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RESUMO

Forgas seletivas moldaram a evolugdo de novas formas, comportamentos e caracteristicas dos anfibios
ao longo de milhares de anos. Assim ocorreu o surgimento dos modos reprodutivos especializados,
como o desenvolvimento direto. Nesta tese, retino as principais hipoteses e potenciais forgas seletivas
relacionadas a evolug¢do do desenvolvimento direto em anuros (Capitulo I). Em uma escala espacial
fina, avalio as relagdes entre a ocorréncia dessas espécies com fatores bidticos (composi¢dao
filogenética e diversidade funcional) e abioticos (clima e topografia) em comunidades locais da Mata
Atlantica e discuto as ideias e hipoteses evolutivas relacionadas a esse modo reprodutivo (Capitulo
II). Em uma escala espacial mais ampla, testo a relagdo e a importancia desses fatores para a
ocorréncia de anfibios de desenvolvimento direto em comunidades do Novo Mundo e verifico como
essas relacdes variam de acordo com os distintos biomas dessa regido (Capitulo III). Por fim, examino
a distribui¢do de espécies com esse modo reprodutivo do género Ischnocnema na Mata Atlantica e
avalio o papel das areas protegidas em garantir a protecao dessas espécies em cendrios futuros de
mudancas climaticas (Capitulo 1V). No primeiro capitulo, aponto para as multiplas hipoteses e
potenciais forgas seletivas que levaram a evolucao do desenvolvimento direto. Os resultados do
capitulo II vao de encontro a essas hipdteses, uma vez que testo e demonstro uma maior influéncia
da umidade, sazonalidade da temperatura e diversidade funcional na estruturacdo e ocorréncia de
anuros de desenvolvimento direto em comunidades locais de anuros da Mata Atlantica. Ja no terceiro
capitulo, demonstro a importancia da historia evolutiva para a ocorréncia do desenvolvimento direto
em biomas tropicais do Novo Mundo, enquanto para os biomas temperados verifico uma maior
influéncia de fatores abioticos (temperatura e umidade). No ultimo capitulo, verifico que, apesar de
bem representadas pelas areas protegidas, muitas espécies do género Ischnocnema poderdo sofrer
redugdes significativas em suas areas de distribui¢do. Demonstro assim a importancia das areas
protegidas para o futuro dessas espécies com modo reprodutivo extremamente especializado. Esses
resultados fornecem importantes contribuicdes para o entendimento da evolucao do desenvolvimento

direto em anfibios, além do potencial impacto positivo para a conservagao do grupo.



Palavras-chave: Anfibios; areas protegidas; conservagao; desenvolvimento embrionario; evolucao;
mudangas climaticas; Mata Atlantica; Novo Mundo

ABSTRACT

Selective forces have shaped the evolution of new forms, behaviors, and characteristics of

amphibians over thousands of years. This gave rise to specialized reproductive modes, such as



direct development. In this thesis, I gather the main hypotheses and potential selective forces related
to the evolution of direct development in anurans (Chapter I). On a fine spatial scale, I assess the
relationships between the occurrence of these species and biotic factors (phylogenetic composition
and functional diversity) and abiotic factors (climate and topography) in local communities of the
Atlantic Forest. I discuss evolutionary ideas and hypotheses related to this reproductive mode
(Chapter II). On a broader spatial scale, I examine the relationship and importance of these factors
to the occurrence of direct-developing amphibians in New World communities and investigate how
these relationships vary across the distinct biomes of this region (Chapter III). Finally, I examine the
distribution of species with this reproductive mode from the genus Ischnocnema in the Atlantic
Forest. I evaluate the role of protected areas in ensuring the protection of these species in future
scenarios of climate change (Chapter IV). In the first chapter, I point out the multiple hypotheses
and potential selective forces that led to the evolution of direct development. The results of Chapter
IT corroborate to these hypotheses, where I test and demonstrate a greater influence of humidity,
temperature seasonality, and functional diversity on the structure and occurrence of direct-
developing anurans in local communities of the Atlantic Forest. In the third chapter, I demonstrate
the importance of evolutionary history for the occurrence of direct development in tropical biomes
of the New World, while for temperate biomes, I find a greater influence of abiotic factors
(temperature and humidity). In the last chapter, I find that, despite being well represented in
protected areas, many species of the genus Ischnocnema may experience significant reductions in
their distribution areas. I thus demonstrate the importance of protected areas for the future of these
species with an extremely specialized reproductive mode. These results provide important
contributions to understanding the evolution of direct development in amphibians, as well as the

potential positive impact on the conservation of the group.

Keywords: Atlantic Forest; Amphibians; climate changes; conservation; embryonic development;
evolution; New World; protected areas
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INTRODUCAO GERAL

Os mecanismos associados a evolugdo bioldgica intrigam e fascinam os cientistas ha tempos,
no entanto, foi principalmente apds a publicacdo de “A origem das Espécies” por Charles Darwin em
1859, que o estudo desses mecanismos abriu caminhos e gerou novas perspectivas. Com a intersec¢ao
destes interesses pelos aspectos evolutivos com os tradicionais estudos ecoldgicos, sobre os processos
e padrdes de distribuicao da biodiversidade e das relagdes entre os organismos com o ambiente (fisico
e bidtico), foi estabelecida a ecologia evolutiva (Pianka, 2011). E ecologia evolutiva busca
compreender os processos ecologicos em um contexto evolutivo, a origem de novas linhagens e dos
mecanismos € processos de especiacdo, e o surgimento e a evolucdo de novas estruturas,
comportamentos e caracteristicas, também conhecidas como inovagdes evolutivas (Mélo, 2019;
Pigliucci, 2008). Diversos estudos vém buscando compreender os mecanismos € 0s principais

propulsores para o aparecimento dessas inovagdes nos mais diversos grupos taxondmicos.

Alta competicdo entre espécies, predacdo elevada e condi¢cdes ambientais adversas sdo os
candidatos-chave no contexto da evolugdo de novas caracteristicas (Hoffmann e Herus, 2000;
Langerhans, 2007; Losos e Mahler, 2010; Maccoll, 2011; Massol et al., 2013). Esses mecanismos
propiciaram o surgimento € a evolucdo de uma infinidade de novas inovagdes morfologicas,
fisiologicas e comportamentais nos diferentes ramos da arvore da vida, como a producdo de
metabolitos secundérios em plantas (Kariftho-Betancourt, 2017), os padrdes de coloragdo das asas de
borboletas (Moczek, 2008) e os chifres e galhadas dos cervideos (Metz ef al., 2018). Outro exemplo
de como as diferentes pressoes seletivas guiaram a evolucdo de caracteristicas de historia de vida

pode ser percebida através da alta diversidade reprodutiva apresentada pelos anfibios.

Com mais de 70 modos reprodutivos descritos, os anfibios abrangem uma gama de
possibilidades reprodutivas, que variam desde a oviposi¢cdo com desenvolvimento larval ocorrendo
em ambientes aquaticos (o modo reprodutivo bifasico ancestral), até a reproducdo e desenvolvimento

acontecendo completamente em ambientes terrestres (Nunes-de-Almeida et al., 2021). Nesses
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ambientes, espécies podem se empoleirar e ovipositar nas folhas de plantas, tanques de bromélias
epifitas ou até mesmo se reproduzir na serapilheira das florestas (Haddad e Prado, 2005; Nunes-de-
Almeida et al., 2021). Além disso, niveis notaveis de especializacdo reprodutiva podem ser
encontrados, como por exemplo, espécies de anfibios marsupiais que carregam seus ovos € juvenis
no dorso (por exemplo, espécies de Fritziana), espécies que chocam seus ovos no estdbmago ou sacos
vocais (por exemplo, Rheobatrachus silus € Rhinoderma darwini), e espécies que tiveram o estagio
larval suprimido (Haddad et al., 2013; Jorquera et al., 1974; Leong et al., 1986). Nesse tltimo caso,
uma pequena parcela das espécies apresenta viviparidade, enquanto a grande maioria possui o modo
reprodutivo conhecido como desenvolvimento direto, caracterizado pela oviposicdo (geralmente
terrestre) com posterior eclosdo em miniaturas dos adultos (Liedtke et al., 2022; Nunes-de-Almeida
etal., 2021).

Aparecendo em diferentes linhagens da arvore evolutiva dos anfibios, o desenvolvimento
direto € observado em pelo menos 27% das espécies de anuros descritas (Furness e Capellini, 2022;
Furness et al., 2022; Liedtke et al., 2022). Diferentemente do esperado, a evolucdo do
desenvolvimento direto ndo seguiu passos sequenciais, sendo esse precedido pelos modos
reprodutivos com oviposi¢do terrestre € desenvolvimento aquatico (Gomez-Mestre et al., 2012;
Liedtke et al., 2022). Adicionalmente, o desenvolvimento direto foi antecedido tanto por ovos e
girinos desprotegidos, quanto por larvas que se alimentam, conhecidas como exotroficas (Gomez-
Mestre et al., 2012). Dessa forma, esses aspectos podem indicar a provavel atuagdo de diferentes
promotores para a sua evolucdo. Nesse sentido, distintos fatores bidticos e abidticos ja foram
levantados como potenciais forcas seletivas para o surgimento e a evolucdo do desenvolvimento
direto nos anfibios (Crump, 2015; Lutz, 1948; Magnusson e Hero, 1991; Wilbur e Collins, 1973).

Considerada possivelmente como o principal agente da diversificacdo reprodutiva dos
anfibios, a predac¢do sobre os ovos e as larvas aqudticas pode ter atuado como pressdo seletiva na
evolucdo dos modos reprodutivos especializados ao reduzir a mortalidade das fases larvais em

ambientes aquaticos (Crump, 2015; Gomez-Mestre e Warkentin, 2007; Haddad e Prado, 2005;
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Magnusson e Hero, 1991). Essa afirmacao ganha sustentacdo uma vez que um alto risco de predacao
dos girinos pode levar a mudangas nos locais de postura, de corregos e lagoas para pogas pequenas ¢
temporarias mais distantes (Buxton e Sperry, 2017; Duellman, 1992). Similarmente, a competicao
intensa em sitios reprodutivos também ¢ classificada como uma das responsaveis pelo surgimento do
desenvolvimento direto (Crump, 2015). Dentro de géneros, por exemplo Rhacophorus e
Dendropsophus, algumas espécies apresentam plasticidade reprodutiva, exibindo um modo
reprodutivo mais usual com a possibilidade de um ou mais modos alternativos em resposta a
densidade de predadores e competidores (Martins et al., 1998; Nunes-de-Almeida et al., 2021;
Thibaudeau e Altig, 1999; Touchon e Warkentin, 2008, Touchon e Worley, 2015). Também, a
evolucdo de modos reprodutivos terrestres com comportamento de amplexo e desovas escondidas em
bromélias e camaras subterraneas ¢ considerada uma resposta a competicdo entre machos ¢ a
poliandria (Zamudio et al., 2018). No entanto, o ambiente fisico também pode ter contribuido para a
evolucao do desenvolvimento direto em anfibios.

A alta diversidade de modos reprodutivos também pode ser considerada mais uma resposta as
condi¢des ambientais da regido em que as espécies evoluiram do que o resultado da historia evolutiva
compartilhada ente as familias e espécies(Callery ef al., 2001; Denver et al., 2002; Haddad e Prado,
2005). Por exemplo, espécies tipicas de localidades montanhosas que utilizam principalmente os
riachos como sitio reprodutivo podem acabar tendo seus ovos e larvas carreados pela correnteza,
aumentando a mortalidade dos jovens (Goin e Goin, 1962). Dessa forma, algumas espécies
apresentam adaptagdes em suas posturas para evitar a perda pela correnteza (Weygoldt, Carvalho e
Silva, 1992). Incertezas ambientais associadas a certos sitios reprodutivos, como pogas efémeras que
estdo sujeitas a maiores riscos de dessecacgdo, a baixa disponibilidade de recursos e oxigénio, podem
levar a mudangas fisioldgicas, resultando na antecipagdo da metamorfose e, consequentemente,
contribuindo para a perda da fase larval e a evolug¢do dessa caracteristica (Callery et al., 2001; Van
Djik, 1971; Wassersug, 1986). Ainda, associa¢des entre modos reprodutivos terrestres, incluindo o

desenvolvimento direto, com ambientes ingremes e com pouca disponibilidade de dgua superficial ja
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foram verificadas para anfibios na Africa (Liedtke e al., 2017). Nesse contexto, as associagdes entre
diferentes condi¢des ambientais e tipos de habitats com as distintas estratégias reprodutivas também
refor¢am ainda mais a atuacao de multiplas pressdes seletivas na evolugdo da reprodugao terrestre
(Lion et al., 2018; Miiller et al., 2013).

A distribuicao e a ocorréncia dos anfibios sdo fortemente influenciadas pelas condigdes
climaticas e ambientais, sendo a maior parte desse grupo ainda dependente de ambientes aquaticos
para a sua reproducao (Wells, 2007). No caso de anfibios com reproducgao terrestre e desenvolvimento
direto, essa dependéncia pode ser suprida pela maior umidade dos ambientes florestais, tal qual
encontrada nas florestas pluviais das Américas (Blaustein et al., 2010; Lion et al., 2018; Wells, 2007).
Ainda, as relagdes entre as condi¢des ambientais e a ocorréncia de espécies de anfibios pode ser
dependente da regido e escala analisada (Lion ef al., 2018). O Novo Mundo ¢ considerado um centro
de diversificacdo de importantes linhagens de anfibios de desenvolvimento direto, como € o caso do
clado Terrarana (Hedges ef al., 2008). Contendo mais de 1.200 espécies, esse grupo formado por
cinco familias (Brachycephalidae, Ceuthomantidae, Craugastoridae, FEleutherodactylidae e
Strabomantidae) ¢ o maior complexo de espécies de anuros reconhecido na filogenia dos anfibios
(Destnisky, 2023; Frost, 2023). A familia Brachycephalidae por sua vez, ¢ formada por pelo menos
79 espécies dos géneros Brachycephalus e Ischnocnema (Frost, 2023). Ela estd distribuida
majoritariamente ao longo da Mata Atlantica, onde muitas destas espécies sao endémicas (Figueiredo
et al., 2021). Portanto, esse bioma ¢ considerado um importante reduto de espécies de anuros de
desenvolvimento direto a nivel global.

Considerada como um dos /otspots mundiais para a conservagdo da biodiversidade, a Mata
Atlantica ¢ um bioma altamente impactado pelas acdes antrdpicas e detém uma das maiores
diversidades de espécies de anuros a nivel global, muitas das quais sdo consideradas endémicas e
encontram-se ameacadas de extingdo (Figueiredo et al., 2021; Myers et al., 2000). Embora espécies
com desenvolvimento direto sejam indiretamente favorecidas pela definicao de areas de conservacao,

uma vez que sao fortemente relacionadas com as localidades mais conservadas (como as florestas de
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altitude), elas apresentam uma maior tendéncia ao declinio populacional e ao risco de extingao
(Fontana et al., 2021; Loyola et al., 2008). Isso se deve as mudangas de histéria de vida associadas a
esse tipo de reproducdo, como menores ninhadas, ovos maiores € maior suscetibilidade a fungos
patogénicos (Furness et al., 2022; Hero et al., 2005; Nowakowski et al., 2017, Pincheira-Donoso et
al.,2021).

Com a crescente exploragao e conversao das areas florestais, estas espécies estdo entre as
primeiras a desaparecer ap6s o desmatamento de seus habitats, sendo a dessecagao pela evaporacao
da 4gua um dos principais riscos a sobrevivéncia dos ovos (Haddad e Prado, 2005; Karl e Knight,
1998). Também, cenarios futuros de mudancas climaticas podem resultar em contragdes ou expansdes
nas distribui¢des de certas linhagens de anfibios, chegando até a extin¢do de parte deste grupo na
Mata Atlantica (Loyola et al., 2014; Vasconcelos et al., 2018). Por fim, o uso de informagdes a
respeito da historia de vida das espécies pode tornar as estratégias e planos de conservacdo mais
eficazes (Loyola et al., 2008). Desta maneira, com as futuras perspectivas climaticas e ambientais, o

destino de espécies com desenvolvimento direto ainda permanece incerto.

OBJETIVOS DA TESE

Nesta tese, através de uma perspectiva ecologica, procuro compreender como os modos
reprodutivos de anuros se diversificaram e evoluiram, partindo de um ambiente até entdo aquatico,
alcancando o ambiente terrestre, e por fim chegando ao desenvolvimento direto. Neste contexto,
investigo as potenciais forgas seletivas que guiaram a evolugao desse modo reprodutivo, e analiso o
papel dos fatores abioticos e bidticos na evolucao do desenvolvimento direto através de diferentes
escalas e regides. Além disso, também busco avaliar o grau de protegcdo das espécies de anuros com
desenvolvimento direto do género Ischnocnema na Mata Atlantica, bem como as perspectivas futuras
destas espécies frente as mudancas climaticas. Assim, por meio da minha tese, busco tragar uma linha

cronolédgica sobre o conhecimento do desenvolvimento direto em anuros, abrangendo a compreensao
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do passado, a avaliacdo do presente e predicao do futuro desse grupo de espécies com reproducao

diferenciada.

ESTRUTURA DA TESE

A tese “Desenvolvimento direto em anuros: Aspectos ecologicos e evolutivos™ esta estruturada

nos quatro seguintes capitulos:

Capitulo I — Revisdo do desenvolvimento direto em anuros: a evolucdo de uma estratégia

reprodutiva

Neste primeiro capitulo, através de uma revisao sistematica da literatura, identifico, esclare¢o
e crio um panorama sobre as principais hipdteses relacionadas as forgas seletivas que guiaram a
evolu¢do do desenvolvimento direto nos anfibios. Artigo publicado na revista Oecologia Australis

(doi: 10.4257/0ec0.2022.2603.02).

Capitulo II — Direct development in Atlantic Forest anurans: what can environmental and biotic

influences explain about its evolution and occurrence?

Neste capitulo, utilizando o panorama obtido no capitulo I e dados de comunidades locais,
investigo as relagdes entre diversidade funcional, composi¢ao filogenética, clima, topografia e a
propor¢do de anuros de desenvolvimento direto na Mata Atlantica, uma regido estruturalmente
complexa e detentora de uma das maiores diversidades de espécies do grupo. Através dos resultados
faco consideracdes a respeito da evolugdo desse modo reprodutivo. Artigo publicado na revista PLoS

ONE (doi: 10.1371/journal.pone.0291644).

Capitulo III — From evolutionary history to environmental conditions: The determinants of direct

development in New World anurans

Aqui, seguindo uma abordagem semelhante a do capitulo anterior, amplio a escala e estendo
meu foco para todo o Novo Mundo. Analiso como o ambiente bidtico (composicao filogenética e

diversidade funcional) e abiotico (clima e topografia) estdo relacionados com desenvolvimento direto
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em anuros do Novo Mundo. Também avalio como essa relacdo varia conforme os diferentes biomas
dessa regiao continental. Assim, aqui busco testar se padroes evolutivos, como observado no capitulo
anterior, podem agir de maneiras distintas. Artigo com previsdo de submissao para a revista Global

Ecology and Biogeography.

