is shown („ and ‟). The AICc 

and AIC of this parameter combination is shown, as well as the model correlation 

coefficient („r
2
‟ = proportion of variance explained by the model) and standard error 

(„SE‟) and finally, the size of the difference relative to the variation of the data („t-

value‟) is shown. The F and p values in dbRDA were obtained by ANOVA. Bolded p 

values show significant effects of IBR on genetic distance in Allobates femoralis. 

Coefficients from MLPE and dbRDA were obtained using genetic distance as response 

variable and environmental cost as predictor variables. We used log(FST/1-FST) and 

geographic distance in km both in the MLPE and in the dbRDA. 

 

Discussion 

The localities M1 and M2 had very high genetic distances relative to individuals from 

other localities along the PMI, and taxonomic considerations of our findings will be 

addressed in future research. In addition to this region undergoing several profound 

historical changes in drainage systems (see Hoorn et al. 2010; Latrubesse et al. 2010; 

Nogueira, Silveira & Guimarães 2013), these two localities are situated on very recent 

holocenic terraces that have been dated to the last 6 to 2 mya (Rossetti, Mann de Toledo 

& Góes 2005), characterized by a mosaic of seasonally flooded and upland forests 

(Brasil 1978). Besides the recent geologic history, the forests in this northern portion of 

the interfluve are comprised of smaller and younger trees, and have high rates of 

biomass turnover when compared to forests that grow in well drained soils within the 

interfluve (Cintra et al. 2013; Schietti et al. 2016). 

 

Differentiation and genetic structure within the Purus-Madeira interfluve 

Our findings corroborate the gradient hypothesis as a mechanism for Neotropical 

diversification (Wright 1943; Endler 1977; Nosil 2012). Allobates femoralis populations 

within the PMI showed strong spatial genetic structure, with higher gene flow among 
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geographically closer localities combined with ecological adaptation to dense and open 

forest ecotypes (Fig. 1). The pattern found for A. femoralis in this study is reflected in 

other vertebrates within the PMI. An arboreal frog (Osteocephalus taurinus) also has a 

sharp phylogeographic break in its populations (Ortiz, Lima & Werneck 2018), and an 

abrupt cline in color for the bird populations (Gymnopithys salvini; De Abreu, Schietti 

& Anciães 2018). In the past this region experienced an extremely cold and dry climate 

during glacial periods in the late Pleistocene (Cohen et al. 2014), which may explain 

this break of gene flow in different vertebrates. We believe that clusters C and part of B 

of A. femoralis, as well as O. taurinos and G. salvini could have been historically 

exposed to more climatically unstable and ephemeral conditions, followed by isolation 

of cluster C in the open forest from cluster B occupying drier forest with patches of 

savanna. The southwestern PMI is drier as well as colder, with more concentrated rains 

over short periods (IBGE 1997; Alvares, Stape, Sentelhas, de Moraes Gonçalves & 

Sparovek 2013). 

Individuals cluster B who have the color of the femoral spot yellow expand into 

the dense forest until they come into contact with individuals cluster A who have the 

color of the femoral spot red. Cluster A is dominant within the dense forest. In the 

contact zone between different morphotypes in relation to femoral spot color (between 

M8-M9), we found hybrids with orange colors. We believe that this phenotypic 

variation may be responsible for the structuring of these two populations. Although the 

geographic variation of the color of the femoral spot of A. femoralis has been previously 

documented (Amézquita et al. 2009), still do not have a quantitative assessment of such 

variation and how it relates to the phenotypic divergence among populations. Our 

captive reproduction experiments (mate-recognition traits) indicated that the A. 

femoralis females have strong sexual selection in relation to the color of the femoral 
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spot of males (AP Lima and AS Ferreira, unpublished data), and future studies need to 

test how the levels of connectivity can help explain the phenotypic variation in 

coloration of this species. Rodríguez et al. (2015) reported that forest-specialist anurans 

tend to have stronger genetic structure than open-area specialists, however, A. femoralis 

is generalist and use breeding habitats inside and outside the forest (Gascon 1993). 