Capitulo IV — Amphibian strongholds: protected areas and the future of direct-developing frogs

of genus Ischnocnema in the Atlantic Forest under climate change

Neste ultimo capitulo, através da modelagem de distribuicdo de espécies, verifico a
distribuicdo atual de espécies de anuros de desenvolvimento direto do género Ischnocnema, bem
como as perspectivas futuras diante de diferentes cendrios de mudangas climaticas. Por fim, também
avalio o papel das areas protegidas da Mata Atlantica em garantir a prote¢do dessas espécies. Artigo

com previsdo de submissdo para a revista Biological Conservation.
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Running title: Evolucdo do desenvolvimento direto em anuros

Resumo: Anfibios sdo conhecidos por apresentar a maior diversidade reprodutiva dentre os
tetrapodes. Dentre os modos reprodutivos, um dos mais especializados é o desenvolvimento direto
dos ovos terrestres, caracterizado pela auséncia da fase larval (girino) e do processo de
metamorfose. A evolucao dessa estratégia reprodutiva vem sendo bastante discutida e ainda merece
destaque, principalmente por ajudar a esclarecer os mecanismos envolvidos na independéncia de
ambientes aquéticos para a reproducdo do grupo, bem como para os vertebrados em geral. Neste
trabalho, através de uma revisao sistematica, investigamos 15 artigos, buscando identificar e
esclarecer as principais hipdteses e forcas seletivas ecoldgicas que guiaram a evolugdo do
desenvolvimento direto em anfibios anuros. Nossos resultados, apontam especialmente os fatores
bidticos (ex: predacdo e a competicdo), seguidos pelos fatores abidticos (ex: condi¢cGes ambientais e
climaticas) como os principais promotores da diversificacdo reprodutiva e evolugéo do
desenvolvimento direto em anuros. Poucos trabalhos de fato testaram essas hipoteses, sendo esses
geralmente realizados em escalas espaciais reduzidas, com poucas linhagens ou considerando 0s
fatores isolados. Assim, destacamos a importancia de futuros trabalhos que testem efetivamente o
papel dos potenciais promotores ecoldgicos do surgimento e da evolugdo do desenvolvimento direto
em anuros, principalmente levando em consideracéo diferentes regides, escalas espaciais maiores e
um maior numero de clados dentro do grupo.

Palavras-chave: Anfibios; Fatores seletivos; Modos reprodutivos; Reproducéao
DIRECT DEVELOPMENT IN ANURANS: THE EVOLUTION OF A REPRODUCTIVE

STRATEGY.
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Abstract: Amphibians are known for having the greatest reproductive diversity among tetrapods. Among the
reproductive modes, one of the most specialized is the direct development of terrestrial eggs, characterized
by the absence of the larval phase (tadpole) and of metamorphosis. The evolution of this reproductive
strategy has been widely discussed, and still deserves to be highlighted, mainly because it helps to clarify the
mechanisms involved in the independence of the aquatic environments for the reproduction of the group, as
well as for other vertebrates. In the present study, through a systematic review, we investigated 15 articles,
seeking to identify and clarify the main ecological hypotheses and selective forces that guided the evolution
of direct development in anuran amphibians. Our results, based in 15 studies, point especially to biotic
factors (e.g. predation and competition), followed by abiotic factors (e.g. environmental and climatic
conditions) as the main promoters of reproductive diversification and the evolution of direct development.
Few studies have in fact evaluated these hypotheses, and these are generally carried out on reduced spatial
scales, with few lineages or considering the factors in isolation. Therefore, we highlight the importance of
future works that effectively test the role of potential ecological promoters of the arising and evolution of
direct development in anurans, mainly considering different regions, larger spatial scales, and a greater
number of clades within the group.

Keywords: Amphibians; Reproduction; Reproductive modes; Selective factors
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INTRODUCAO

“Embora alguns sapos adotem o seu modo de desenvolvimento estereotipado (depositando milhares de
0vos que se tornaram girinos livres nadantes), muitos outros evoluiram estratégias reprodutivas que beiram o
improvavel” (Duellman 1992, p.1). Uma das caracteristicas dos anfibios que talvez esteja entre as mais
estudadas, complexas e interessantes sao 0s modos reprodutivos. Os modos reprodutivos sdo considerados a
reunido de determinados atributos reprodutivos, como o sitio e caracteristicas das desovas e dos girinos,
forma de nutricdo e de desenvolvimento dos embrides, entre outros (Haddad & Prado 2005, Nunes-de-
Almeida et al. 2021). Além disso, a taxa e a duragdo do desenvolvimento e estagio e tamanho das larvas
também podem ser levados em consideragdo (Salthe & Duellman 1973). Os anfibios se destacam como um
grupo com uma ampla variedade de morfologias, relagGes ecol6gicas e a maior diversidade reprodutiva
dentre os tetrdpodes terrestres, caracteristicas essas resultantes da histéria de vida complexa e primitiva do
grupo (Duellman & Trueb 1986).

Os 71 modos reprodutivos até entdo descritos para anfibios anuros, podem basicamente ser divididos em
dois grandes grupos: (i) modos reprodutivos associados a espécies que ovipositam em ambientes aquaticos,
gue incluem o modo reprodutivo estereotipado considerado mais ancestral; e (ii) modos reprodutivos
associados as espécies que ovipositam em ambientes terrestres, considerados modos reprodutivos derivados e
portanto inovagdes evolutivas (Duellman &Trueb 1986, Haddad & Prado 2005, Gomez-Mestre et al. 2012,
Nunes-de-Almeida et al. 2021). Diferentes géneros apresentam diferentes estratégias reprodutivas. Ainda,
espécies dentro de um mesmo género também podem apresentar plasticidade reprodutiva, apresentando um
modo reprodutivo primitivo com a possibilidade de um ou mais modos alternativos em resposta as condigdes
ambientais e a densidade de competidores (Martins et al. 1998, Thibaudeau & Altig 1999, Touchon &
Warkentin 2008, Nunes-de-Almeida et al. 2021).

Assim como as demais caracteristicas bioldgicas, as estratégias reprodutivas foram fixadas ao longo da
historia evolutiva das espécies, sendo correlacionadas com o nivel de evolugdo ou adaptacdo (Angelini &
Ghiara 1984). Os modos reprodutivos apresentaram radiacdo adaptativa em diversos ambientes, dessa forma
a especializacao reprodutiva evoluiu de forma independente ao longo das diferentes linhagens (Duellman &
Trueb 1986, Meegaskumbura et al. 2015). Ainda, a alta diversidade reprodutiva dos anfibios ndo é somente
relacionada com as relagdes evolutivas entre espéecies, mas também com as condigdes ambientais da regido

em gue essas espécies evoluiram (Duellman & Trueb 1986, Callery et al. 2001, Denver et al. 2002, Haddad
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& Prado 2005). Embora seja considerado primitivo e uma estratégia de histéria de vida de sucesso dentre 0s
animais, o desenvolvimento bifasico tem sido substituido pelo desenvolvimento direto ao longo da histéria
evolutiva de muitas espécies, sendo esse considerado uma das mudancas evolutivas mais extremas na
historia de vida dos anfibios, bem como dos vertebrados (Duellman & Trueb 1986, Hanken et al. 1997,
Callery et al. 2001).

Classificado como uma estratégia reprodutiva, o desenvolvimento direto dos ovos resulta em muitas
transformacdes fundamentais tanto no desenvolvimento pré-eclosdo, como em mudancas estruturais
esqueléticas, musculares e glandulares, quanto na pés-eclosdo (Hanken et al. 1997, Goldberg et al. 2020). A
transformacao mais extrema e caracteristica é a perda da fase larval (girino), e consequentemente, a eclosdo
dos ovos por individuos que se assemelham a miniaturas do adulto. Espécies que se reproduzem através do
desenvolvimento direto possuem menor nimero de ovos por hinhada e menos posturas por ano em
comparagdo com as demais espécies; em contraponto seus 0vos Sa0 maiores, Com uma maior reserva
nutricional (Angelini & Ghiara 1984, Callery et al. 2001). Além disso, a transi¢do da oviposi¢do aquética
para a terrestre diminuiu o nimero de potenciais predadores dessas espécies, reduzindo assim
significativamente a mortalidade nas fases larval e juvenil dos anfibios, fases em que enfrentam uma maior
gama de predadores (Duellman 1992). Essas mesmas caracteristicas, associadas a uma distribuicdo reduzida
e expansao limitada pelo clima apresentada por este grupo de espécies, também puderam permitir a
continuagdo e perpetuacdo do modo reprodutivo mais ancestral na arvore dos anfibios (Gomez-Mestre et al.
2012). Por outro lado, essas caracteristicas, como as posturas reduzidas, distribuigdo restrita e 0
desenvolvimento direto podem ser relacionadas com o declinio populacional e o risco de extin¢ao de
espécies (Hero et al. 2005, Fontana et al. 2021). O desenvolvimento direto é encontrado ao longo de toda a
arvore filogenética dos anuros, podendo ser observado em diversas espécies de pelo menos 22 familias,
sendo o modo reprodutivo exclusivo de determinadas familias como: Eleutherodactylidae;
Brachycephalidae; e Craugastoridae (Hedges et al. 2008, Oliveira et al. 2017, Frost 2021).

O surgimento do desenvolvimento direto ndo se deu de forma linear, mas sim através de uma sequéncia
de padrdes inesperados na sucessdo de mudangas entre as estratégias reprodutivas, tendo evoluido de
maneira frequente tanto de ovos terrestres quanto aquaticos, de larvas exotroficas (que se alimentam), ambos
desprotegidos (Gomez-Mestre et al. 2012). Ainda, a sobrevivéncia e o desenvolvimento de ovos, bem como

0 crescimento das larvas de anfibios é dependente das caracteristicas tanto do ambiente fisico, como bidtico
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(Alford 1999). Assim, o papel das principais pressoes seletivas na evolu¢do dos modos reprodutivos dos
anfibios torna-se uma questdo importante a ser discutida. Dentre essas pressfes podemos citar os fatores
bidticos como a predacéo dos ovos e larvas, e a competicdo por sitios reprodutivos, bem como os fatores
abioticos como a estrutura e complexidade ambiental (Magnusson & Hero 1991, Callery et al. 2001, Haddad
& Prado 2005, Gomez-Mestre & Warkentin 2007).

Entender como ocorreu a diversificacdo dos modos reprodutivos dos anfibios e a consequente evolugédo
do desenvolvimento direto é de extrema importancia. Além de fornecer novas ideias sobre a histéria
evolutiva do grupo, também pode ajudar a elucidar uma das principais transi¢oes na evolugao dos
vertebrados que garantiu a saida do ambiente aquético, a independéncia da agua para a reproducdo e a
conquista da terra. Desse modo, através de uma revisdo da literatura publicada até 2020, buscamos
apresentar e abordar as diferentes perspectivas relacionadas as pressdes seletivas ecoldgicas na evolucéo do
desenvolvimento direto em anfibios anuros, procurando apresentar uma sintese do tema até o0 momento.
Além disso, também procuramos apontar as lacunas existentes nos estudos ecoldgicos e evolutivos deste

grupo, bem como sugerimos futuras diregdes a serem seguidas.

MATERIAL E METODOS

Para entender quais os possiveis fatores relacionados ao surgimento e evolucdo do desenvolvimento
direto em anuros, realizamos uma revisio sistematica através da base de dados “Web of Science” e “Science
Direct” utilizando as seguintes palavras-chave e operadores para ampliar as buscas por possiveis varia¢cdes
gramaticais: [(amphibia* OR anura* OR frog* OR toad*) AND (direct*) AND (develop*) AND
(reproducti*) AND (evoluti*)]. N&o restringimos o ano de publica¢do. Todos os artigos tiveram suas
informac@es basicas planilhadas (ano, titulo, autores e periddico). Apos compilar 0s manuscritos iniciamos a
filtragem seguindo trés etapas: i) excluimos os artigos em que em seu titulo remetesse a outros topicos de
pesquisa, como por exemplo, artigos de descrigdo de espécies, analises morfoldgicas, fisioldgicas e
moleculares, entre outros; ii) realizamos a leitura dos resumos dos artigos restantes e excluimos todos
aqueles que ndo tivessem uma mencao direta ou indireta & evolucéo dos modos reprodutivos em anfibios

anuros; e iii) realizamos a leitura completa dos artigos selecionados nas duas primeiras etapas e excluimos
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aqueles que ndo tivessem nenhuma referéncia a evolucéo do desenvolvimento direto em anuros, bem como
ndo mencionassem nenhum possivel fator seletivo para o seu surgimento.

Com os artigos selecionados identificamos as for¢as seletivas potenciais para o surgimento e evolucgéo do
desenvolvimento direto em anuros e 0s agrupamos em duas categorias: i) fatores abidticos, que incluiu
fatores relacionados a estrutura e a imprevisibilidade ambiental, e as condi¢@es climaticas; e ii) fatores
bidticos, em que agrupamos as pressdes referentes as interac@es e as pressdes intrinsecas dos proprios
individuos/espécies. Ainda, os artigos selecionados foram agrupados de acordo com a regido biogeogréfica e

0s grupos taxondémicos avaliados, a fim de reconhecer e indicar as lacunas de conhecimento sobre o tema.

RESULTADOS

Revisdo sistemética

A busca inicial resultou em um total de 375 artigos publicados entre 1948 e 2020 (Tabela S1), no entanto,
apos a filtragem, apenas 15 manuscritos foram considerados na revisao por atenderam aos critérios pré-
determinados. Através da analise dos artigos selecionados, publicados entre 1948 e 2017, encontramos 10
fatores que séo discutidos como potenciais promotoras da diversificagdo reprodutiva e forcas seletivas para o
surgimento e evolucéo do desenvolvimento direto em anuros (Figura 1 e 2). Observamos que a maior parte
dos manuscritos (N=10) aponta a preda¢do como sendo o principal fator de selecdo do desenvolvimento
direto, seguido pela competicdo (N=9) e pela estrutura ambiental (N=6). Por outro lado, as trés forcas
seletivas menos citadas correspondem também a fatores biéticos, sendo a selegdo sexual, fatores genéticos e
hormonais (Figura 2). Ainda, parte dos trabalhos (N=10) apenas citava os fatores na introducéo ou discusséo,
baseado em outros estudos. Dentre os trabalhos avaliados, apenas cinco (Gomez-Mestre et al. 2012, Miiller
et al. 2013, Zamudio et al. 2016, Liedtke et al. 2017, Portik et al. 2017) testaram efetivamente o papel destes
fatores na evolucdo do desenvolvimento direto, sendo esses realizados em escala reduzida e/ou considerando
linhagens especificas e fatores isolados. Apenas um dos trabalhos (Gomez-Mestre et al. 2012) foi realizado
em ampla escala (global), no entanto considerou apenas os fatores climaticos como limitantes da evolucéo

dos modos reprodutivos em anfibios.
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Figura 1. Esquema ilustrando os fatores apresentados como forcas seletivas potenciais da origem e evolucéo
do desenvolvimento direto em anuros. Caixas vermelhas correspondem as pressdes seletivas bioticas, caixas
azuis correspondem as pressoes seletivas abidticas e a caixa verde corresponde aos fatores menos citados, mas
também mencionados como potenciais for¢as seletivas. Baseado em 15 artigos publicados entre 1948 e 2017.
Figure 1. Scheme illustrating the factors presented as potential selective forces of the origin and evolution of
direct development in anurans. Red boxes correspond to biotic selective pressures, blue boxes correspond to
abiotic selective pressures and the green box corresponds to factors less cited, but also mentioned as potential

selective forces. Based on 15 articles published between 1948 and 2017.
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Figura 2. Numero de citacdes de 15 artigos publicados entre 1948 e 2017 mencionando as potenciais forgas
seletivas da origem e evolugdo do desenvolvimento direto em anuros.
Figure 2. Citations number of 15 articles published between 1948 and 2017 indicating the potential selective

forces of the origin and evolution of direct development in anurans.

DISCUSSAO

Pressoes seletivas bidticas na evolugdo do desenvolvimento direto em anuros

Predacdo

Os ovos e larvas aquaticas de anfibios sdo predados por uma ampla diversidade de insetos aquaticos e
vertebrados, incluindo os proprios anfibios (Lutz 1948, Toledo et al. 2007). Citada primeiramente por Lutz
(1948) como a principal responsavel pela evolucdo ontogenética dos anfibios, a predacdo de ovos e de larvas
aquéticas desempenhou um importante papel no surgimento de diferentes caracteristicas na histéria de vida
dos anfibios, principalmente no que diz respeito aos mecanismos antipredatdrios (Chivers et al. 2001,

McKeon & Summers 2013, Ferreira et al. 2019). Uma vez considerada como uma das principais causas de
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mortalidade na fase larval dos anfibios, a vulnerabilidade & predacéo pode ser influenciada pelas
caracteristicas dos individuos, como o tamanho corporal, comportamento, coloragdo, sele¢do de micro-
habitat e palatabilidade (Wilbur 1987, Alford 1999). Além disso, determinadas espécies podem apresentar
plasticidade reprodutiva, alterando os locais de postura de riachos e lagoas com alto risco de predagéo dos
ovos e larvas para lagoas e pocas mais distantes, onde a predacdo tende a ser menor (Duellman 1992, Buxton
& Sperry 2017). Dessa forma, a busca por ambientes com menores riscos de predacao e, consequentemente,
uma menor mortalidade da prole parece ter sido favorecida ao longo da evolucao do grupo (Lutz 1948, Lynn
1961, del Pino & Escobar 1981). De fato, a predacéo é elencada como fator chave na estruturacdo de
comunidades de girinos com diferentes graus de permanéncia (Heyer et al. 1975, Wilbur 1987, Buxton &
Sperry 2017, Arribas et al. 2018), e pode ser fator chave para a reproducdo fora dos ambientes aquaticos. No
entanto, a troca do ambiente aquético pelo terrestre ndo isenta 0s ovos e larvas de predadores terrestres
(Gomez-Mestre & Warkentin 2007, Wells 2007). Assim, a predacgdo pode ser considerada como uma

importante fonte de presséo seletiva do desenvolvimento direto.

Competicdo

Outro fator bi6tico citado pela maioria dos trabalhos como um dos principais responsaveis pelo
surgimento e evolugdo do desenvolvimento direto em anfibios foi a competicdo, tanto por sitios reprodutivos
quanto por recursos alimentares. Além de adaptagdes morfoldgicas, como as alteragGes estruturais do
embrido, algumas espécies ainda passaram por adaptacdes comportamentais que potencialmente diminuiram
a mortalidade nas fases iniciais do seu ciclo de vida (Weygoldt & Carvalho-e-Silva 1992, Wells 2007). Da
mesma forma como em locais com alto risco de predacéo, os anfibios podem alterar seus locais de
oviposicdo ou o préprio comportamento em resposta a alta densidade de competidores nos sitios
reprodutivos (Martins et al. 1998, Buxton & Sperry 2017). Também, a presenca de cuidado parental, como
apresentada por diversas espécies pertencentes as familias Dendrobatidae, Eleutherodactylidae,
Microhylidae, entre outras, parece ser outra adaptacdo comportamental resultante da alta competi¢éo nos
locais de oviposicdo (Weygoldt 1987, Brown et al. 2008, Vagi et al. 2019). Gomez-Mestre et al. (2012)
constataram que o cuidado parental além de ter evoluido conjuntamente com a reproducao terrestre, também

esta relacionado com o desenvolvimento direto. A forga da competicao entre girinos por recursos pode ser
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dependente do tipo de habitat de desenvolvimento das espécies; por exemplo, girinos de Spea multiplicata,
espécie de pocas sazonais, podem impedir que espécies majoritariamente de pogas permanentes, como
Lithobates pipiens, utilizem do mesmo ambiente, uma vez que suas taxas de desenvolvimento e crescimento
tendem a ser maiores (Woodward 1982, 1983, Wilbur 1987).

Para os girinos que habitam pogas a disputa por recursos alimentares é a principal fonte de competicao
intraespecifica principalmente para espécies que ocupam pocgas permanentes, onde a disponibilidade de
recursos tende a ser limitada e mais escassa (Alford 1999). Também, a competicdo intraespecifica pode
favorecer a diferenciagdo de fendtipos distintos no mesmo ambiente, como o surgimento de formas
especializadas em diferentes recursos (Levis et al. 2020). Por outro lado, a competicéo interespecifica, além
de poder promover alteracdes nas taxas de crescimento e desenvolvimento dos individuos (Griffiths et al.
1991, Laurila 2000), também é conhecida como uma das principais forgas responsaveis pela diferenciacdo de
nicho de espécies competidoras e, consequentemente, € uma das promotoras das inovagdes evolutivas das
alternativas de historia de vida (Lack 1947, Grant & Grant 2006). InovacGes evolutivas podem variar desde a
evolugdo de estruturas morfologicas, como a denticdo da mandibula inferior dos ceratofrideos, o surgimento
de morfotipos especializados em determinados recursos, como a forma carnivora da larva de Spea
bombifrons, até a evolucdo das diferentes estratégias reprodutivas, como é o caso do desenvolvimento direto
(Duellman & Trueb 1986, Farrar & Hey 1997, Fabrezi et al. 2016, Levis et al. 2020). Deste modo, a
competicao entre adultos em busca de sitios reprodutivos e entre girinos por condicdes e recursos disponiveis
surge como um dos principais promotores do habito de vida terrestre e evolugdo do desenvolvimento direto

nos anfibios.

Pressdes seletivas abidticas na evolugdo do desenvolvimento direto em anuros

Estrutura ambiental e incertezas

Condic0es estruturais e fisicas dos habitats, além de estarem relacionadas com a escolha de sitios de
oviposicao e a abundancia de girinos, desempenharam um importante papel na revolucédo reprodutiva
apresentada pelos anfibios. Citada inicialmente por Wilbur & Collins (1973), a incerteza ambiental associada

a determinados ambientes aquéticos resultou na selecdo de diferentes estratégias reprodutivas, incluindo o
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desenvolvimento direto (Crump 1974, 2015). Por exemplo, uma vez que ambientes como riachos rapidos
podem acabar carreando os ovos e larvas atraves da correnteza, aumentando a mortalidade dos jovens,
estratégias de desenvolvimento direto em solos mais Umidos, nas proximidades desses ambientes podem ter
sido favorecidas (Weygoldt & Carvalho-e-Silva 1992, Haddad & Prado 2005, Thomas et al. 2019). No
entanto, a alta diversidade reprodutiva dos anfibios também é um reflexo do extenso gradiente ambiental
existente entre os sitios reprodutivos totalmente aquaticos e os totalmente terrestres. Dentre esses dois
extremos, uma gama de espécies pode se reproduzir em pogas permanentes ou extremamente sazonais, em
cavidades ou camaras com presenca de agua, fitotelmas, chegando até os solos Umidos das florestas (Haddad
& Prado 2005).

Dentre as principais forcas seletivas para diversificacdo e especializacdo reprodutiva dos anfibios também
podemos destacar outras caracteristicas fisicas como a topografia, e a ampla variedade de caracteristicas e
tipos de habitat e microhabitats (Brown & Brown 1992, Haddad & Prado 2005, de Lima et al. 2016). Em um
dos poucos trabalhos em que o papel do ambiente sob a evolugao reprodutiva dos anfibios foi efetivamente
testado, Mller et al. (2013) verificaram uma associagao positiva entre a oviposicao terrestre com os habitats
florestais (independente da altitude) e entre o desenvolvimento larval terrestre e as florestas de altitude da
Africa Oriental. Esses resultados indicaram que fatores especificos desse tipo de ambiente teriam uma forte
influéncia na reproducao terrestre do grupo na regido. Da mesma forma, Liedtke et al. (2017) verificaram
que os modos reprodutivos terrestres de bufonideos africanos, incluindo o desenvolvimento direto, evoluiram
em ambientes de florestas ingremes onde a disponibilidade de agua acumulada na superficie é mais baixa.
Assim sendo, a troca do ambiente aquatico pelo terrestre em busca do sucesso e da sobrevivéncia da prole
também parece ter sido uma alternativa valida e eficiente tanto para a expanséo geogréafica quanto para a

diversificacdo reprodutiva dos anfibios.

Condicdes climéticas

Da mesma forma que as condicOes estruturais dos ambientes, o clima é um fator essencial para a
distribuicdo, ocorréncia e sobrevivéncia dos anfibios. Gomez-Mestre et al. (2012) ao avaliarem o efeito do
clima sob a evolugdo dos modos reprodutivos dos anfibios a nivel global, verificaram que as espécies de

reproducdo terrestre (incluindo espécies de desenvolvimento direto) estdo associadas a ambientes mais
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quentes e midos (com temperaturas mais altas e maior precipitacéo). Por outro lado, o estudo de Liedtke et
al. (2017), realizado em escala espacial menor, aponta que embora os anfibios africanos de reproducgéo
terrestre também sejam associados a locais Umidos, estes ambientes tendem a ser mais frios. Diferencas
como essa podem ocorrer devido ao padrdo de distribuicdo dos modos reprodutivos responder de diferentes
maneiras de acordo com a escala ou regido biogeogréafica analisada, como apresentado por Lion et al. (2018).
Os fatores climaticos, como os padrfes de precipitacdo e de temperatura, também podem interferir e alterar o
comportamento migratdrio, as estratégias e os ciclos reprodutivos dos anfibios (Salthe & Duellman 1973,
Todd & Winne 2006).

Ainda, as pressdes ambientais climaticas além de levarem a altera¢cbes comportamentais, podem levar a
alteragdes morfoldgicas e fisioldgicas, como a reducdo do tamanho corporal das larvas, antecipacao da
metamorfose e o acumulo de modifica¢cdes no desenvolvimento larval, conduzindo dessa forma a evolugéo
dos modos reprodutivos até o desenvolvimento direto (Duellman & Trueb 1986, Callery et al. 2001). Desse
modo, além de fatores bidticos, como a predacao e a competicdo, e dos fatores abio6ticos, como a estrutura
ambiental, o clima também parece ter sido um importante propulsor da reproducdo terrestre e principalmente

do desenvolvimento direto em anfibios.

Outras forcas seletivas potenciais

Fatores menos estudados e, portanto, menos mencionados também podem ter contribuido na evolucdo dos
modos reprodutivos dos anfibios, principalmente no desenvolvimento direto. Na revisdo sobre a evolugéo
dos modos reprodutivos em anfibios mais completa até entdo, Crump (2015) além de destacar o papel da
predacdo, competicdo e da imprevisibilidade e estrutura ambiental na evolugéo dos modos reprodutivos,
menciona outras possiveis forgas seletivas, como a baixa concentragdo de oxigénio em pogas tropicais (Van
Djik 1971), a fuga do parasitismo (Todd 2007) e fatores genéticos (Altig & Crother 2006). Para Altig &
Crother (2006), o surgimento do desenvolvimento direto pode ser resultado de alteragGes nos genes que
regulam a cascata do desenvolvimento, assim a liberacéo ou restrigdo do desenvolvimento larval em
conjunto com a evolucdo independente de um novo fendtipo de ovo, levaria ao surgimento desse modo

reprodutivo alternativo. Essa hipétese também poderia explicar a evolucdo do desenvolvimento direto
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seguindo uma sequéncia inesperada, como proposta por Gomez-Mestre et al. (2012), embora seja pouco
provavel devido a distribui¢do do desenvolvimento direto em muitas linhagens distintas.

Wassersug (1986), por sua vez, desenvolveu uma teoria relacionando a evolugéo do desenvolvimento
direto com a antecipacdo da metamorfose devido as condi¢Ges ambientais e endocrinoldgicas. Segundo sua
teoria, girinos aquaticos constantemente liberam horménios inibidores da metamorfose (prostaglandinas) no
meio, e ao se alimentarem, ingerem 0s hormdnios que retardam o processo de metamorfose ao chegarem no
trato digestivo. Assim, em ambientes com baixa densidade de recursos e, consequentemente, baixa ingestao
de hormonios, a metamorfose seria antecipada. Ja em espécies de desenvolvimento direto, a presenca das
reservas nutricionais no estbmago dos embries impediria o fluxo das prostaglandinas até o estbmago das
larvas, contribuindo com desenvolvimento ainda dentro do ovo (Wassersug 1986). Em uma nova abordagem,
Zamudio et al. (2016) introduziram a hipotese de a selecdo sexual ter atuado como uma promotora da
diversificacdo reprodutiva e da evolucdo da reproducéo terrestre em hilideos e leptodactilideos, sendo
confirmada por seus resultados. Ainda, associa¢des entre mudancas dos sitios reprodutivos com as
caracteristicas ecomorfologicas das espécies também podem ter direcionado a evolugdo de modos
reprodutivos aquaticos para os terrestres (Portik et al. 2017). Dessa forma, as varias forgas seletivas podem
atuar independentemente nas diferentes caracteristicas dos modos reprodutivos (Zamudio et al. 2016).

Considerando a Teoria de Conservadorismo de Nicho (Wiens & Graham 2005), onde ha uma propensao
das espécies de conservarem as caracteristicas ecoldgicas ancestrais, certamente a evolucao do
desenvolvimento direto também enfrentou fatores limitantes como a propria historia evolutiva do grupo.
Campos et al. (2019), constataram a presenca de alto sinal filogenético no tipo de desenvolvimento de
anfibios da Mata Atléantica. Nesse sentido, o conservadorismo de nicho reprodutivo pode ser um importante
opositor a evolucdo do desenvolvimento direto, mantendo e perpetuando o desenvolvimento larval por
milhdes de anos em determinados clados, como nas familias Hylidae e Phyllomedusidae (Wiens & Graham
2005, Campos et al. 2019). A retencéo de caracteristicas do nicho também pode impactar nos processos de
expansao e na distribuicdo de espécies, restringindo as mesmas a ambientes mais estaveis, onde ha maior
ocorréncia de modos reprodutivos especializados (Benicio et al. 2021). Por fim, o desenvolvimento direto
pode ter surgido e se difundido entre a arvore filogenética dos anfibios através de evolucédo paralela das
diferentes linhagens, sem seguir dessa forma um padréo sequencial com estdgios intermediarios de evolugéao

dos modos reprodutivos dos anfibios (Gomez-Mestre et al. 2012, Naumann et al. 2021). Assim, a evolucao
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do desenvolvimento direto em anuros pode ter sido moldada tanto pela promogéo por parte dos fatores
bioticos e abioticos, como pela restricdo por parte do componente filogenético (Nunes-de-Almeida et al.

2021).

Lacunas e futuras direcdes no conhecimento sobre a evolucdo do desenvolvimento direto

Quantificar o papel dos fatores bi6ticos na evolugdo do desenvolvimento direto em anfibios ainda é
desafiador, principalmente pela dificuldade de dimensionar os efeitos de interagdes como a predagéo e a
competicdo para muitas comunidades ecologicas naturais. Da mesma forma, o efeito do ambiente também
merece um maior destaque. Os poucos trabalhos que efetivamente avaliaram as forgas seletivas foram
desenvolvidos em escalas espaciais reduzidas e/ou para clados especificos. Miiller et al. (2013) consideraram
anfibios da Africa Oriental; Zamudio et al. (2016) avaliaram apenas duas familias (Hylidae com ampla
distribuicdo global, e Leptodactylidae com distribuigdo restrita as Américas); Lietdke et al. (2017)
examinaram apenas uma familia na Africa (Bufonidae); e Portik et al. (2017) apenas quatro familias também
na Africa (Arthroleptidae, Brevicipitidae, Hemisotidae e Hyperoliidae).

Outros aspectos a serem explorados nesse contexto sdo as possiveis influéncias de padrdes geograficos e
filogenéticos atuando sob estes resultados. Um exemplo é o quanto analises realizadas em grandes escalas
espaciais, como a de Gomez-Mestre et al. (2012), poderiam apresentar resultados contrastantes em menores
escalas. Nesse sentido, nenhum trabalho considerou todos os diferentes fatores aqui abordados. Além disso,
podemos sugerir em outro ponto de vista, de que a diversidade de modos reprodutivos poderia até mesmo
seguir um padrdo da diversidade de espécies semelhante ao proposto por Dobzhansky (1950) para a
diversidade de espécies. Neste caso, fatores bidticos teriam maior influéncia sob a evolugdo do
desenvolvimento direto em anfibios nas regiGes tropicais, devido principalmente a maior diversidade de
potenciais predadores e competidores nestes locais, enquanto nas regides temperadas os fatores abidticos
seriam 0s mais importantes em virtude da maior sazonalidade climatica.

Destacamos a falta de estudos elencando a radiacéao ultravioleta (UV) e os contaminantes quimicos, como
os agroquimicos (herbicidas a base de glifosato) como forcas seletivas potenciais na evolucdo do
desenvolvimento direto, a qual também pode ser relacionada com mutacdes de DNA, erros genéticos,

alteracOes de desenvolvimento e o declinio populacional dos anfibios (Bernal et al. 2011, Alton & Franklin
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2017, Londero et al. 2019). Assim, buscando garantir a sobrevivéncia e o sucesso da prole, a troca dos sitios
reprodutivos aquaticos tradicionais (onde a incidéncia de raios UV e a concentracdo de agroguimicos tendem
a ser maior) por sitios reprodutivos terrestres (mais protegidos da radiacdo e da contaminagdo quimica) pode
ter auxiliado na evolucao do desenvolvimento direto nos anuros. Nesse sentido, é importante que futuros
trabalhos tentem englobar as varias potenciais forcas seletivas em um viés macroecoldgico, ampliando as

escalas espaciais analisadas, bem como as diferentes linhagens da arvore evolutiva do grupo.

CONCLUSAO

Nossa revisdo buscou identificar e esclarecer os papéis dos potenciais promotores ecologicos da evolugdo
do desenvolvimento direto em anfibios anuros. As diversas hipoteses levantadas nos trabalhos avaliados
demonstraram que a atuacao de fatores Unicos e isolados talvez ndo seja a melhor hip6tese para explicar o
surgimento e a evolucdo do desenvolvimento direto dos ovos em anuros. Dessa forma, nossa revisao aponta
que vaérias forcas seletivas podem atuar independentemente nas diferentes caracteristicas dos modos
reprodutivos. Ainda, com a nossa revisao pudemos destacar o baixo nimero de trabalhos que efetivamente
testaram 0s mecanismos por tras da evolugdo do desenvolvimento direto em anuros, sendo esses
majoritariamente realizados em escalas espaciais reduzidas e com clados especificos. Também enfatizamos
que pelo fato de a maior parte dos trabalhos apenas terem levantado e discutido hipdteses sobre a evolugdo
do desenvolvimento direto, os fatores seletivos potenciais mais abordados podem ndo necessariamente ser
aqueles que direcionaram a evolugdo desse modo reprodutivo. Por fim, salientamos a importancia da
realizacdo de futuros trabalhos com essa tematica, que podem ajudar a elucidar outros aspectos na evolugao

da reproducdo terrestre dos anfibios anuros, bem como dos vertebrados como um todo.
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Tabela S1. Lista dos 375 artigos encontrados na reviséo sobre a evolugéo do desenvolvimento direto em

anuros, descrevendo o ano, a autoria, o titulo do artigo, o titulo do periddico e se 0 documento foi

selecionado ou ndo para a presente revisdo.

Table S1. List of 375 articles found in the review on the evolution of direct development in anurans,

describing the year, the authorship, the article title, the journal title and if the article was selected or not for

this review.
Ano | Autoria Titulo Jornal Selecionado
1948 | Lutz, B. Ontogenetic evolution in frogs Evolution Sim. Nao testam nenhuma hipoétese, apenas

apontam possiveis fatores que estariam
relacionados a evolugdo do
desenvolvimento direto em anfibios

ascidian, Hypsistozoa fasmeriana

Microscopical Science

1948 | Jenkins, D. W. Trombiculid mites affecting man .1. Bionomics | American Journal of Nio
with reference to epidemiology in the United- | Hygiene
States

1952 | Blair, C. B. The effects of temperature treatments on Journal of Experimental Nao
Triturus eggs as expressed in larval tail-tip Zoology
epithelium

1958 | Madsen, H. F., & Biology and control of the leaf curl plum aphid | Journal of Economic Nao

Bailey, J. B. in northern California Entomology
1959 | Brewin, B. I. An account of larval budding in the compound | Quarterly Journal of Nao

1961 | Lynn, W. G.

Types of amphibian metamorphosis

American Zoologist
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metamorphosis
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view
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origin in oocyte nuclei of crested newt Microscopical Science
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Hyla
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Klemm, D. J.
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1977 | Picheral, B. Fertilization of Pleurodeles .2. Penetration of Journal of Ultrastructure Niao
spermatozoa and local reaction of egg Research
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1984 | Townsend, D. S., Male parental care and its adaptive significance | Animal Behaviour Nao
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B. J., & Guglietta, A.
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1985 | Tandy, M., Bogart, J. | Variation and evolution in Bufo kerinyagae Monitore Zoologico Nao
P, Largen, M.J., & Keith, B. regularis Reuss and B. asmarae Tandy | Italiano, Supplemento
Feener, D. J. et al. (Anura Bufonidae)
1985 | Pierce, B.A. & Variation in acid tolerance of connecticut wood | Canadian Journal of Nao
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1987 | Petranka, J. W., & Habitat duration, length of larval period, and Evolution Niao
Sih, A. the evolution of a complex life cycle of a
salamander, Ambystoma texanum
1988 | Duellman, W. E., Evolution of marsupial frogs (Hylidae, Copeia Nao
Maxson, L. R., & Hemiphractinae) - immunological evidence
Jesiolowski, C. A.
1988 | Newman, R. A. Genetic-variation for larval anuran (Scaphiopus | Evolution Nao
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1988 | Giacoma, C., & Phylogeny of the salamandrid genus Triturus Bollettino Di Zoologia Nao
Balletto, E.
1988 | Andronikov, V. B. The effect of continuous incubation of Tsitologiya Nao
spermatozoa on their thermal-resistance and
thermal selection
1988 | Woodward, B. D., The effects of the mating system on progeny Evolution Nao
Travis, J., & Mitchell, | performance in Hyla crucifer (Anura, Hylidae)
S.
1989 | Bruce, R. C. Life-history of the salamander Desmognathus Herpetologica Nao

monticola, with a comparison of the larval
periods of Desmognathus monticola and
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1989 | Williamson, 1., & Life-history variation in a population of the Copeia Nao
Bull, C. M. Australian frog Ranidella signifera - egg size
and early development
1990 | Elinson, R. P., A practical guide to the developmental biology | Biological Bulletin Nao
Delpino, E. M., of terrestrial-breeding frogs
Townsend, D. S,
Cuesta, F. C., &
Eichhorn, P.
1990 | Long, J. A. Heterochrony and the origin of tetrapods Lethaia Nao
1990 | Herzberg, F., Poting, | Identification of ca2+-dependent cell-adhesion | Differentiation Nao
A., & Wedlich, D. molecules in xenopus by the use of interspecies
homology
1990 | Lamb, T., Novak, J. Morphological asymmetry and interspecific Journal of Evolutionary Nao
M., & Mahoney, D. hybridization - a case-study using hylid frogs Biology
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1990 | Hausfater, G., Parasites and mate choice in gray treefrogs, American Zoologist Nao
Gerhardt, H. C., & Hyla versicolor
Klump, G. M.
1990 | Semlitsch, R. D., Pedomorphosis in Ambystoma talpoideum - Evolution Nao
Harris, R. N., & maintenance of population variation and
Wilbur, H. M. alternative life-history pathways
1990 | Mitchell, S. L. The mating system genetically affects offspring | Evolution Nao
performance in woodhouses toad (Bufo
woodhousei)
1991 | Koenig, W. D., A comparison of methods to partition selection | Journal of Evolutionary Nao
Albano, S. S., & acting via components of fitness - do larger Biology
Dickinson, J. L. male bullfrogs have greater hatching success
1991 | Bates, W.R., & Anural development of the ascidian Molgula Canadian Journal of Nao
Mallett, J. E. pacifica (Huntsman) Zoology-Revue Canadienne
De Zoologie
1992 | Crespi, B. J. Behavioral ecology of australian gall thrips Journal of Natural History Nao
(Insecta, Thysanoptera)
1992 | Keddyhector, A. C., | Call patterns and basilar papilla tuning in Brain Behavior and Nio
Wilczynski, W., & cricket frogs .2. Intrapopulation variation and Evolution
Ryan, M. J. allometry
1992 | Ryan, M. J., & Directional patterns of female mate choice and | American Naturalist Nao
Keddyhector, A. the role of sensory biases
1992 | Jeffery, W.R., & Factors necessary for restoring an evolutionary | Developmental Biology Nao
Swalla, B. J. change in an anural ascidian embryo
1993 | Beachy, C. K. Differences in variation in egg size for several | Brimleyana Nao
species of salamanders (Amphibia, Caudata)
that use different larval environments
1993 | Vanwinkle, L. J. Endogenous amino-acid-transport systems and | Biochimica Et Biophysica | Nao
expression of mammalian amino-acid-transport | Acta
proteins in Xenopus oocytes
1993 | Maucuer, a., moreau, | Stathmin gene family - phylogenetic Journal of Biological Nao
j., mechali, m., sobel, | conservation and developmental regulation in Chemistry
a. Xenopus
1994 | Procunier, W. S, A midarm interchange as a potential Genome Nao