Suitable areas may maximize individual fitness and shelter large population 

sizes (Gugger, Ikegami & Sork 2013; Nagaraju et al. 2013), and hence it is expected 

that individuals will immigrate from neighboring, less suitable areas. Therefore, 

differences in the macro habitat (forest structure and climate) could have produced 

distinct ecological responses (e.g., in physiological preferences and dispersal 

capabilities) in continuous A. femoralis populations distributed along the PMI 

environmental gradient, thus promoting their genetic differentiation. In addition, 

historical processes, for example, ancient geomorphological barriers have been 

proposed as drivers of geographic differentiation involving secondary contact for 

Amazonian frogs (Gascon et al. 1998; Lougheed, Gascon, Jones, Bogart & Boag 1999; 

Symula et al. 2003; Simões et al 2008). However, we could not determine the type of 

contact (primary or secondary) for A. femoralis populations within PMI, an issue which 

must be addressed in future research. 

 

Isolation by resistance and by distance 

Our study demonstrates that the genetic variation in A. femoralis is affected both by 

resistance imposed by landscape features and geographic distance. Landscape features 

can potentially influence the spatial connectivity and rates of gene flow among 

populations. The four landscape features used by us had significant effects on genetic 

differentiation among A. femoralis populations, although they only explained around 
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5,9% of its variance (Table 4). A previous study carried out in this interfluve showed 

that A. femoralis is more abundant in open forests with clay-rich soils (Ferreira, Jehle, 

Stow & Lima 2018). The main factors related to the variation in vegetation structure are 

climatic conditions, biotic interactions, soil conditions and its occurrence in areas 

subject to seasonal flooding (Sombroek 2000; Thuiller 2007; Quesada et al. 2010; 

Olivares, Svenning, Van Bodegom & Balslev 2015; Figueiredo et al. 2017). Although 

within the PMI does not have physical barriers, this area is not spatially uniform due to 

the climatic and environmental changes that occur throughout its entire length. The 

correlation between genetic and current landscape features found in A. femoralis reflect 

the climatic and environmental discontinuity of this interfluve. The foraging mode of 

garden treeboa snake (Corallus hortulanus) was associated with genetic divergence 

with significant effects of IBR on gene flow within PMI (Fraga, Lima, Magnusson, 

Ferrão & Stow 2017), for this species, nonflooded rainforests are habitats providing 

genetic connectivity. Amphibians are potentially affected by landscape features (Zeisset 

& Beebee 2008; Dudaniec, Spear, Richardson & Storfer 2012; Peterman, Connette, 

Semlitsch & Eggert 2014). Previous studies reporting their associations between 

landscape feature without physical barriers with processes of population connectivity 

(gene flow), population structure and speciation (e.g., Graham, Ron, Santos, Schneider 

& Moritz 2004; Richardson 2012; Wang 2012; Richter-Boix, Quintela, Kierczak, 

Franch & Laurila 2013; Buskirk 2014). 

Our results show that gene flow in A. femoralis is heavily influenced by IBD, 

given that genetic distance increases with geographic distance (Table 3). IBD is 

especially common among ectotherms, suggesting a metabolic basis underlying gene 

flow (Jenkins et al. 2010, Oliveira et al. 2017). Ectotherms like frogs must modulate 

activity and location based on external temperature. Thus, they are necessarily 
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constrained to disperse within strict temperature limits and temporal windows of 

opportunity (Janzen 1967; Ghalambor, Huey, Martin, Tewksbury & Wang 2006; Ortiz, 

Lima & Werneck 2018). Although our results support more IBD, our landscape features 

can be considered measure of habitat quality for A. femoralis, and add unique 

contributions to the observed genetic pattern. Some evidence suggests that variation in 

habitat quality drives differential dispersal and, therefore, population differentiation 

(Garant, Kruuk, Wilkin, McCleery & Sheldon 2005). We acknowledge that A. femoralis 

individuals can disperse along the entire interfluve because it is found in different 

regions within the PMI, but they seem to be filtered by ecological and environmental 

filters as the proportion of these individuals was low in dense forest and abundant in 

open forest. (Ferreira, Jehle, Stow & Lima 2018).  