Muro, A. L.

reproductive isolating mechanism in the
medically important Simulium neavei group
(Diptera, Simuliidae)
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1994 | Olsen, P. D., Avian egg morphometrics - allometric models | Australian Journal of Nao
Cunningham, R. B., | of egg volume, clutch volume and shape Zoology
& Donnelly, C. F.
1994 | Collazo, A., & Marks, | Development of Gyrinophilus porphyriticus - Journal of Experimental Nao
S.B. identification of the ancestral developmental Zoology
pattern in the salamander family Plethodontidae
1994 | Semlitsch, R. D. Evolutionary consequences of nonrandom Behavioral Ecology and Nao
mating - do large males increase offspring Sociobiology
fitness in the anuran Bufo bufo
1994 | Kearn, G. C. Evolutionary expansion of the monogenea International Journal for Nao
Parasitology
1994 | Scribner, K. T., & Population cage experiments with a vertebrate - | Evolution Nao
Avise, J. C. the temporal demography and cytonuclear
genetics of hybridization in Gambusia fishes
1994 | Stroumbakis, N. D., | RNA-stranded and single-stranded DNA- Gene Nao
Li, Z. H., & Tolias, P. | binding (SSB) proteins expressed during
P. Drosophila melanogaster oogenesis - a
homolog of bacterial and eukaryotic
mitochondrial SSBS
1994 | Smith, T. G., Desser, | The development of Hepatozoon sipedon sp- Parasitology Research Nao
S. S., & Martin, D. S. | nov (Apicomplexa, Adeleina, Hepatozoidae) in
its natural host, the northern water snake
(Nerodia sipedon sipedon), in the culicine
vectors Culex pipiens and C. territans, and in an
intermediate host, the northern leopard frog
(Rana pipiens)
1995 | Diesel, R., Baurle, G., | Cave breeding and froglet transport - a novel Copeia Nio
& Vogel, P. pattern of anuran brood care in the Jamaican
frog, Eleutherodactylus cundalli
1995 | Moury, J. D., & Early cranial neural crest migration in the Acta Anatomica Nao
Hanken, J. direct-developing frog, Eleutherodactylus coqui
1995 | Nurnberger, B., Natural selection on quantitative traits in the Evolution Nao
Barton, N., Bombina hybrid zone
MacCallum, C.,
Gilchrist, J., &
Appleby, M.
1995 | Moller, A. P, & Pollinator preference for symmetrical flowers Oikos Nio
Eriksson, M. and sexual selection in plants
1995 | Seymour, R. S., & Respiration of amphibian eggs Physiological Zoology Nao
Bradford, D. F.
1996 | Reynolds, J. D. Animal breeding systems Trends in Ecology & Nao
Evolution
1996 | Cloney, R. A., & Ascidian larvae: The role of test cells in Acta Zoologica Nao
Hansson, L. J. preventing hydrophobicity
1996 | Moore, R. D., Delayed hatching as a response of streamside Oikos Nao
Newton, B., & Sih, A. | salamander eggs to chemical cues from
predatory sunfish
1996 | Wake, D. B., & Direct development in the lungless International Journal of Nio
Hanken, J. salamanders: What are the consequences for Developmental Biology
developmental biology, evolution and
phylogenesis?
1996 | Wakahara, M. Heterochrony and neotenic salamanders: Zoological Science Nao

Possible clues for understanding the animal
development and evolution
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1996 | Titus, T. A., & Molecular phylogenetics of desmognathine Systematic Biology Nao
Larson, A. salamanders (Caudata: Plethodontidae): A
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1996 | Resetarits, W. J. Oviposition site choice and life history American Zoologist Nao
evolution
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CAPITULO II

DIRECT DEVELOPMENT IN ATLANTIC FOREST ANURANS: WHAT CAN ENVIRONMENTAL

AND BIOTIC INFLUENCES EXPLAIN ABOUT ITS EVOLUTION AND OCCURRENCE?
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Abstract

Different environmental and biological factors can originate and support different alternative
life histories in different taxonomic groups. Likewise, these factors are important for the processes
that assemble and structure communities. Amphibians, besides being highly susceptible to
environmental conditions, have various reproductive strategies, such as the direct development of
individuals. Several hypotheses have been raised about possible selective pressures related to the
emergence of direct development in anurans, as well as the relationship between environmental
characteristics and the occurrence of these species. Such investigations, however, have mainly
focused on specific clades and/or regions. Here, we use structural equation modelling to investigate
the relationships between different abiotic (temperature, precipitation, humidity, and terrain slope)
and biotic (phylogenetic composition and functional diversity) factors and the proportion of species
with direct development in 766 anuran communities of the Atlantic Forest, a biome with a vast
diversity of anuran species and high environmental complexity. Anuran communities with higher
proportions of direct developing species were found to be mainly influenced by low potential
evapotranspiration, low temperature seasonality, and high functional diversity. Phylogenetic
composition and terrain slope were also found to be important in determining the occurrence of
these species in Atlantic Forest communities. These results show the importance of these factors in
the structuring of these communities and provide important contributions to the knowledge of direct

development in anurans.

Introduction

As the result of a long and complex evolutionary history, the great diversity of amphibian
species represents numerous morphological and behavioral varieties, an abundance of ecological
relationships, and the greatest diversity of reproductive modes among tetrapods [1]. Seventy-four

reproductive modes are currently described for amphibians, 56 of which are exclusive to anurans
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[2]. These anuran modes represent collections of reproductive traits, such as oviposition site,
spawning and larval characteristics, and type of development [2, 3]. Deviating from the ancestral
reproductive mode of a biphasic life cycle with a larval phase in the form of a tadpole, is direct
development [1, 4]. Direct development in anurans is characterized by the absence of a free-living
larval stage, with the hatching of miniatures of adult forms. The morphological and physiological
modifications resulting from the alteration of biphasic development to a single-phase life cycle
impose specific requirements and tolerances on these species, especially in terms of humidity [5, 6].

Direct developing anurans are mostly associated with climatically stable environments, such
as forests with higher levels of humidity and structural complexity [7—9]. In the same way that the
evolutionary diversification of reproductive modes is related to distinct factors, the emergence and
evolution of direct development in anurans has diverse evolutionary hypotheses, as discussed by
Fontana et al. 2022 [10]. The most discussed of these hypotheses proposes direct development as an
alternative trait resulting from evolutionary processes linked to the action of biotic factors, such as
predation of aquatic eggs and larvae and/or competition for reproductive sites [3, 11, 12]. Also, the
hidden amplexus of certain terrestrial breeders (some species of the families Hylidae and
Leptodactylidae) may exemplify how sexual selection (competition among males for reproductive
females and polyandry avoidance) molded the evolution of reproductive modes in anurans [13].
Alternatively, the abiotic environment has also been presented as a potential selective force in the
evolution of direct development. Climatic conditions, such as seasonality, precipitation, and
temperature, play important roles in determining the distribution of these species [4, 9].
Furthermore, environmental structure, such as topography, may have also been an important
selective factor, since more structurally complex locales can enhance the loss and mortality of
aquatic eggs and larvae through water flow [9, 14].

Continuously distributed along the Brazilian coast and penetrating inland regions, the
Atlantic Forest has enormous environmental heterogeneity, with different forest formations,

microclimatic conditions, and variations in relief [15, 16]. Due to these characteristics, the Atlantic
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Forest supplies a myriad of different habitats and microhabitats that harbor an enormous diversity of
plants and animals with a high rate of endemism, earning it recognition as a global biodiversity
hotspot [17, 18]. Among Atlantic Forest animals, the great diversity of anurans stands out, with this
tropical forest sheltering almost 10% of known anuran species, placing it among the regions with
the greatest diversity of this group [19, 20].

The evolutionary and ecological relationships, different life histories, and great diversity of
morphologies and reproductive modes of anurans are reflected not only in their high taxonomic
diversity but also in their high phylogenetic and functional diversities in the Atlantic Forest [21,
22]. Phylogenetic diversity (PD) is a biodiversity metric used to explore the evolutionary history of
species, based on branch lengths of a phylogenetic tree [23]. Functional diversity (FD), on the other
hand, not only reflects the variability of species traits in communities but can also be used as a
metric to investigate complementarity in resource use, or niche differentiation, and to understand
how these traits influence the functioning of communities and ecosystems [24]. Since these metrics
reflect ecological and evolutionary patterns that occur in communities, they can be used to infer
processes related to the response of species to biotic interactions, ecosystem functioning, and
patterns related to community structure [23, 25-27]. Therefore, the use of these metrics can reveal
the influence of distinct factors on community assemblages, such as past competition and predation
among species (in communities that present phylogenetic and/or functional overdispersion), as well
as the influence of environmental filters (in communities displaying phylogenetic and/or functional
clustering) [28, 29]. Since biotic interactions, such as competition among species and predation, are
difficult to measure in natural communities, the use of PD and FD metrics as proxies for local
coexistence mechanisms and these interactions is perhaps a valid alternative.

Understanding how biotic and abiotic factors are related to direct development in anurans is
crucial, since these relationships can help to discover the conditions that are favorable or
unfavorable for the occurrence of reproductive modes in distinct environments. Furthermore, based

on these relationships, new insights can be gained into the evolution of terrestrial reproductive

73



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

modes, such as direct development. Thus, here we employ structural equation modelling (SEM) to
evaluate the relationships among environmental characteristics (climate and topography), biotic
characteristics (phylogenetic composition and functional diversity), and the proportion of direct
developing anuran species in communities of the Atlantic Forest. (Fig 1).

As mentioned above, the evolution of anuran direct development can be a result of driving
forces due to the actuation of abiotic factors. Thus, we expected to find higher proportions of direct
developing anuran species in communities that are climatically stable and with elevated levels of
humidity and rough terrain. If ecological mechanisms (e.g., competition, predation, parasitism) are
also forces related to the divergence and evolution of traits, and if these mechanisms are linked to
the main hypotheses regarding the evolution of direct development in anurans, we would expect
that communities that experienced high levels of these interactions in the past would currently have
higher levels of functional diversity and higher proportions of direct developing anuran species. In
this context, communities that historically experienced high competition and predation rates must
have undergone functional divergence, with species occupying new niches. As a result, these
communities should currently exhibit greater functional diversity and greater proportions of direct

developing anuran species.
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Fig 1. Investigated relationships of abiotic and biotic factors with direct developing anurans in
the Atlantic Forest. Piecewise SEM model showing the indirect and direct effects of abiotic factors
(blue boxes) and biotic factors (yellow boxes) on the proportion of direct developing species (brown
box) in anuran communities of the Atlantic Forest. Significant relationships are presented in blue
(positive relationship) and red (negative relationships) arrows. Values on arrows correspond to
standardized coefficients. R? values for endogenous variables are presented in the small boxes. The
thickness of arrows is proportional to the magnitude of the standardized coefficients. BIO4 —
temperature seasonality; biol2 — annual precipitation; ETO — potential evapotranspiration; PCPS1 —
first PCPS eigenvector; SES.FD — standardized effect size of functional diversity; and %DD —

proportion of direct developing species in the anuran communities.
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Material and methods

Data collection

Direct developing species in Atlantic Forest anuran communities

To evaluate the influences of biotic and abiotic variables on the proportion of direct
developing species in Atlantic Forest anuran communities, we first created a subset of anuran
communities using the database of Atlantic Forest amphibian communities of Vancine et al. 2018
[30] (S1 File). We chose to use this data set because: i) it compiles occurrence data for species that
co-occur at the same place and time (study sites) distributed along the entire extension of the
Atlantic Forest, thus reflecting real local communities of the region; ii) it comprises a large number
of study sites (1,163), species (528) and specimen records (17,169); and iii) the data were already
accurately compiled and revised. We initially prepared the data by removing all localities with
missing or inaccurate geographic coordinates and those with a record of only a single anuran
species. Then we calculated the observed proportion of direct developing species in each of the
communities. However, as species occurrence and distribution can influence the average values of
traits within communities [31], we controlled the effect of species composition on the proportion of
direct developing species in the communities using null models, as proposed by Pillar and Duarte
2010 [32] and Peres-Neto et al. 2017 [33]. For this, we created a matrix containing the development
type for each species present in the communities (D matrix). We then calculated the observed
proportion of direct developing species in each community. Next, we generated a set of 999 null
proportions through D matrix randomization and calculated the mean and standard deviation of
these proportions. Finally, based on the standardized effect size metrics, we used the observed
proportions and the means and standard deviations of the null proportions to calculate the
proportion of direct developing species free from the composition effect for each of the
communities. In total, our analyzed database comprised a comprehensive collection of 766
communities distributed along the extension of the Atlantic Forest (Fig 2).
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Fig 2. Distribution of the 766 analyzed Atlantic Forest anuran communities. The color gradient
represents the observed proportion of direct developing anurans in the evaluated communities
(points). Base layer sources: South America shape file retrieved from the Database of Global
Administrative Areas (GADM) under an open license (CC-BY): https://gadm.org/license.html;
Atlantic Forest limits reprinted from Muylaert et al. 2018 [34] under a CC BY license, with
permission from Muylaert (GNU General Public License,
https://github.com/LEECIab/ATLANTIC-limits/blob/master/LICENSE); communities (points)
distributions were mapped based on records retrieved from Vancine et al. 2018 [30]. Modified with

permission from Vancine et al. 2018 [30].
Bioclimatic and topographic variables

To investigate the relationship among biotic and abiotic factors and the proportion of direct-

developing anuran species in Atlantic Forest communities, we gathered bioclimatic and topographic
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data for each of the previously selected communities, utilizing their geographic coordinates. We
downloaded the 19 bioclimatic variables from WorldClim 2.1
(https://www.worldclim.org/data/worldclim21.html) [35, 36] and potential evapotranspiration (ETO)
from Global Aridity Index and Potential Evapotranspiration Climate Database
(https://csidotinfo.wordpress.com/2019/01/24/global-aridity-index-and-potential-
evapotranspiration-climate-database-v3/) [37]. We considered terrain slope as the topographic
variable, which represents the gradient of change in terrain elevation and is related to water
accumulation and the direction and velocity of water flow [38]. Thus, slope reflects important
aspects of terrain topography that can favor or hinder oviposition and survival of anuran offspring
in the environment, such as waterbody availability and water flow velocity. This measure was
downloaded from the EarthEnv database (www.earthenv.org) [38]. After downloading the data, we
cropped all the rasters to match the extent of the Atlantic Forest boundaries [34], to obtain the
bioclimatic and topographic values for each selected community. All rasters were downloaded at a
resolution of 30 arc-seg (approximately 1km at the equator).

To reduce the number of abiotic variables in our final model, we initially fitted two linear
models using the proportion of direct development species in each community as the response
variable and abiotic variables (temperature and precipitation) as predictors. We then selected
models based on the Akaike information criterion (AIC) [39]. The AIC ranks a given set of distinct
candidate models based on their respective goodness-of-fit to data and the associated model
complexity, reflecting the amount of information loss. Consequently, models with lower AIC values
are deemed the most appropriate, representing an optimized balance between accurate data fitting
and model simplicity [39]. We used stats and MuMIn packages of the R environment [40, 41] to
perform the fitting and selection of models. After model selection, and due to the importance of
these variables to the occurrence and distribution of anurans [42-45] (S2 File), we opted to use the

following variables in our model: temperature seasonality (B1O4) — representing temperature;
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annual precipitation (BIO12) — representing precipitation; potential evapotranspiration —

representing humidity; and terrain slope — representing topography.
Phylogenetic composition

To consider the evolutionary history of the assemblages and to determine its role in the
occurrence of direct developing species in Atlantic Forest anuran communities, we opted to
incorporate phylogenetic composition in our final model. To do this, we created a phylogenetic tree
of our species pool (subtree) using as a base the consensus phylogenetic hypothesis proposed by
Jetz and Pyron 2018 [46]. We used the geiger package [47] to prune and check the correspondence
between the species pool of our data set and the consensus phylogenetic hypothesis and identified
the absence of eight species, also referred to as phylogenetically uncertain taxa (PUTS), namely:
Chiasmocleis lacrimae; Eleutherodactylus bilineatus; Boana cambui, Phrynomedusa dryade;
Phyllomedusa rustica; Proceratophrys mantiqueira; Scinax melanodactylus; and Trachycephalus
typhonius. We included these PUTs in the subtree by using information from the literature to define
the most derived consensus clade (MDCC), which represents the most basal node containing the
closest living relative [for more details see 48]. We added the PUTSs to our subtree (S1 Appendix)
using PAM v0.9 software [48]. We then used a principal coordinates of phylogenetic structure
(PCPS) analysis, a method based on a principal coordinates analysis (PCoA) of a matrix containing
phylogeny-weighted species composition (P matrix), which produces a series of eigenvectors that
describe orthogonal gradients of phylogenetic structure [49, 50]. Whereas the first PCPS
eigenvector (with higher eigenvalues) captures deeper relationships in the phylogeny (basal nodes
of the phylogenetic tree), subsequent PCPS eigenvectors describe the relationships between more
recent lineages (terminal nodes) [51]. We used the PCPS package [52] in the R environment to
obtain phylogenetic composition [47].

Functional diversity

To calculate FD, we initially compiled information about reproductive and morphological

traits using data sets, articles and books to create a database containing the following seven
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functional traits: i) oviposition type (two categories: aquatic or terrestrial); ii) development type
(two categories: larval or direct); iii) juvenile habitat (three categories: terrestrial, aquatic, or
semiterrestrial — the last for those that inhabit and occupy both environments); iv) oviposition site
(seven categories: eggs directly into water or submersed substrate; eggs in bubble nests on still
water; eggs in foam nests; eggs embedded in back of aquatic female; eggs on ground, rocks or in
burrows; arboreal eggs attached on plants; or eggs carried by terrestrial adults); v) body length; vi)
head width; and vii) tibia length (S3 File). We used mean values for morphological traits whenever
they were accessible in the literature, but in cases where only maximum values were available,
those were considered. We chose these traits because they can be related to resource use
complementarity, reproductive niche differentiation, and habitat use [53, 54], and thus are able to
indicate possible effects of species co-occurrence and interspecific competition.

Despite the effort, we were not able to collect information about head width for 139 species
and tibia length for 146 species. Therefore, for species with missing data, we inferred these traits
through a maximum likelihood approach using the phylogenetic tree and the Rphylopars package
[55]. This approach of trait inference assumes that the traits are correlated with each other, and with
phylogenetic relationships among species [55, 56]. We also evaluated possible differences in the
analyses that excluded traits associated with direct development, since the use of these traits could
indicate a circular relationship with the proportion of direct developing species in communities.
After finding no differences, we decided to retain these traits in our analysis. After creating the trait
matrix, we performed a phylogenetic eigenvector regression (PVR) using the daee package [57] to
control the effects of phylogenetic autocorrelation on functional traits. PVR is based on calculating
a phylogenetic distance matrix followed by performing a PCoA, which produces a series of
orthogonal eigenvectors that are independent of phylogenetic structure [58].

Finally, to reduce the effect of species number on functional diversity in the Atlantic Forest
amphibian communities and to allow comparisons of communities with different richness values,

we calculated the standardized effect size of functional diversity (SES.FD) [59]. These metrics are

80



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

based on null model analyses and allow the removal of possible biases related to species richness
when considering both observed values and values generated by null models and can also reveal
phylogenetic or functional patterns of community structure [59]. In this case, while communities
structured by biotic factors, such as competition and predation, will present functional
overdispersion (identified by positive values of SES.FD), communities strongly influenced by
abiotic factors, such as environmental filters, will present functional clustering (identified by
negative values of SES.FD) [60-62].

To calculate SES.FD we generated a distance matrix based on the first 283 phylogenetic
eigenvectors (which contained 95% of data variation) previously obtained from the PVR analysis,
which were later transformed into a dendrogram using the stats package [41]. Then, based on the
dendrogram, we calculated the observed functional diversity of Petchey and Gaston 2002 [25, 63], a
metric that is derived from the phylogenetic diversity of Faith [23] and is based on the sum of
branch lengths of a functional dendrogram. To calculate SES.FD we used as the null model the
permutation of the species on the terminal nodes of the dendrogram (taxa.labels), 999

randomizations and the picante package [64].
Data analyses

To evaluate the relationships among biotic and abiotic variables and the proportion of direct
developing species in Atlantic Forest anuran communities, as proposed in Fig 1, we used SEM by
piecewise [65]. The use of SEM models enables us to investigate and confirm direct and indirect
causal relationships, proposed from a conceptual model, which is generated a priori based on
specific knowledge of the studied system, while piecewise allows us to incorporate random effects
and autocorrelation structures in the models [65, 66]. We used the first PCPS eigenvector (PCPS 1)
and the standardized effect size of functional diversity (SES.FD) as indicative of biotic factors. We
chose these metrics because they allow us to investigate the effect of evolutionary history and
aspects related to species co-occurrence. For the abiotic factors, we used temperature seasonality

(B104) (as an indicator of temperature), annual precipitation (BIO12) (as an indicator of
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precipitation), potential evapotranspiration (ETO) (as an indicator of air humidity), and slope (as an
indicator of topography).

Prior to fitting the SEM model, we tested and verified the absence of spatial autocorrelation
in the data. To do this, we constructed generalized least squares models (GLS) containing the
abiotic and biotic variables, and the proportion of direct developing species (S4 File) with
exponential autocorrelation structure using the geographic coordinates of each community (latitude
and longitude) using the nlme package [67]. Finally, we used these GLS models to generate our
final SEM model through the piecewiseSEM package [65]. We considered SEM model validity
through statistical significance (p > 0.05). All variables were previously standardized, and the

analyses were performed in R [41].

Results

Our full dataset comprised 464 species of 19 families distributed among 766 anuran
communities along the full extension of the Atlantic Forest, with species richness ranging from 2 to
49 species per community (mean = 13.48, SD = 9.17). Just over 10% (49) of the recorded species
had a reproductive mode with direct development, and they were concentrated in a few lineages
(Fig 3A, see more detailed in S2 Appendix). About 31% (237) of the evaluated communities
contained species with direct development, with the others being exclusively composed of species
with larval development. The proportion of direct-developing anurans in the communities ranged
from 0 to 100% (mean = 4.32%, SD = 9.23), with a maximum richness of 10 species with direct
development within a community. Communities with higher proportions of direct developing
species were found spatially clustered in the southern Atlantic Forest and penetrating some areas in

the northern Atlantic Forest (Fig 2).
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Fig 3. Direct development and Atlantic Forest anurans (A) Phylogenetic distribution of direct
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development. Species relationships were based on the consensus phylogenetic tree of Jetz and

Pyron 2018 [46]. For a more detailed version with species names, see S2 Appendix. (B) Scatter plot

of PCPS eigenvectors 1 and 2 generated for anurans occurring in Atlantic Forest communities. Gray

circle size indicates the proportion of direct developing species in the communities, while red and

blue triangles represent direct development larval development, respectively.
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Together the first two PCPS eigenvectors captured 36.84% of the total variation in the
phylogenetic composition data. Eigenvector 1 split communities that were formed by hylids with
lower proportions of direct developing anurans from those formed by aquatic and terrestrial species
(other lineages) with higher proportions of direct developing species. In turn, PCPS 2 was
positively related to communities formed by terrestrial species with higher proportions of direct
developing species and negatively related to communities formed by species with aquatic
reproductive modes (Leptodactylidae, Microhylidae and Ranidae, Fig 3B).

Our model, which correlates the selected climatic and topographic variables, phylogenetic
composition, and functional diversity with the proportion of direct-developing species in Atlantic
Forest anuran communities, explained 36% of the variation in the data (Fischer’s C2 = 2.635, p =
0.268, Fig 4, and S5 File). Potential evapotranspiration was the principal factor explaining the
proportion of direct developing species, being negatively related (r = -0.451), followed by
temperature seasonality with a negative effect (r = -0.305) and functional diversity with a positive
effect (r = 0.231). Only annual precipitation had no direct effect on the proportion of direct
developing anurans; however, it had a small effect on functional diversity. Also, climate and
topography together explained 17% of the variation in phylogenetic composition and 13% of the
variation in functional diversity (SES.FD) (Fig 4, and S5 File).

The communities with the highest proportions of direct developing anurans were distributed
in regions with low to moderate temperature seasonality, low potential evapotranspiration and
steeply sloping topography (see Fig S1 in S3 Appendix). Although we could not find any
significant pattern of functional structural in the vast majority of the studied communities, southern
Atlantic Forest communities showed negative values of SES.FD, indicating functionally similar
species (functional clustering; see Fig S2 in S3 Appendix). Conversely, a few communities in the
northern Atlantic Forest presented positive values of SES.FD, which suggests that these
communities are composed of functionally distinct species (functional overdispersion) (Fig S2 in S3

Appendix).

84



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

Discussion

Direct development in Atlantic Forest anuran communities

Atlantic Forest anuran communities are composed of a variety of species with distinct evolutionary
histories, physiological requirements, and reproductive strategies. The analyzed species pool
included about 65% of the 719 anuran species currently known for the Atlantic Forest [20]. Our
results showed that most of the communities are composed of species with larval development,
which is considered ancestral and phylogenetically predominant among amphibians [1, 4, 68]. Ten-
percent of the anuran species considered in the present study have direct development as a
reproductive strategy, whereas estimates at the global level indicate about 25% [69]. At least a third
of the described species in the Neotropical region have direct development, with Central American
forests being the main refuge of these species, followed by the Atlantic Forest [4, 70, 71]. Although
direct development is widespread throughout the phylogeny of amphibians and has evolved
multiple times in different lineages [4], in the Atlantic Forest this reproductive strategy is
concentrated in certain families and genera, such as the clade Terrarana and some species of the
family Hemiphractidae [19, 72].

The clade Terrarana is a species complex, formed by four families of direct developing anurans
(Brachycephalidae, Craugastoridae, Eleutherodactylidae, and Strabomantidae), distributed
throughout the New World (North, Central, and South America and West Indies) [72]. It emerged in
South America during the Cenozoic and has since dispersed and radiated to the other regions [72,
73]. In addition to terrarans and some hemiphractids, the phylogenetic tree of anurans of the
Atlantic Forest reveals the presence of another clade with a single species representing direct
development (Myersiella microps). The finding that almost all direct developers of the Atlantic
Forest belong to only one clade supports the idea that South America served as a center of origin for

this group of species. It also supports the idea that past environmental conditions of the coastal
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portion of the Atlantic Forest restricted the dispersal and occurrence of certain lineages to a suitable
ecological niche [7, 73, 74], such as the case for Brachycephalidae. The family Brachycephalidae,
represented by the genera Brachycephalus and Ischnocnema, is the most represented lineage of
direct developers in the Atlantic Forest. It is associated with montane forests, with a distribution
restricted mainly to southern and southeastern portions of the Atlantic Forest [72,75, 76]. However,
the present results indicated that the proportion of direct developers in the communities is not just a
mere reflection of the center of origin of these few clades in the Atlantic Forest, but is also a result

of selective forces, such those due to biotic and abiotic factors.

Biotic factors and direct development in Atlantic Forest anuran

communities

The effect of biotic factors on the evolution of direct development has never been effectively
evaluated at the community scale, only by species-specific experiments. In this way, when
functional diversity was used as a proxy of co-occurrence mechanisms, the model showed a
significant positive relationship between this metric and the proportion of direct developing species
in Atlantic Forest anuran communities. Thus, our results indicated that communities with higher
functional diversity (and, therefore, increased likelihood of all kinds of biotic interactions such as
competition and predation) were formed by a higher proportion of direct developing species,
suggesting that direct development evolved as an alternative to minimize and/or avoid biotic
pressures, as the main evolutionary hypotheses proposed [10, 11, 77]. Furthermore, a scenario can
be envisioned in which even without these interactions, the evolution of alternative reproductive
modes by pure neutral mechanisms can be favored by enhanced functional diversity of other
functional traits. In this context, when species arrive in new environments, those with more
specialized reproductive modes that deviate from the classical aquatic reproductive modes, such as
direct developers, will be able to occupy new niches [1, 68, 78], avoiding the inhibitions imposed

by priority effects.
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Patterns of phylogenetic and/or functional structure of communities can be identified at different
scales, reflecting the action of distinct processes in their formation [79]. Paz et al. 2022 [62] found
some communities in extreme environments of the Atlantic Forest to be functionally clustered ,
suggesting that environmental filters played a significant role in assembling them [28, 60, 62].
Communities that are strongly influenced by environmental conditions can be molded and
structured by the selection of traits related to high competitive capacity of species [80]. The
structural model developed here aimed to provide the best alternative to assessing how distinct
factors influenced community structure. However, functional clustering or overdispersion patterns
were not detected in the majority of the studied anuran communities. Consequently, our results, at
the community scale, indicated that stochastic processes were probably more critical for community
assembly [28, 81]. Nevertheless, it is important to point out that only a few traits that could be
assessed were explored. Therefore, the perceived absence of a significant pattern of functional
structure in most communities may in fact be a consequence of stochastic processes, as mentioned
above, but also a result of other aspects not explored here since results can vary according to the
selected functional traits [82]. Some examples of other traits are those related to movement,
reproduction, and habitat use/selection, such as migration and dispersion movements, sexual

dimorphism and number of eggs or offspring, and habitat preference, respectively [53].

Abiotic factors and direct development in Atlantic Forest anuran

communities

As expected, we verified that the proportion of direct developing species in Atlantic Forest anuran
communities is related to both biotic factors, namely phylogenetic composition and functional
diversity, and abiotic factors, namely climate and topography. The different responses of
amphibians to climatic conditions are known to be mediated by their reproductive modes [83].
Reproductive specialization can be considered not only a result of the phylogenetic relationships

among families but also as a response to the environmental conditions of the region in which the
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species evolved [1, 3, 8]. In this sense, Lourengo-de-Moraes et al. 2020 [84], showed that the high
richness and endemism rates of amphibians in the Atlantic Forest can be explained by climatic
conditions, such as annual mean temperature and annual precipitation. Similarly, environmental
factors, such as climate and environmental structure, can also define and delimit the occurrence and
proportion of amphibians with terrestrial reproduction in communities [4 8, 9].

Historically, the climatic seasonality of the coastal region of the Atlantic Forest delimited and
restricted the occurrence of species with specialized reproductive modes to this portion that is
climatically more stable [7]. Amphibians from the tropics tend to possess a narrower amplitude in
the temperature dimension of their niche due to low-temperature seasonality in the region [43]. In
this context, the negative relationship found between the proportion of direct developing species in
Atlantic Forest anuran communities and temperature seasonality reinforces the idea that climatic
conditions must have influenced the evolution of direct development [4]. It is also important to
highlight that montane environments in the coastal region have not only provided suitable
conditions for the occurrence of species with distinct life histories, but also currently condense the
largest forest remnants of the Atlantic Forest [7, 85]. Therefore, the montane forests function as
important refuges for the conservation of amphibian functional diversity, since species with
specialized reproductive modes, such as direct development, are highly susceptible to
environmental changes [21, 86-88].

Although terrestrial direct developers show high independence from water bodies, they remain
dependent on humidity in the environment [77]. In the same way that climatic oscillations restricted
the expansion of the distributions of species with specialized reproductive modes, the high humidity
level of the Atlantic Forest favored the high phylogenetic and reproductive diversity found in the
region [7, 42]. The importance of annual precipitation to the richness, occurrence, and distribution
of anurans has already been demonstrated by several studies undertaken in different regions [89—
92]. Ochoa-Ochoa et al. 2019 [92] found that amphibian functional diversity is influenced by

climate, with humid mountain regions being the most diverse due to high annual precipitation and
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low precipitation seasonality. Here, we did not find a direct effect of annual precipitation on the
proportion of direct developing species in the studied Atlantic Forest anuran communities, although
we observed a negative relationship between this proportion and potential evapotranspiration.
Nonetheless, these results do not necessarily reject the importance of these variables to these
anurans, since we verified an indirect effect of annual precipitation on the occurrence of direct
developing species mediated by functional diversity. Similarly, when considering spatial
autocorrelation, Gimenez and Vasconcelos 2022 [93] also did not find a correlation between the
diversity of terrestrial reproductive modes (non-aquatic eggs) and annual precipitation and
evapotranspiration in the Atlantic Forest but verified that these reproductive modes are related to
the presence of ombrophilous forests (evergreen). Thus, the water and humidity requirements of
anurans, especially terrestrial breeders (including direct developers), might be supplied by specific
conditions of humid microhabitats that are only perceived at finer, and not larger, spatial scales.
Another factor that is also considered to promote reproductive diversification and specialization is
the complex topography of the Atlantic Forest [3]. High altitude regions are known to possess
higher topographic heterogeneity, which directly influences biodiversity [94, 95]. Among the
different topographic measures, slope is related to the direction and velocity of water flow, as well
as water accumulation, which exercises distinct pressures on organisms [38]. In environments with
high slopes, the velocity of water flow tends to be more accentuated, which may affect the different
organisms that occupy these environments and increase the mortality of non-adapted species [96].
In this sense, some studies have mentioned terrain topography as a potential driving force in the
evolution of terrestrial reproduction and direct development. Liedtke et al. 2017 [9] verified a strong
relationship between high slope environments and the occurrence of terrestrial breeders (including
those with direct development), whereas Portik et al. 2016 [97] did not detect co-evolutionary
relationships between terrestrial oviposition sites and lotic environments. Whereas our results do
not effectively confirm this hypothesis, they do suggest it, since we observed a higher proportion of

direct developing anurans in localities with greater slopes.
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Contributions, perspectives and future directions of knowledge of

anuran direct development

Despite the important relationships observed among the climatic conditions, topography, biotic
factors, and the proportion of direct development species in the studied Atlantic Forest anuran
communities, a significant part of our data remained unexplained. In this context, other factors that
we did not evaluate here could also be related to the structuring of these communities, such as
micro-environmental and biogeographical factors. As noted by Lion et al. 2019 [45], environmental
variables can act in diverse ways on the occurrence and proportion of terrestrial-breeding
amphibians in communities depending on the biogeographic region that is considered. Since Lutz
1948 [11] spotlighted the probable factors related to the evolution of direct development in
amphibians, several other authors have been investigating and testing these hypotheses but focusing
on species-specific experiments, and/or factors independently. Here, we are proposing an integrated
way to explore the relationships among distinct factors (biotic and abiotic) and direct development
in anurans. We recognize that our model does not encompass other different factors and sources of
variation. Nevertheless, it does indeed provide a meaningful framework for understanding the
important mechanisms influencing real biological communities. Thus, future analyses comparing
the relationships among abiotic and biotic factors and direct development in anurans performed at
different scales and in other regions, and thus encompassing distinct species pools, more clades and
greater climatic and environmental variability, will be able to show distinct patterns among these
relationships and help to amplify knowledge about this specialized reproductive mode.

Direct developers have particular life history and ecological traits, such as an association with high-
altitude environments, restricted distributions, and smaller clutches with larger eggs, traits that can
be associated with extinction risk [5, 71, 98-101]. As verified here, the occurrence of direct
developing species of Atlantic Forest anuran communities was mostly associated with temperature
seasonality and potential evapotranspiration, hence, future climatic changes can impoverish these

communities, especially by the loss of this group of species. Additionally, the use of information
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about life-history traits, such as the developmental mode of anurans, can be useful to indicate
priority areas for conservation efforts [102]. In this sense, we also highlight the importance of
conservation plans and actions specific to these species, as well as to high-altitude forests, which
are true refuges for direct developing anurans, to ensure the maintenance and conservation of
different anuran evolutionary and life histories. Moreover, the observed relationships among abiotic
and biotic variables and the proportion of direct developing anurans can also help to reinforce the
hypothesis that multiple selective forces guided the evolution of this reproductive mode. Finally, we
emphasize the importance of our results as one of the few studies that effectively aimed to relate
anuran direct development with distinct factors on a wide spatial scale, independently of specific

lineages and families, and involving many evaluated communities.
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S1 File. Atlantic Forest anuran communities. Subset of 766 Atlantic Forest anuran communities
based on Vancine et al. 2018 [30] data.?

S2 File. Model selection used for temperature and precipitation variable selection.

S3 File. Dataset of life-history traits of Atlantic Forest anurans.
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S2 File — Model selection used for temperature and precipitation variable selection.