Our interpretation is supported by previous studies with frog species that 

reported adaptive divergence of populations to different habitat types across continuum 

landscapes thus suggesting incipient ecological specialization (Richter-Boix, Quintela, 

Kierczak, Franch & Laurila 2013; Buskirk 2014; Rodríguez et al. 2015; Ortiz, Lima & 

Werneck 2018); and by studies that have suggested that steep genetic clines and contact 

zones are maintained by reinforcement due to morphological, acoustic and genetic 

character displacement as prezygotic mechanism (Hoskin, Higgie, McDonald & Moritz 

2005) and hybrid unviability as postzygotic mechanisms (Simões, Lima & Farias 2012; 

Smith, Hale, Kearney, Austin & Melville 2013). The evolution of these mechanisms 

between areas are thought to reduce the likelihood of heterospecific encounters (Nosil 

2012), thus maintaining the geographic differentiation of parapatric populations (Endler 

1977). Therefore, we propose that differences in the macro habitat (forest structure, soil 

and climate) could have produced distinct ecological responses (i.e., in physiological 

preferences and dispersal capabilities) in continuous A. femoralis populations 
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distributed along the PMI environmental gradient, thus promoting their genetic 

differentiation. This may be especially important considering that A. femoralis is a 

diurnal frog with territorial behavior and females present low mobility even across years 

(Ringler, Ursprung & Hödl 2009; Montanarin, Kaefer & Lima 2011).  

 

Conclusion 

This study constitutes a first approach to understanding drivers of genetic variation of a 

widespread Amazonian forest-floor frog at an interfluvial landscape level, based on a 

large sampling effort. Our results show that landscape features and geographical 

distances were enough to explain divergence among populations of A. femoralis within 

one interfluve in the Amazon where, for this species, the presence of barriers to gene 

flow was limited when compared to multiple interfluvial areas or obvious physical 

barriers. This study also illustrates how patterns of genetic variation can be studied in a 

spatially continuous environment with high heterogeneity to investigate broader current 

biogeographic processes through the coupling of landscape genetics with the use of 

SNPs, and model-based approaches.  

In this perspective, our results showed that A. femoralis form geographically 

structured clusters along the continuous landscapes within PMI, without physical 

barriers (i.e. rivers, emerging arches and mountains), reflecting complex structuring 

scenarios related with both the environmental variation and geographic distance, but 

maybe also influenced by deep historical events in the Amazon Basin diversification 

(Antonelli et al. 2010; Hoorn et al. 2010), and sexual selection through of different 

phenotypic traits. Long-term isolation is not essential to generate significant genetic 

differentiation (Knowles & Alvarado-Serrano 2010), but this seems to be the case for 

the A. femoralis complex, where our approach yielded stronger support for the 
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occurrence and abundance models (Ferreira, Jehle, Stow & Lima 2018) that showed that 

despite the potential for dispersal of A. femoralis, environmental variation act as an 

environmental filter. These characteristics make A. femoralis an important evolutionary 

system to track signs of ecologically based diversification in Amazonia. This approach 

is particularly relevant for poorly studied regions, such as the Amazon basin where 

threats are escalating. 
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matter of scale: historical and environmental factors structure anuran assemblages from 

the Upper Madeira River, Amazonia. Biotropica, 47, 259-266 DOI: 10.1111/btp.12197. 

 

Diniz-Filho JAF, Rangel TFLVB, Bini LM (2008) Model selection and information 

theory in geographical ecology. Global Ecology Biogeography, 17, 479-488. DOI: 

10.1111/j.1466-8238.2008.00395.x 

 

Dray S, Dufour AB (2007) The ade4 package: implementing the duality diagram for 

ecologists. Journal of Statistical Software, 22, 1-20. DOI: 10.18637/jss.v022.i04 

 

Dudaniec RY, Rhodes JR, Wilmer JW, Lyons M, Lee KE, Mcalpine CA, Carrick FN 

(2013) Using multilevel models to identify drivers of landscape-genetic structure among 

management areas. Molecular Ecology, 22, 3752-3765. DOI: 10.1111/mec.12359 

 

Dudaniec RY, Spear SF, Richardson JS, Storfer A (2012) Current and historical drivers 

of landscape genetic structure differ in core and peripheral salamander populations. 

PLoS One, 7, e36769. DOI: 10.1371/journal.pone.0036769 

 

Dudaniec RY, Wilmer JW, Hanson JO, Warren M, Bell S, Rhodes JR (2016) Dealing 

with uncertainty in landscape genetic resistance models: a case of three co-occurring 

marsupials. Molecular Ecology, 25, 470-486. DOI: 10.1111/mec.13482 



 92 

 

Emilio T, Quesada CA, Costa FRC, Magnusson WE, Schietti J, Feldpausch TR, Brienen 
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Supporting information 

 

Firure S1. Pairwise genetic distances (FST) based on Nei's distance estimates between 

sampling sites. 
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Figure S2. Barplots of population structure analyses conducted for Allobates femoralis 

in central-southern Amazonia, resulting from SNPs. A) ADMIXURE, B) sNMF and C) 

DAPC. Sampling locations and the most probable number of genetic clusters (k) is 

provided. Each genetic cluster is assigned to a different color, and each bar represent an 

individual with the proportion of their admixed genome (P < 0.05), except to DAPC.  
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Figure S3. Population tree based on SNAPP analysis from SNPs. Posterior probabilities 

obtained at each node (between populations) are indicated on the tree. Pop1 correspond 

to the individuals from localities M1 and M2; Pop2 correspond to individuals from 

localities M6 to M8; Pop3 correspond to individuals from localities B8_9 to M11 and 

Pop4 individuals from localities M12 to M14. 
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Figure S4. Rasters used in Circuiscape to generate the matrices of pairwise distance to 

test genetic differentiation in Allobates femoralis. Vegetation-cover type (A), silt 

content (B), temperature seasonality - Bio4 (C) and Walsh index (D). 
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Figure S5. Patterns of gene flow in Allobates femoralis based on isolation by cost 

distance. The biplot shows individuals as open circles and the explanatory variables as 

vectors (blue arrows). Vegetation-cover type (A), silt content (B), temperature 

seasonality - Bio4 (C) and Walsh index (D). 

 

 

 

 

 

 

 



 119 

Table S1. Geographic position of brilliant-thighed frog (Allobates femoralis) sampling locations within the Purus–Madeira interfluve. 

 

 

 

 

 

 

 

Locality local name Code Municipality State Latitude Longitude 

PPBio module 1, km 34 of BR-319 Purupuru M1 Careiro da Várzea Amazonas  -3,353377 -59,85562996 

PPBio module 2, km 100 of BR-319 Manaquiri M2 Careiro Amazonas  -3,68750874 -60,33169667 

PPBio module 3, km 168 of BR-319 Taboca M3 Careiro Amazonas  -4,12758792 -60,72872504 

PPBio module 4, km 220 of BR-319 Taquara M4 Borba Amazonas  -4,37630304 -60,94880347 

PPBio module 5, km 260 of BR-319 Igapó-açu M5 Beruri Amazonas  -4,6096445 -61,2500883 

PPBio module 6, km 300 of BR-319 Orquestra M6 Manicoré Amazonas  -5,0041793 -61,5411712 

PPBio module 7, km 350 of BR-319 Rio Novo M7 Beruri Amazonas  -5,23999991 -61,95724483 

PPBio module 8, km 400 of BR-319 Capanã M8 Manicoré Amazonas  -5,6436243 -62,151335 

Site between module 8 and 9 of BR-319 Capanã BM8_9 Manicoré Amazonas  -5,80877778 -62,32552778 

PPBio module 9, km 450 of BR-319 Jari M9 Tapauá Amazonas  -5,92982409 -62,5117239 

Site between module 9 and 10 of BR-319 Jari BM9_10 Tapauá Amazonas  -6,34458333 -62,78458333 

PPBio module 10, km 540 of BR-319 Aracá M10 Humaitá Amazonas  -6,57142945 -62,90062384 

PPBio module 11, km 620 of BR-319 Puruzinho M11 Humaitá Amazonas  -7,2185608 -63,0919793 

PPBio module 12, left bank of the upper Madeira River Búfalo M12 Jirau Porto Velho -9,1076 -64,479081 

PPBio module 13, left bank of the upper Madeira River Ilha da Pedra  M13 Jirau Porto Velho -9,167074 -64,629109 

PPBio module 14, left bank of the upper Madeira River Jirau esquerdo M14 Abumã Porto Velho -9,317073 -64,743354 
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Table S2. Distance between Allobates femoralis sampling locations within the Purus-

Madeira interfluve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  M6 M7 M8 BM8_9 M9 BM9_10 M10 M11 M12 M13 M14 