Model selection: Temperature variables

Components GL logLik AlCc delta weight
1,2,4,6,7 7 -1006.10 2026.35 0 0.15
1,2,4,6,7,9 8 -1005.42 2027.04 0.69 0.11
2,3,4,5,6,7 8 -1005.46 2027.11 0.77 0.10
1,2,4,6,7,8 8 -1005.50 2027.20 0.85 0.10
1,2,3,4,6,7 8 -1005.61 2027.40 1.06 0.09
1,2,4,5,6,7 8 -1005.62 2027.43 1.08 0.09
2,3,4,6,7 7 -1006.64 2027.43 1.08 0.09
2,3,4,6,7,8 8 -1005.78 2027.76 1.41 0.08
1,2,3,4,6,7,8 9 -1004.93 2028.10 1.75 0.06
1,2,3,4,5,6,7 9 -1004.93 2028.11 1.76 0.06
1,2,3,4,6,7,9 9 -1004.94 2028.13 1.78 0.06
Term codes
BIO1 BIO10  BIOl11  BIO2 BIO3 BIO4 BIO7 BIO8 BIO9
1 2 3 4 5 6 7 8 9

Model-averaged coefficients

(full average)

Estimate S.E Adj. Error z value Pr(>|z))
Intercept 1.76E-15 3.26E-02 3.26E-02 0.000 1.000
BIO1 -1.05E+00 8.87E-01 8.87E-01 1.181 0.237
BIO10 1.76E+00 8.95E-01 8.96E-01 1.968 0.049
BIO2 -1.07E+00 3.38E-01 3.38E-01 3.167 0.001
BIO4 -2.04E+00 7.17E-01 7.17E-01 2.841 0.004
BIO7 1.30E+00 3.97E-01 3.97E-01 3.282 0.001
BIO9 2.20E-02 6.69E-02 6.69E-02 0.329 0.742
BIO11 -1.47E+00 1.86E+00 1.86E+00 0.791 0.429
BIO3 6.79E-02 1.60E-01 1.60E-01 0.424 0.671
BIO8 -1.72E-02 431E-02 431E-02 0.400 0.689
(conditional average)
Estimate S.E Adj. Error z value Pr(>|z))

Intercept 1.77E-15 3.26E-02 3.26E-02 0

BIO1 -1.43E+00 7.24E-01 7.25E-01 1.978 0.047
BIO10 1.76E+00 8.95E-01 8.96E-01 1.968 0.049
BIO2 -1.07E+00 3.38E-01 3.38E-01 3.167 0.001
BI04 -2.04E+00 7.17E-01 7.17E-01 2.841 0.004
BIO7 1.30E+00 3.97E-01 3.97E-01 3.282 0.001
BIO9 1.28E-01 1.11E-01 1.12E-01 1.150 0.250
BIO11 -2.68E+00 1.75E+00 1.75E+00 1.529 0.126
BIO3 2.64E-01 2.18E-01 2.18E-01 1.209 0.226
BIO8 -7.21E-02 6.17E-02 6.18E-02 1.167 0.243

Model selection: Precipitation variables

Components GL logLik AlCc delta weight
1,2,3,4,6,7,8 9 -1028.07 2074.37 0 0.30
1,2,3,4,6,7 8 -1029.11 2074.42 0.05 0.30
2,3,4,6,7 7 -1030.29 2074.72 0.35 0.25
2,3,4,5,6,7 8 -1029.82 2075.83 1.46 0.15
Term codes
BIO12 BIOI3 BIO14 BIOIS BIO16 BIO17 BIOI§  BIO19
1 2 3 4 5 6 7 8

Model-averaged coefficients

(full average)

Estimate S.E Adj. Error z value Pr(>|z|)
Intercept -1.46E-15 3.36E-02 3.37E-02 0 1
BIO12 1.79E-01 2.01E-01 2.06E-01 0.891 0.372
BIO13 4.38E-01 1.79E-01 1.79E-01 2.440 0.014
BIO14 1.37E+00 3.16E-01 3.17E-01 4.326 1.52E-05
BIO15 -9.59E-01 2.09E-01 2.09E-01 4.575 4.80E-06
BIO17 -2.26E+00 3.43E-01 3.43E-01 6.570 <2E-16
BIO18 -1.88E-01 7.44E-02 7.45E-02 2.533 0.011
BIO19 -1.10E-01 7.65E-02 7.66E-02 1.438 0.150
BIO16 2.28E-01 2.37E-01 2.37E-01 0.960 0.337

(conditional average)
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Intercept
BIO12
BIO13
BIO14
BIO15
BIO17
BIO18
BIO19
BIO16

Estimate

-1.46E-15
2.99E-01
4.38E-01
1.37E+00
-9.59E-01
-2.25E+00
-1.88E-01

-1.10E-01
2.28E-01

S.E

3.36E-02
1.78E-01
1.76E-01
3.16E-01
2.09E-01
3.43E-01
7.44E-02
7.65E-02
2.37E-01

Adj. Error
3.37E-02
1.78E-01
1.80E-01
3.17E-01
2.09E-01
3.43E-01
7.45E-02

7.66E-02
2.37E-01

z value

1.682
2.440
4.326
4.575
6.570
2.533
1.438
0.960

Pr(>[z])
1
0.092
0.014
1.52E-05
4.80E-06
<2E.16
0.011
0.150
0.337
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S3 File - Dataset of life-history traits of Atlantic Forest anurans. OT — oviposition type (0 — aquatic; 1 — terrestrial); Dev — development type (0 —
aquatic; 1 — terrestrial); Aquatic - juvenile habitat aquatic; Terrestrial - juvenile habitat terrestrial; Semiterrestrial - juvenile habitat semiterrestrial; S1 —

eggs directly into water or submersed substrate; S2 — eggs in bubble nests on still water; S3 — eggs in foam nests; S4 — eggs embedded in back of
aquatic female; S5 — eggs on ground, rocks or in burrows; S6 — arboreal eggs attached on plants; S7 — eggs carried by terrestrial adults; BL — body
length; HW - head width; TL — tibia length; Obs — observation; Ref — reference.