M6 - 53.08 98.19 124.81 148.94 203.06 230.45 300.38 560.32 575.38 601.44 

M7 
 

- 49.81 75.33 98.34 153.35 181.32 253.53 512.75 527.40 553.44 

M8 
  

- 26.65 51.07 104.90 132.46 203.87 463.37 478.16 504.21 

BM8_9 
   

- 24.63 78.36 106.11 178.37 437.42 452.09 478.13 

M9 
    

- 55.17 83.39 157.16 415.05 429.48 455.50 

BM9_10 
     

- 28.33 103.05 359.91 374.31 400.33 

M10 
      

- 75.08 331.67 346.14 372.17 

M11 
       

- 259.96 275.19 301.25 

M12 
        

- 17.77 42.23 

M13 
         

- 26.06 

M14                     - 
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SÍNTESE 

Ocupando uma área estimada em mais de seis milhões de Km
2
, a Amazônia 

concentra uma das mais ricas biodiversidades terrestres do planeta (Gentry 1988; 

Mittermeier et al. 2003; Betts et al. 2008). No entanto, apesar do reconhecimento da 

floresta amazônica como um dos últimos biomas terrestres tropicais a apresentar 

grandes extensões contínuas de floresta e da sua importância na regulação climática, ela 

vem sendo ameaçada pelo avanço do desmatamento, da fronteira agrícola e pela 

instalação de grandes hidroelétricas (Fearnside 2006; Nobre 2014). De maneira geral, 

essas pressões afetam sua complexa rede de interações ecológicas e sua capacidade de 

continuar gerando processos vitais responsáveis por manter o funcionamento dos 

serviços ecossistêmicos (Lewis et al. 2011; Nobre 2014). Portanto, é urgente e 

necessário entender quais os fatores que controlam a distribuição, abundância, 

variabilidade genética e fluxo gênico de sua biodiversidade. 

No primeiro capítulo desta tese, nós identificamos e caracterizamos importantes 

parâmetros ambientais associados com a distribuição e abundância relativa de Allobates 

femoralis usando amostragens padronizadas em módulos de pesquisas que seguem o 

padrão RAPELD em um transecto de 880 km de paisagem contínua ao longo do 

interflúvio Purus-Madeira. Nós mostramos que Allobates femoralis apresenta alta 

probabilidade de detecção. Usamos modelos lineares generalizados de efeito misto (para 

o nível das parcelas) e regressões lineares simples (para o nível de módulos), e levando 

em conta a detectabilidade nos modelos, nós mostramos que A. femoralis é mais 

abundante nas florestas abertas do que nas florestas densas e é positivamente associado 

com solos ricos em argila. Nós demostramos que variáveis ambientais relativamente 

fáceis de amostrar podem explicar a distribuição e abundância relativa de uma espécie 

amplamente distribuída em diferentes escalas espaciais. Desta forma, nossos resultados 

sugerem que a distribuição e abundância relativa de A. femoralis é moldada por 

gradientes ecológicos graduais.   

No segundo capítulo, nós aplicamos uma abordagem de modelagem multinível 

baseada na teoria dos circuitos utilizando Polimorfismos de Nucleotídeos Únicos 

(SNPs) para testar a hipótese de gradientes ambientais em A. femoraslis. Nós 

mostramos que tanto os efeitos do isolamento por distância (IBD) quanto os efeitos do 

isolamento por resistência (IBR) de paisagens atuais e contínuas são evidentes nos 

padrões espaciais de variabilidade genética e no fluxo gênico em A. femoralis ao longo 



 122 

das paisagens heterogêneas ao longo do IPM, suportando assim a hipótese dos 

gradientes para diversificação.  

Os resultados obtidos nessa tese são inéditos e importantes para diversas áreas, 

tais como, ecologia, evolução e biologia da conservação e podem ajudar ecologistas e 

conservacionistas que trabalham em grandes e inacessíveis áreas, tais como, a bacia 

Amazônica. Especialmente devido os avanços do desmatamento na Amazônia e 

recursos cada vez mais limitados para aplicar em conservação, ter dados disponíveis e 

métodos rápidos e com bom custo benefício para predizer impactos antrópicos são 

fundamentais. Ao usar uma estrutura analítica atual e sofisticada, esta tese também 

fornece um importante primeiro passo para compreender os padrões e processos que 

podem gerar diversidade em paisagens contínuas da Amazônia. 
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