Species OT Dev Aquatic  Terrestrial Semiterrestrial S1 S2 S3 S4 S5 S6 S7 BL HW TL Obs Ref
Adelophryne baturitensis 1 1 0 1 0 0 0 0 0 1 0 0 16.3 5.27 5.03 Head width inferred 1,2,3,27
Adelophryne pachydactyla 1 1 0 1 0 0 0 0 0 1 0 0 111 4.19 4.88 Head width inferred 1,2,3,27
Adenomera ajurauna 1 0 0 1 0 0 O 1 0 0 0 0 19 7.09 8.15 1,235
Adenomera andreae 1 0 0 1 0 o o0 1 o O o0 o0 28 9.91 12.82 1,2,3,29
Adenomera araucaria 1 0 0 1 0 0o 0 1 0o 0 0 0 185 6.02 8.17 1,2,3,28
Adenomera bokermanni 1 0 0 1 0 o o 1 o 0 o0 o0 23 7.82 10.12 1,2,3,29
Adenomera diptyx 1 0 0 1 0 0 0 1 0 0 0 0 24 8.2 10.94  Tibia length inferred 1,2,3
Adenomera engelsi 1 0 0 1 0 0 O 1 0 0 o0 0 22 7.37 10.66 1,2,3,6
Adenomera hylaedactyla 1 0 0 1 0 0 0 1 0 0 0 0 30 10.29 13.38 1,2,3,29
Adenomera marmorata 1 0 0 1 0 0 0 1 0 0 0 0 25 8.4 11.05 1,2,3,29
Adenomera nana 1 0 0 1 0 0 0 1 0 0 0 0 18 591 8.7 1,2,3,117
Adenomera thomei 1 0 0 1 0 0 0 1 0 0 0 0 235 6.07 7.84 1,2,3,30
Allobates goianus 1 0 1 0 0 0 0 0 O 1 0 0 1583 5.17 7.66 Head width and tibia length inferred 1,23
Allobates olfersioides 1 0 1 0 0 0 0 o0 O 1 0 0 169 5.1 75 1,2,3,31
Ameerega picta 1 0 1 0 0 0 0 0 O 1 0 0 244 6.55 10.62  Tibia length inferred 1,23
Aplastodiscus albofrenatus 0 0 1 0 0 1 0 0O O O 0 o0 416 1297 19.26 1,234
Aplastodiscus albosignatus 0 0 1 0 0 1 0 0O O O o0 o0 52 13.28 21.58 1,234
Aplastodiscus arildae 0 0 1 0 0 1 0 0 O O 0 o0 416 12.6 18.7 1,234
Aplastodiscus cavicola 0 0 1 0 0 1 0 0O O O 0 o0 373 11.6 17.3 1,234
Aplastodiscus cochranae 0 0 1 0 0 1 0 0 0 0 0 0 50.3 16.65 20.69 1,234
Aplastodiscus ehrhardti 0 0 1 0 0 1 0 0 0 0 0 0 39.1 10.38  17.27 1,234
Aplastodiscus eugenioi 0 0 1 0 0 1 0 0 0 0 0 0 39 13 19.8 1,234
Aplastodiscus flumineus 0 0 1 0 0 1 0 O O O 0 o0 504 14.3 23.6 1,234
Aplastodiscus ibirapitanga 0 0 1 0 0 1 0 O O O 0 o0 434 133 19.3 1,2,3,32
Aplastodiscus leucopygius 0 0 1 0 0 1 0 0O O O 0 o0 451 134 20.02  Head width and tibia length inferred 1,23
Aplastodiscus perviridis 0 0 1 0 0 1 0 0O O O 0 o0 461 14.97 18.88 1,234
Aplastodiscus sibilatus 0 0 1 0 0 1 0 O O O 0 0 336 10.4 15.9 1,234
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Species OT Dev Aquatic  Terrestrial Semiterrestrial S1 S2 S3 S4 S5 S6 S7 BL HW TL Obs Ref
Aplastodiscus weygoldti 0 0 1 0 0 1 0 0 0 0 0 0 417 13.7 20.8 1,234
Arcovomer passarellii 0 0 1 0 0 1 0 0 0 0 0 0 25.6 6.38 9.51 Head width and tibia length inferred 1,2,3
Bahius bilineatus 1 1 0 1 0 0 0 0 0 1 0 0 25 9.08 12.2 Head width and tibia length inferred 1,2,3
Barycholos ternetzi 1 1 0 1 0 0 0 0 0 1 0 0 28.5 11.03 12.85 Head width and tibia length inferred 1,2,3
Boana albomarginata 0 0 1 0 0 1 0 0 0 0 0 0 62 21 30 1,234
Boana albopunctata 0 0 1 0 0 1 0 0O O O o0 o0 75 17.4 31.9 1,234
Boana atlantica 0 0 1 0 0 1 0 0 0 0O 0 0 435 13.83 183 1234
Boana bandeirantes 0 0 1 0 0 1 0 0 O O 0 0 2913 10.06 17.13 1,2,3,33
Boana bischoffi 0 0 1 0 0 1 0 0 O O 0O 0 69 19.24 309 1234
Boana caingua 0 0 1 0 0 1 0 0 0 0 0 0 38 8.32 17.45 1,234
Boana caipora 0 0 1 0 0 1 0 0 0 0 0 0 443 11.8 17.3 1,234
Boana cambui 0 0 1 0 0 1 0 0 O O 0 0 306 10.5 15.9 1,2,3,15
Boana crepitans 0 0 1 0 0 1 0 0 0 0 0 0 75 23 36 1,234
Boana curupi 0 0 1 0 0 1 0 0 0 0 0 0 4195 13.65 21.35 1,2,3,34
Boana ericae 0 0 1 0 0 1 0 0 0 0 0 0 31.8 10.8 16.9 1,2,3,36
Boana exastis 0 0 1 0 0 1 0 0 0 0 0 0 99 30.2 50.1 1,234
Boana faber 0 0 1 0 0 1 0 0 O O 0O 0 104 40.48 58.13 1234
Boana fasciata 0 0 1 0 0 1 0 0 O O 0 0 354 11.39  20.07 1,2,3,37
Boana freicanecae 0 0 1 0 0 1 0 O O O 0 o0 40 153 21.7 1,2,3,38
Boana guentheri 0 0 1 0 0 1 0 0 0 0 0 0 47 10.4 16.74 1,234
Boana jaguariaivensis 0 0 1 0 0 1 0 0 O O 0 0 266 7.8 13.1 1,2,3,39
Boana joaquini 0 0 1 0 0 1 0 0 O O 0O 0 564 16.69  27.33 1,2,3,4
Boana latistriata 0 0 1 0 0 1 0 0 O O 0 0 516 13.7 22 1,2,3,4
Boana leptolineata 0 0 1 0 0 1 0 O O O 0 o0 39 8.6 15.2 1,234
Boana lundii 0 0 1 0 0 1 0 0 0 0 0 0 52.34 17.07 29.26  Tibia length inferred 1,23
Boana marginata 0 0 1 0 0 1 0 0 0 0 0 0 51.1 15.6 24.3 1,234
Boana multifasciata 0 0 1 0 0 1 0 0 O O 0 0 502 15.7 29.2 1,2,3,40
Boana paranaiba 0 0 1 0 0 1 0 0 0O 0O 0 0 4895 16.65 29.1 1,2,3,40
Boana pardalis 0 0 1 0 0 i1 0 0 O O 0O 0 75 2336 35.06 1234
Boana poaju 0 0 1 0 0 1 0 0 0 0 0 0 456 12.3 19.5 1,234
Boana polytaenia 0 0 1 0 0 1 0 0 0 0 0 0 415 11.81  19.05 1,234
Boana pombali 0 0 1 0 0 1 0 0 0 0O 0 0 657 19.2 30.2 1234
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Boana prasina 0 0 1 0 0 1 0 0 0 0 0 0 55 13.86 22.8 1,234
Boana pulchella 0 0 1 0 0 1 0 0 0 0 0 0 50 1401 2297 1,234
Boana punctata 0 0 1 0 0 1 0 0 0 0 0 0 41.7 125 18.9 1,234
Boana raniceps 0 0 1 0 0 1 0 0 0 0 0 0 82 22 40 1,234
Boana semiguttata 0 0 1 0 0 1 0 0 0 0 0 0 48 14.3 22.7 1,234
Boana semilineata 0 0 1 0 0 1 0 0 O O 0 0 52 2443 348 1,2,3,4
Boana stellae 0 0 1 0 0 1 0 0 O O 0O 0 56 1517  24.64 1234
Boana stenocephala 0 0 1 0 0 1 0 0O O O o0 o0 39 7.7 14 1,234
Bokermannohyla alvarengai 0 0 1 0 0 1 0 0 O O 0 0 1409 4468 57.03 Head width and tibia length inferred 1,23
Bokermannohyla astartea 0 0 1 0 0 1 0 0O O O 0 o0 45 15.88 25.58 1,234
Bokermannohyla capra 0 0 1 0 0 1 0 0 0O O 0 o0 641 19.63 282 1,2,341
Bokermannohyla caramaschii 0 0 1 0 0 1 0 0O O O o0 o0 70 22.47  32.56 1,234
Bokermannohyla carvalhoi 0 0 1 0 0 1 0 0O O O o0 o0 67 23 33 1,234
Bokermannohyla circumdata 0 0 1 0 0 1 0 0 O O o0 o0 ™7 21.6 30 1,234
Bokermannohyla hylax 0 0 1 0 0 1 0 0 O O 0 o0 64 20.4 29.8 1,234
Bokermannohyla ibitipoca 0 0 1 0 0 1 0 0 O O 0 o0 427 14.1 20 1,234
Bokermannohyla izecksohni 0 0 1 0 0 1 0 0O O O 0 o0 508 16.3 24.6 1,234
Bokermannohyla luctuosa 0 0 1 0 0 1 0 0 O O 0 o0 619 18.6 27.3 1,234
Bokermannohyla martinsi 0 0 1 0 0 1 0 0 0 0 0 0 64 21 28.66 1,234
Bokermannohyla nanuzae 0 0 1 0 0 1 0 0O O O o0 o0 44 20.5 20.5 1,234
Bokermannohyla oxente 0 0 1 0 0 1 0 0O O O 0 0 4715 15.1 21.6 1,234
Bokermannohyla saxicola 0 0 1 0 0 1 0 O O O 0 o0 55 18.17 2554  Head width and tibia length inferred 1,23
Brachycephalus alipioi 1 1 0 1 0 0 0 0 0 1 0 0 16.2 5.6 5.4 1,2,3,42
Brachycephalus didactylus 1 1 0 1 0 0 0 0 0 1 0 0 10.7 4.19 5.29 Head width and tibia length inferred 1,2,3
Brachycephalus ephippium 1 1 0 1 0 0 0 0 0 1 0 0 19.7 6.54 6.75 Head width and tibia length inferred 1,2,3
Brachycephalus garbeana 1 1 0 1 0 0 0 0 0 1 0 0 18.6 6.43 6.03 1,2,3,118
Brachycephalus hermogenesi 1 1 0 1 0 0o 0 0 O 1 0 0 15 3.2 43 1,2,3,43
Brachycephalus nodoterga 1 1 0 1 0 0o 0 0 O 1 0 0 134 5.1 4.5 1,2,3,44
Brachycephalus pitanga 1 1 0 1 0 0o 0 0 O 1 0 0 14 49 4.7 1,2,3,45
Ceratophrys aurita 0 0 1 0 0 1 0 0 0 0 0 0 149 48.45 5837 Head width and tibia length inferred 1,2,3
Chiasmocleis alagoana 0 0 1 0 0 1 0 0 0 0 0 0 27.8 6.57 9.62 1,2,3,46
Chiasmocleis albopunctata 0 0 1 0 0 1 0 0 0 0 0 0 30.4 7 9 1,2,3,131
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Chiasmocleis capixaba 0 0 1 0 0 1 0 0 0 0 0 0 20.2 5.37 6.7 1,2,3,47
Chiasmocleis crucis 0 0 1 0 0 1 0 0 0 0 0 0 20.2 6.1 8.6 1,2,3,48
Chiasmocleis lacrimae 0 0 1 0 0 1 0 0 0 0 0 0 244 6.52 8.31 Head width and tibia length inferred 1,2,3
Chiasmocleis leucosticta 0 0 1 0 0 0 1 0 0 0 0 0 23.6 6.22 9.42 1,2,3,47
Chiasmocleis mantiqueira 0 0 1 0 0 1 0 0 0 0 0 0 22.8 5.92 8.8 1,2,3,12
Chiasmocleis schubarti 0 0 1 0 0 1 0 0 0 0O 0 0 345 7.57 10.77 1,2,3,47
Corythomantis greeningi 0 0 1 0 0 1 0 O O O 0 o0 865 2448 33.08 Head width and tibia length inferred 1,23
Crossodactylodes izecksohni 0 0 1 0 0 1 0 0O O O o0 o0 15 5.76 8.16 Head width and tibia length inferred 1,23
Crossodactylus caramaschii 0 0 1 0 0 1 0 0 O O 0 o0 272 8 13.05 1,2,3,49
Crossodactylus cyclospinus 0 0 1 0 0 1 0 0 O O 0 o0 245 8.23 12.96 1,2,3,50
Crossodactylus dantei 0 0 1 0 0 1 0 0O O O 0 o0 30 10.12  15.07 Head width and tibia length inferred 1,23
Crossodactylus dispar 0 0 1 0 0 1 0 0O O O 0 o0 338 12.1 17.08  Head width and tibia length inferred 1,23
Crossodactylus gaudichaudii 0 0 1 0 0 1 0 0O O O 0 o0 351 11.7 16.94  Head width and tibia length inferred 1,23
Crossodactylus schmidti 0 0 1 0 0 1 0 0O O O 0 o0 333 10.55 15.81 Head width and tibia length inferred 1,23
Crossodactylus trachystomus 0 0 1 0 0 1 0 0O O O 0 o0 258 8.7 13.47  Head width and tibia length inferred 1,23
Cycloramphus acangatan 1 0 0 1 0 0 0 0 O 1 0 0 481 17.72 1342 1,2,3,51
Cycloramphus asper 1 0 0 0 1 0 0 0 O 1 0 0 46 19.32 207 1,2,3,52
Cycloramphus bolitoglossus 1 0 0 1 0 0 0 0 0 1 0 0 39.8 17.14 1858 Head width and tibia length inferred 1,2,3
Cycloramphus boraceiensis 1 0 0 0 1 0 0 0 0 1 0 0 50.2 21.1 23.09 1,2,3,52
Cycloramphus carvalhoi 1 0 0 1 0 0 0 0 0 1 0 0 37 16.9 17.69  Head width and tibia length inferred 1,2,3
Cycloramphus eleutherodactylus 1 0 0 1 0 0 0 0 0 1 0 0 58.3 25.65 27.69 1,2,3,52
Cycloramphus fuliginosus 1 0 0 0 1 0 0 0 0 1 0 0 64.3 27.64 28.29 1,2,3,52
Cycloramphus izecksohni 1 0 0 0 1 0 0 0 0 1 0 0 34.9 14.5 17.3 1,2,3,53
Cycloramphus lithomimeticus 1 0 0 0 1 0 0 0 0 1 0 0 29.5 11.1 13.76 1,2,3,54
Cycloramphus lutzorum 1 0 0 0 1 o 0 o o 1 0 0 658 2465 26.97 1,2,3,52
Cycloramphus migueli 1 0 0 1 0 0 0 0 0 1 0 0 421 19.2 14 1,2,3,23
Cycloramphus mirandaribeiroi 1 0 0 0 1 0 0 0 0 1 0 0 68.6 29.84 33.95 1,2,3,52
Cycloramphus parvulus 1 0 0 1 0 0 0 0 0 1 0 0 29.6 14.62 14.98 Head width and tibia length inferred 1,2,3
Dendrophryniscus berthalutzae 0 0 1 0 0 1 0 0 0 0 0 0 24 9.88 10.23  Head width inferred 1,2,3
Dendrophryniscus brevipollicatus 0 0 1 0 0 1 0 0 0 0 0 0 25 10.09 10.25 Head width inferred 1,2,3,44
Dendrophryniscus carvalhoi 0 0 1 0 0 1 0 0 0 0 0 0 19 8.44 8.74 Head width inferred 1,2,3
Dendrophryniscus leucomystax 0 0 1 0 0 1 0 0 0 0 0 0 23 9.55 9.79 Head width and tibia length inferred 1,2,3
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Dendrophryniscus proboscideus 0 0 1 0 0 1 0 0 0 0 0 0 4 15.08 16.3 Head width and tibia length inferred 1,2,3
Dendropsophus anceps 0 0 1 0 0 1 0 0 0 0 0 0 42 14 22 1,234
Dendropsophus araguaya 0 0 1 0 0 1 0 0 0 0 0 0 20.5 6 9.6 1,2,3,35
Dendropsophus berthalutzae 1 0 1 0 0 0 0 0 0 0 1 0 24 7 9.79 1,234
Dendropsophus bipunctatus 0 0 1 0 0 1 0 0 0 0 0 0 30 2343 85 1,234
Dendropsophus branneri 0 0 1 0 0 1 0 0O O O 0 o0 25 6.06 10 1,234
Dendropsophus cerradensis 0 0 1 0 0 1 0 0O O O 0 o0 193 6 9.3 1,2,3,35
Dendropsophus cruzi 0 0 1 0 0 1 0 0O O O o0 o0 25 6.07 10.7 1,2,3,55
Dendropsophus decipiens 1 0 1 0 0 o 0o o0 o0oO o 1 o0 21 7 10 1,234
Dendropsophus elegans 0 0 1 0 0 1 0 0O O O 0 o0 357 9.8 16.7 1,234
Dendropsophus elianeae 0 0 1 0 0 1 0 O O O 0 o0 26 7.22 11.55 1,2,3,56
Dendropsophus giesleri 0 0 1 0 0 1 0 0 O O 0 o0 359 8.72 13.18 1,234
Dendropsophus haddadi 1 0 1 0 0 o o0 0O O o 1 0 24 7.5 11.34 1,234
Dendropsophus jimi 0 0 1 0 0 1 0 0 O O 0 o0 223 6.05 9.85 1,239
Dendropsophus leucophyllatus 1 0 1 0 0 0o 0 O O o0 1 o0 50 16 22.04  Head width and tibia length inferred 1,23
Dendropsophus melanargyreus 0 0 1 0 0 1 0 O O O 0 o0 50 1519 20.81 Head width and tibia length inferred 1,23
Dendropsophus meridianus 0 0 1 0 0 1 0 0O O O o0 o0 24 8.13 13.39 1,234
Dendropsophus microcephalus 0 0 1 0 0 1 0 0 0 0 0 0 32 10.15 13.68 Head width and tibia length inferred 1,2,3
Dendropsophus microps 0 0 1 0 0 1 0 o0 O O o0 o 33 225 8.5 1,234
Dendropsophus minutus 0 0 1 0 0 1 0 O O O 0 o0 276 6.75 10.97 1,234
Dendropsophus nahdereri 0 0 1 0 0 1 0 0 0 0 0 0 50.5 1473 21.18 1,234
Dendropsophus nanus 0 0 1 0 0 1 0 o0 O O 0 o0 238 6 9.5 1,234
Dendropsophus novaisi 0 0 1 0 0 1 0 0 0 0 0 0 35 115 14.94  Tibia length inferred 1,2,3,115
Dendropsophus oliveirai 0 0 1 0 0 1 0 O O O 0 o0 20 5.8 8.16 1,234
Dendropsophus pseudomeridianus 1 0 1 0 0 0 0 0 0 0 1 0 22.7 6.8 10.7 1,234
Dendropsophus rubicundulus 0 0 1 0 0 1 0 0 0 0 0 0 25.4 7.04 11.53  Head width and tibia length inferred 1,2,3
Dendropsophus ruschii 1 0 1 0 0 o 0o o0 O o 1 0 29 8.7 13.8 1,234
Dendropsophus sanborni 0 0 1 0 0 1 0 0O O O 0 o0 211 55 10 1,234
Dendropsophus seniculus 0 0 1 0 0 1 0 O O O o0 o0 43 12.44  18.85 1,234
Dendropsophus soaresi 0 0 1 0 0 1 0 0 0 0 0 0 33 9 135 1,234
Dendropsophus werneri 0 0 1 0 0 1 0 0 0 0 0 0 23 6.5 10 1,234
Dermatonotus muelleri 0 0 1 0 0 1 0 0 0 0 0 0 74.15 21.31 27.29 Head width and tibia length inferred 1,2,3
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Elachistocleis bicolor 0 0 1 0 0 1 0 0 0 0 0 0 43 10.92 15.85 Head width and tibia length inferred 1,2,3
Elachistocleis cesarii 0 0 1 0 0 1 0 0 0 0 0 0 28.61 6.22 10.58 1,2,3,57
Elachistocleis ovalis 0 0 1 0 0 1 0 0 0 0 0 0 438 10.99 16.15 Head width and tibia length inferred 1,2,3
Elachistocleis piauiensis 0 0 1 0 0 1 0 0 0 0 0 0 225 5.8 8.2 1,2,3,58
Eleutherodactylus cubanus 1 1 0 1 0 0 0 0 0 1 0 0 14 5.48 7.31 Head width and tibia length inferred 1,2,3
Euparkerella brasiliensis 1 1 0 1 0 0 0 0 O 1 0 0 20 9.12 9.5 Head width and tibia length inferred 1,23
Euparkerella cochranae 1 1 0 1 0 0 0 0 O 1 0 0 20 9.12 9.5 Head width and tibia length inferred 1,23
Euparkerella tridactyla 1 1 0 1 0 0 0 0 O 1 0 0 20 9.12 9.5 Head width and tibia length inferred 1,23
Fritziana fissilis 1 0 1 0 0 0O 0 0O O o0 o0 1 387 13.65 18.22 Head width and tibia length inferred 1,23
Fritziana goeldii 1 0 1 0 0 0O 0 0O O o0 o0 1 348 1245 16.79 Head width and tibia length inferred 1,23
Fritziana ohausi 1 0 1 0 0 0O 0 0O O o0 o0 1 347 1242 16.75 Head width and tibia length inferred 1,23
Frostius pernambucensis 0 0 1 0 0 1 0 0 O O o0 o 21 8.64 8.55 Head width and tibia length inferred 1,23
Gastrotheca albolineata 1 1 0 1 0 0o 0O 0O O o0 o 1 60 20.33 26.48 Head width and tibia length inferred 1,23
Gastrotheca ernestoi 1 1 0 1 0 0o 0 0O O o0 o 1 75 2496 31.98 Head width and tibia length inferred 1,23
Gastrotheca fissipes 1 1 0 1 0 0O 0 0O O o0 o 1 68 22.85 29.64 Head width and tibia length inferred 1,23
Gastrotheca fulvorufa 1 1 0 1 0 0o 0 0O O o0 o0 1 772 25.64 32.78 Head width and tibia length inferred 1,23
Gastrotheca microdiscus 1 1 0 1 0 0O 0O O O o0 o 1 49 16.94 22.45 Head width and tibia length inferred 1,23
Gastrotheca pulchra 1 1 0 1 0 0 0 0 0 0 0 1 30.34 11.6 17.36 1,2,3,59
Haddadus binotatus 1 1 0 1 0 0 0 o0 o 1 0 0 638 2139 2597 Head width and tibia length inferred 1,2,3
Holoaden luederwaldti 1 1 0 1 0 0 0 o0 o0 1 0 0 396 16.2 15.9 1,2,3,60
Holoaden pholeter 1 1 0 1 0 0 0 0 0 1 0 0 44.63 17.3 18.76 1,2,3,61
Hylodes amnicola 0 0 1 0 0 1 0 O O O 0 o0 2765 8.72 14.9 1,2,3,62
Hylodes asper 0 0 1 0 0 1 0 0 0 0 0 0 449 15.02 22.05 Head width and tibia length inferred 1,2,3
Hylodes babax 0 0 1 0 0 1 0 0 0O O 0O 0 306 9.7 17.2 1,2,3,25
Hylodes cardosoi 0 0 1 0 0 1 0 0 0O 0O 0 0 4072 13.65 225 1,2,3,63
Hylodes charadranaetes 0 0 1 0 0 1 0 0 0 0 0 0 344 10.4 17.3 1,2,321
Hylodes fredi 0 0 1 0 0 1 0 0 0 0O 0 0 348 10.5 17.8 1,2,3,64
Hylodes heyeri 0 0 1 0 0 1 0 0 O 0O 0 0 4133 12.9 22.33 1,2,3,65
Hylodes lateristrigatus 0 0 1 0 0 1 0 O O O 0 0 40 1356 20.28 Head width and tibia length inferred 1,23
Hylodes meridionalis 0 0 1 0 0 1 0 0 0 0 0 0 50 16.6 23.92  Head width and tibia length inferred 1,2,3
Hylodes nasus 0 0 1 0 0 1 0 0 0 0 0 0 38 19.17 2359 Head width and tibia length inferred 1,2,3
Hylodes perere 0 0 1 0 0 1 0 0 0 0 0 0 25.35 7.72 13.94 1,2,3,66
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Hylodes perplicatus 0 0 1 0 0 1 0 0 0 0 0 0 451 15.08 22.13  Head width and tibia length inferred 1,2,3
Hylodes phyllodes 0 0 1 0 0 1 0 0 0 0 0 0 29.2 8.9 144 1,2,3,21
Hylodes pipilans 0 0 1 0 0 1 0 0 0 0 0 0 25.1 7.8 13.8 1,2,3,64
Hylodes sazimai 0 0 1 0 0 1 0 0 0 0 0 0 27.6 9.2 144 1,2,3,67
Hylomantis aspera 1 0 1 0 0 0 0 0 0 1 0 0 41.7 155 20.4 1,2,3,119
Hylomantis granulosa 1 0 1 0 0 o o 0O O o0 1 o0 374 145 17.2 1,2,3,134
Ischnocnema abdita 1 1 0 1 0 0 0 o0 O 1 0 0 157 5.3 8.7 1,2,3,7
Ischnocnema bolbodactyla 1 1 0 1 0 0 0 0 O 1 0 0 153 571 9.03 Head width and tibia length inferred 1,23
Ischnocnema erythromera 1 1 0 1 0 0 0 0 O 1 0 0 265 9.43 14.58 1,2,3,68
Ischnocnema guentheri 1 1 0 1 0 0 0 0 O 1 0 0 308 11.08 19.86 1,2,3,68
Ischnocnema henselii 1 1 0 1 0 0 0 0 O 1 0 0 295 10.63 19.19 Head width and tibia length inferred 1,23
Ischnocnema hoehnei 1 1 0 1 0 0 0 o0 O 1 0 0 322 8.83 20.33 1,2,3,120
Ischnocnema holti 1 1 0 1 0 0 0 o0 O 1 0 0 19 75 10 1,2,3,121
Ischnocnema izecksohni 1 1 0 1 0 0 0 o0 O 1 0 0 4625 16.15 258 1,2,3,69
Ischnocnema juipoca 1 1 0 1 0 0 0 0 O 1 0 0 2043 6.88 10.91 1,2,3,70
Ischnocnema lactea 1 1 0 1 0 0 0 0 O 1 0 0 32 11.24 1477 Head width and tibia length inferred 1,23
Ischnocnema manezinho 1 1 0 1 0 0 0 0 O 1 0 0 348 11.76  16.79  Head width and tibia length inferred 1,23
Ischnocnema melanopygia 1 1 0 1 0 0 0 0 0 1 0 0 18.9 6.48 9.04 1,2,3,10
Ischnocnema nasuta 1 1 0 1 0 0o o0 o0 0 O 1 0 381 1257 2381 1,2,3,68
Ischnocnema nigriventris 1 1 0 1 0 0 0 0 0 1 0 0 21.9 7.67 10.9 1,2,3,122
Ischnocnema octavioi 1 1 0 1 0 0 0 0 0 1 0 0 31.25 12 1551  Tibia length inferred 12,3
Ischnocnema oea 1 1 0 1 0 0o 0 0 O 1 0 0 17.7 6.19 10.97 1,2,3,68
Ischnocnema parva 1 1 0 1 0 0o 0 0 O 1 0 0 255 8.03 1521  Head width and tibia length inferred 1,23
Ischnocnema sambaqui 1 1 0 1 0 0 0 0 0 1 0 0 36.89 13.96 19.16 1,2,3,71
Ischnocnema spanios 1 1 0 1 0 0 0 0 0 1 0 0 14.7 4.9 7.6 1,2,3,24
Ischnocnema surda 1 1 0 1 0 0o o0 o o 1 o0 o0 2178 8.42 11.55 1,2,3,14
Ischnocnema verrucosa 1 1 0 1 0 0 0 0 0 1 0 0 24 9.16 12.63  Head width and tibia length inferred 1,2,3
Itapotihyla langsdorffii 0 0 1 0 0 1 0 o0 O O0O 0 o0 112 21.72  40.45 1,234
Leptodactylus cunicularius 1 0 1 0 0 0 0 1 0 0 0 0 40 15 24 1,2,3,72
Leptodactylus cupreus 0 0 1 0 0 0 0 1 0 0 0 0 52.4 18 26.1 1,2,3,73
Leptodactylus elenae 1 0 0 1 0 0 0 0 0 1 0 0 435 14.3 20.6 1,2,3,74
Leptodactylus furnarius 0 0 1 0 0 0 0 1 0 0 0 0 35.4 11.6 18.76 1,2,3,72
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Leptodactylus fuscus 0 0 1 0 0 0 0 1 0 0 0 0 432 1425 2224 1,2,3,74
Leptodactylus gracilis 0 0 1 0 0 0 0 1 0 0 0 0 43 13.76  20.42 1,2,3,74
Leptodactylus jolyi 0 0 1 0 0 0 0 1 0 0 0 0 454 17 34.05 1,2,3,72
Leptodactylus labyrinthicus 0 0 1 0 0 0 0 1 0 0 0 0 117.73 3724  49.37  Tibialength inferred 1,2,3,
Leptodactylus latinasus 0 0 1 0 0 0 0 1 0 0 0 0 321 1091 14.44 1,2,3,74
Leptodactylus latrans 0 0 1 0 0 0 O 1 0 0 0 0 120 39.78 59.89 Head width and tibia length inferred 1,23
Leptodactylus macrosternum 0 0 1 0 0 0 O 1 0 0 0O 0 80 2599 35.82 Head width and tibia length inferred 1,23
Leptodactylus marambaiae 0 0 1 0 0 0 O 1 0 0 0 0 385 13.09 19.25 1,2,3,74
Leptodactylus mystaceus 0 0 1 0 0 0 O 1 0 0 0 0 4315 14.67 21.79 1,2,3,74
Leptodactylus mystacinus 0 0 1 0 0 0 O 1 0 0 0 0 5475 19.16  22.99 1,2,3,74
Leptodactylus natalensis 0 0 1 0 0 0 O 1 0 0 0 0 44 14.88 22.62 Head width and tibia length inferred 1,23
Leptodactylus notoaktites 0 0 1 0 0 0 O 1 0 0 0 0 4825 1592 26 1,2,3,74
Leptodactylus oreomantis 0 0 1 0 0 0 O 1 0 0 0 0 333 10.95 20.05 1,2,3,75
Leptodactylus plaumanni 0 0 1 0 0 0 O 1 0 0 0 0 46 14.92 22.05 Head width and tibia length inferred 1,23
Leptodactylus podicipinus 0 0 1 0 0 1 0 0O O O o0 o0 54 17.97 26.28 Head width and tibia length inferred 1,23
Leptodactylus pustulatus 0 0 1 0 0 0 O 1 0 0 0 0 40 13.65 21.15 Head width and tibia length inferred 1,23
Leptodactylus sertanejo 0 0 1 0 0 0 O 1 0 0 0 0 526 155 34.13 1,2,3,76
Leptodactylus spixi 0 0 1 0 0 0 0 1 0 0 0 0 43 14.5 215 1,2,3,77
Leptodactylus syphax 1 0 1 0 0 0 0 1 0 0 0 0 75.25 27.09 281 1,2,3,123
Leptodactylus troglodytes 0 0 1 0 0 0 0 1 0 0 0 0 49.35 16.77 19.74 1,2,3,74
Leptodactylus vastus 0 0 1 0 0 0 0 1 0 0 0 0 14442 4581 59.25 Head width inferred 1,2,3
Leptodactylus viridis 0 0 1 0 0 0 0 1 0 0 0 0 645 2122 30.03 Head width and tibia length inferred 1,2,3
Limnomedusa macroglossa 0 0 1 0 0 1 0 0 O 0O 0 0 495 18.27 232 Head width and tibia length inferred 1,23
Lithobates catesbeianus 0 0 1 0 0 1 0 0 0 0 0 0 203 62.61 75.83 Head width and tibia length inferred 1,2,3
Lithobates palmipes 0 0 1 0 0 1 0 0O O O 0 o0 126 38.86 47.61 Head width and tibia length inferred 1,23
Lysapsus limellum 0 0 1 0 0 1 0 0 0 0 0 0 24.8 7.69 14.75  Head width and tibia length inferred 1,2,3
Macrogenioglottus alipioi 0 0 1 0 0 1 0 0 0 0 0 0 113.8 41.79  39.03 Head width and tibia length inferred 1,2,3
Melanophryniscus alipioi 0 0 1 0 0 1 0 O O O o0 o0 2308 6.01 15.93 1,2,3,78
Melanophryniscus atroluteus 0 0 1 0 0 1 0 0 0 0 0 0 28 9.32 11.52  Head width and tibia length inferred 1,2,3
Melanophryniscus devincenzii 0 0 1 0 0 1 0 0 0 0 0 0 29 9.63 11.88  Head width and tibia length inferred 1,2,3
Melanophryniscus dorsalis 0 0 1 0 0 1 0 0 0 0 0 0 23.15 7.7 8.17 1,2,3,79
Melanophryniscus fulvoguttatus 0 0 1 0 0 1 0 0 0 0 0 0 25.6 7.7 8.15 1,2,3,79
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Melanophryniscus tumifrons 0 0 1 0 0 1 0 0 0 0 0 0 31 11.06 12.58 Head width and tibia length inferred 1,2,3
Melanophryniscus vilavelhensis 0 0 1 0 0 1 0 0 0 0 0 0 14.66 4.7 46 1,2,3,80
Myersiella microps 1 1 0 1 0 0 0 0 0 1 0 0 40 11 14.84  Head width and tibia length inferred 1,2,3
Nyctimantis bokermanni 0 0 1 0 0 1 0 0 0 0 0 0 81 21.2 34 1,2,3,81
Nyctimantis brunoi 0 0 1 0 0 1 0 0 0 0 0 0 81 20.5 25.64 1,234
Odontophrynus americanus 0 0 1 0 0 1 0 0O O O o0 o0 51 2162 1341 1,2,3,8
Odontophrynus carvalhoi 0 0 1 0 0 1 0 0O O O o0 o0 70 30.8 21.7 1,2,3,82
Odontophrynus cultripes 0 0 1 0 0 1 0 0O O O o0 o0 70 27.3 19.81 1,2,3,82
Odontophrynus maisuma 0 0 1 0 0 1 0 0O O O 0 o0 392 16.57 135 1,238
Paratelmatobius cardosoi 0 0 1 0 0 1 0 0 O O o0 0 1713 6.59 7.78 1,2,3,83
Paratelmatobius gaigeae 0 0 1 0 0 1 0 0O O O o0 o0 19 6.5 8.57 Tibia length inferred 1,2,3,83
Paratelmatobius poecilogaster 1 0 1 0 0 0 0 0 O 1 0 0 2707 9.17 11.27 1,2,3,83
Phantasmarana apuana 1 0 0 0 1 0 0 0 0 1 0 0 90.5 3857 4425 1,2,3,84
Phantasmarana bocainensis 1 0 0 0 1 0 0 o0 O 1 0 0 667 27 32.6 1,2,3,85
Phantasmarana boticariana 1 0 0 0 1 0 0 o0 O 1 0 0 749 3454  39.69 1,2,3,86
Phantasmarana massarti 1 0 0 0 1 0 0 o0 O 1 0 0 11225 4695 5555 1,2,3,85
Phasmahyla cochranae 1 0 1 0 0 0 0 O O o0 1 o0 46 155 21.66  Tibia length inferred 1,2,3,132
Phasmahyla cruzi 1 0 1 0 0 0 0 O O O 1 0 3543 12.6 18.26 1,2,3,87
Phasmahyla exilis 1 0 1 0 0 0 0 0 0 0 1 0 345 12.09 17.49 Head width and tibia length inferred 1,2,3
Phasmahyla guttata 1 0 1 0 0 0 0 0 0 0 1 0 45 1551 21.67 Head width and tibia length inferred 1,2,3
Phasmahyla jandaia 1 0 1 0 0 o o o0 O o0 1 o0 304 115 16.42  Tibia length inferred 1,2,3,133
Phasmahyla spectabilis 1 0 1 0 0 o 0O O O 0 1 0 4067 13.75  20.22 1,2,3,88
Phrynomedusa dryade 1 0 1 0 0 0 0 O o0 1 0 0 3661 11.06  14.95 1,2,3,89
Phyllodytes acuminatus 0 0 1 0 0 1 0 0 O O 0 o0 245 7.93 11.73  Head width and tibia length inferred 1,23
Phyllodytes edelmoi 0 0 1 0 0 1 0 0 O O O o0 288 9.5 13.8 1234
Phyllodytes gyrinaethes 0 0 1 0 0 1 0 0 0 0 0 0 27.9 9.7 13 1,234
Phyllodytes kautskyi 0 0 1 0 0 1 0 0 O O 0O 0 38 13.9 18.6 1234
Phyllodytes luteolus 0 0 1 0 0 i1 0 0 O O o0 0 23 8.15 10.94 1,2,3,4
Phyllodytes maculosus 0 0 1 0 0 1 0 0 0 0 0 0 455 18.6 22.1 1,234
Phyllodytes melanomystax 0 0 1 0 0 1 0 0 0 0 0 0 26.6 8.9 11.7 1,234
Phyllodytes tuberculosus 0 0 1 0 0 1 0 0 0 0 0 0 26 8.6 11.2 1,234
Phyllomedusa bahiana 1 0 1 0 0 0 0 0 0 0 1 0 85 27.17 33.63 Head width and tibia length inferred 1,2,3
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Phyllomedusa burmeisteri 1 0 1 0 0 0 0 0 0 0 1 0 79 25.32 3143 Head width and tibia length inferred 1,2,3
Phyllomedusa distincta 1 0 1 0 0 0 0 0 0 0 1 0 70 21 28 1,2,3,135
Phyllomedusa iheringii 1 0 1 0 0 0 0 0 0 0 1 0 75 24.1 29.96  Head width and tibia length inferred 1,2,3
Phyllomedusa sauvagii 1 0 1 0 0 0 0 0 0 0 1 0 96.6 30.74 37.88 Head width and tibia length inferred 1,2,3
Phyllomedusa tetraploidea 1 0 1 0 0 0 0 0 0 0 1 0 59.04 20.74  24.23 1,2,3,90
Physalaemus aguirrei 0 0 1 0 0 0 O 1 0 0 0 0 282 9.62 1291  Head width and tibia length inferred 1,23
Physalaemus albifrons 0 0 1 0 0 0 O 1 0 0 0 0 25 7.99 12.02  Head width and tibia length inferred 1,23
Physalaemus albonotatus 0 0 1 0 0 1 0 0 O O 0 o0 341 10.8 15.35  Head width and tibia length inferred 1,23
Physalaemus atlanticus 0 0 1 0 0 0 1 1 0 0 0 o0 2177 7.1 10.57 1,2,391
Physalaemus biligonigerus 0 0 1 0 0 0 O 1 0 0 0 0 324 16.7 16.72  Tibia length inferred 1,23
Physalaemus bokermanni 0 0 1 0 0 0 1 1 0 0 0 0 1946 6.29 9.72 Head width and tibia length inferred 1,23
Physalaemus caete 0 0 1 0 0 0 O 1 0 0 0O 0 23 7.96 10.98  Head width and tibia length inferred 1,23
Physalaemus camacan 0 0 1 0 0 0 O 1 0 0 0 0 233 7.4 111 1,2,3,92
Physalaemus centralis 0 0 1 0 0 0 O 1 0 0 0 0 40 1256 17.55 Head width and tibia length inferred 1,23
Physalaemus cicada 0 0 1 0 0 0 O 1 0 0 0 0 2538 8.91 11.87  Head width and tibia length inferred 1,23
Physalaemus crombiei 0 0 1 0 0 0 1 1 0 0 0 0 203 7.7 9.3 1,2,3,22
Physalaemus cuvieri 0 0 1 0 0 0 O 1 0 0 0 0 365 1148 16.26 Head width and tibia length inferred 1,23
Physalaemus erikae 0 0 1 0 0 0 0 1 0 0 0 0 23.62 7.47 11.25 1,2,3,93
Physalaemus erythros 0 0 1 0 0 0 0 1 0 0O 0O 0 2533 7.8 10.46 1,2,3,94
Physalaemus evangelistai 0 0 1 0 0 0 O 1 0 0 O 0 23 7.96 10.98  Head width and tibia length inferred 1,23
Physalaemus feioi 0 0 1 0 0 o o 1 0 0 0 0 257 9.2 12 1,2,3,95
Physalaemus gracilis 0 0 1 0 0 0 O 1 0 0 0 0 40 1524 181 Head width and tibia length inferred 1,23
Physalaemus henselii 0 0 1 0 0 0 O 1 0 0 0 0 209 7.53 10.23  Head width and tibia length inferred 1,23
Physalaemus jordanensis 0 0 1 0 0 0 O 1 0 0 0 o0 24 8.17 1154  Head width and tibia length inferred 1,23
Physalaemus kroyeri 0 0 1 0 0 0 O 1 0 0 0O 0 35 11.05 1542 Head width and tibia length inferred 1,23
Physalaemus lateristriga 0 0 1 0 0 0 O 1 0 0 0 0 287 9 14 1,2,3,95
Physalaemus lisei 0 0 1 0 0 0 O 1 0 0 0 0 2825 8.94 13.73  Head width and tibia length inferred 1,23
Physalaemus maculiventris 0 0 1 0 0 0 O 1 0 0 0 0 25 8.67 11.75 Head width and tibia length inferred 1,23
Physalaemus marmoratus 0 0 1 0 0 0 0 1 0 0 0 0 38.86 11.87 15.62 1,2,3,96
Physalaemus maximus 0 0 1 0 0 0 0 1 0 0 0 0 463 14.1 21.9 1,2,3,97
Physalaemus moreirae 0 0 1 0 0 0 0 1 0 0 0 0 254 8.8 11.9 1,2,3,24
Physalaemus nanus 0 0 1 0 0 0 1 1 0 0 0 0 20 7.03 9.88 Head width and tibia length inferred 1,2,3
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Physalaemus nattereri 0 0 1 0 0 0 0 1 0 0 0 0 56.4 18.26  23.22  Head width and tibia length inferred 1,2,3
Physalaemus obtectus 0 0 1 0 0 0 0 1 0 0 0 0 24.93 8.55 11.69  Head width and tibia length inferred 1,2,3
Physalaemus olfersii 0 0 1 0 0 0 0 1 0 0 0 0 4 13.51 17.57 Head width and tibia length inferred 1,2,3
Physalaemus orophilus 0 0 1 0 0 0 0 1 0 0 0 0 25.3 8.3 12.6 1,2,3,95
Physalaemus riograndensis 0 0 1 0 0 0 0 1 0 0 0 0 18.6 5.84 7.92 1,2,3,98
Physalaemus rupestris 0 0 1 0 0 0 O 1 0 0 0 0 178 5.2 7.1 1,2,3,124
Physalaemus signifer 0 0 1 0 0 0 1 1 0 0 0 0 2672 9.44 11.89  Head width and tibia length inferred 1,23
Physalaemus soaresi 0 0 1 0 0 0 O 1 0 0 0 0 228 7.9 1091  Head width and tibia length inferred 1,23
Physalaemus spiniger 0 0 1 0 0 0 1 1 0 0 0 0 227 7.56 11.49  Head width and tibia length inferred 1,23
Pipa carvalhoi 0 0 1 0 0 0o 0 0O 1 o 0O O 68 21.37 26.76  Head width and tibia length inferred 1,23
Pithecopus ayeaye 1 0 1 0 0 o 0o o0 O0O o 1 0 4 125 15.66 1,2,3,125
Pithecopus azureus 1 0 1 0 0 0O 0 O O 0 1 0 4032 1137 16 1,2,3,26
Pithecopus hypochondrialis 1 0 1 0 0 0 0 0 O 1 0 0 46 1417 18.13  Head width and tibia length inferred 1,23
Pithecopus megacephalus 1 0 1 0 0 0O 0 O O 0 1 o0 426 14.42  16.77 1,2,3,26
Pithecopus nordestinus 1 0 1 0 0 0o 0 O 0O 0 1 0 3912 1152 155 1,2,3,26
Pithecopus rohdei 1 0 1 0 0 o 0 0O O o0 1 o0 36 1157 14.37 Head width and tibia length inferred 1,23
Pithecopus rusticus 1 0 1 0 0 0 0 0 O 1 0 0 3546 1185 141 1,2,3,99
Pleurodema alium 0 0 1 0 0 0o 1 1 0 0 0 0 338 11.6 139 1,2,3,100
Pleurodema bibroni 0 0 1 0 0 0 O 1 0 0 0 0 31 10.71 1359  Head width and tibia length inferred 1,23
Pleurodema diplolister 0 0 1 0 0 0 O 1 0 0 0O 0 20 7.34 9.01 Head width and tibia length inferred 1,23
Pristimantis paulodutrai 1 1 0 1 0 0o 0 0 O 1 0 0 315 1157 14.08 Head width and tibia length inferred 1,23
Pristimantis ramagii 1 1 0 1 0 0o 0 0 O 1 0 0 30 1111 1353  Head width and tibia length inferred 1,23
Pristimantis vinhai 1 1 0 1 0 0 0 0 0 1 0 0 22 8.64 10.6 Head width and tibia length inferred 1,2,3
Proceratophrys appendiculata 0 0 1 0 0 1 0 0 0 0 0 0 52.8 27.8 23.2 1,2,3,11
Proceratophrys avelinoi 0 0 1 0 0 1 0 0 0 0 0 0 29.95 13.72  10.05 1,2,3,101
Proceratophrys belzebul 0 0 1 0 0 1 0 0 0 0 0 0 48 26 21 1,2,3,102
Proceratophrys bigibbosa 0 0 1 0 0 1 0 0 0 0 0 0 443 20.4 15.3 1,2,3,103
Proceratophrys boiei 0 0 1 0 0 1 0 0 0 0 0 0 56.47 28.65 21.22 1,2,3,11,13
Proceratophrys brauni 0 0 1 0 0 1 0 0 0 0 0 0 34.84 16.8 12.34 1,2,3,103
Proceratophrys cristiceps 0 0 1 0 0 1 0 0 0 0 0 0 50.2 22.34 1876  Head width and tibia length inferred 1,2,3
Proceratophrys cururu 0 0 1 0 0 1 0 0 0 0 0 0  43.96 2094 17.12 1,2,3,104
Proceratophrys laticeps 0 0 1 0 0 1 0 0 0 0 0 0 67.62 4197 23.32 1,2,3,11
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Proceratophrys mantiqueira 0 0 1 0 0 1 0 0 0 0 0 0 4037 2042 17.62 1,2,3,16
Proceratophrys melanopogon 0 0 1 0 0 1 0 0 0 0 0 0 45 23.6 17.25 1,2,3,11,16
Proceratophrys minuta 0 0 1 0 0 1 0 0 0 0 0 0 24.65 1196 9.3 1,2,3,105
Proceratophrys moratoi 0 0 1 0 0 1 0 0 0 0 0 0 32.07 13.7 11.2 1,2,3,126
Proceratophrys paviotii 0 0 1 0 0 1 0 0 0 0 0 0 49.82 2295 17.82 1,2,3,11,13
Proceratophrys renalis 0 0 1 0 0 1 0 0O O O 0 0 5005 25.8 18.7 1,2,311
Proceratophrys schirchi 0 0 1 0 0 1 0 0 O O 0 0 445 2131 16.06 Head width and tibia length inferred 1,23
Proceratophrys subguttata 0 0 1 0 0 1 0 0O O O o0 o0 47 29 19 1,2,311
Proceratophrys tupinamba 0 0 1 0 0 1 0 0 O O 0 0 5662 29.12 2417 1,2,311
Pseudis cardosoi 0 0 1 0 0 1 0 0 O O 0 0 559 1487 21.42 1,2,3,4
Pseudis fusca 0 0 1 0 0 1 0 0 O O o0 0 53 16.65 254 1,2,3,4
Pseudis minuta 0 0 1 0 0 1 0 0 O o0 o0 0 511 15.78  25.23 1,2,3,4
Pseudis paradoxa 0 0 1 0 0 1 0 O O O 0 o0 656 19 32 1,2,3,19
Pseudis platensis 0 0 1 0 0 1 0 0O O O 0 o0 50 16 25 1,2,3,19
Pseudopaludicola falcipes 0 0 1 0 0 1 0 0 O O 0 o0 181 6.8 9.73 Head width and tibia length inferred 1,23
Pseudopaludicola mineira 0 0 1 0 0 1 0 0O O O 0 o0 147 5.8 7.36 1,2,3,106
Pseudopaludicola murundu 0 0 1 0 0 1 0 0O O O 0 o0 16 6.09 10.63  Head width and tibia length inferred 1,23
Pseudopaludicola mystacalis 0 0 1 0 0 0 0 1 0 0 0 0 14.8 5.55 7.47 1,2,3,17
Pseudopaludicola saltica 0 0 1 0 0 1 0 0 0 0 0 0 15.97 6.05 11.52 1,2,3,17
Pseudopaludicola ternetzi 0 0 1 0 0 1 0 O O O o0 0 20 7.39 10.43  Head width and tibia length inferred 1,23
Rhinella abei 0 0 1 0 0 1 0 0 0 0 0 0 83.9 28.33 28.86 Head width and tibia length inferred 1,2,3
Rhinella achavali 0 0 1 0 0 1 0 0 0 0 0 0 60.85 2195 20.68 Tibia length inferred 1,2,3,116
Rhinella arenarum 0 0 1 0 0 1 0 0 0 0 0 0 84.34 30.25 29.67 Tibia length inferred 1,2,3,116
Rhinella azarai 0 0 1 0 0 1 0 0 O O 0 0 50 15.5 14 1,2,3,18
Rhinella crucifer 0 0 1 0 0 1 0 0 0 0 0 0 130 4256 4576  Head width and tibia length inferred 1,2,3
Rhinella dorbignyi 0 0 1 0 0 1 0 0 O O O O 66 21 17.5 1,2,3,136
Rhinella fernandezae 0 0 1 0 0 1 0 0 O O 0 0 60 20 19 1,2,3,136
Rhinella granulosa 0 0 1 0 0 1 0 O O O 0 o0 55 18 19 1,2,3,18
Rhinella henseli 0 0 1 0 0 1 0 0 0 0 0 0 63.9 2216 2152 Head width and tibia length inferred 1,23
Rhinella hoogmoedi 0 0 1 0 0 1 0 0 0 0 0 0 479 17.7 19.3 1,2,3,107
Rhinella icterica 0 0 1 0 0 1 0 0 0 0 0 0 190 61.95 68.08 Head width and tibia length inferred 1,2,3
Rhinella jimi 0 0 1 0 0 1 0 0 0 0 0 0 14064 5137 4745 1,2,3,137
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Rhinella ornata 0 0 1 0 0 1 0 0 0 0 0 0 84.29 2845 29 Head width and tibia length inferred 1,2,3
Rhinella pombali 0 0 1 0 0 1 0 0 0 0 0 0 119 39.16 41.72 Head width and tibia length inferred 1,2,3
Rhinella pygmaea 0 0 1 0 0 1 0 0 0 0 0 0 29 11 9 1,2,3,138
Rhinella rubescens 0 0 1 0 0 1 0 0 0 0 0 0 130 4351 46.11 Head width and tibia length inferred 1,2,3
Rhinella schneideri 0 0 1 0 0 1 0 0 0 0 0 0 250 84.68 87.71 Head width and tibia length inferred 1,2,3
Rhinella scitula 0 0 1 0 0 1 0 0 0 0 0 0 4407 1585 17.22 1,2,3,20
Rupirana cardosoi 1 0 1 0 0 0 0 O o0 0O 1 0 3047 1145 14.34 1,2,3,108
Scinax agilis 0 0 1 0 0 1 0 0 O O 0 o0 195 6 9 1,234
Scinax albicans 0 0 1 0 0 1 0 0 O 0O 0 0 4694 12.5 19.16 1,2,3,4
Scinax alter 0 0 1 0 0 1 0 0 O O 0 0 32 9.3 14.1 1,2,3,4
Scinax angrensis 0 0 1 0 0 1 0 0O O O 0 o0 392 9.51 14.14 1,2,3,139
Scinax arduous 0 0 1 0 0 1 0 0 O O 0 0 262 8.38 13.67 1,2,3,4
Scinax argyreornatus 0 0 1 0 0 1 0 0 0 0 0 0 23 6.68 11.05 1,234
Scinax aromothyella 0 0 1 0 0 1 0 0O O O 0 o0 318 7.4 125 1,234
Scinax auratus 0 0 1 0 0 1 0 0 0 0 0 0 24.7 7.4 13 1,234
Scinax belloni 0 0 1 0 0 1 0 0 O O 0 0 375 104 15.3 1,2,3,4
Scinax berthae 0 0 1 0 0 1 0 0O O O 0 o0 25 4.36 8.79 Head width and tibia length inferred 1,23
Scinax brieni 0 0 1 0 0 1 0 0 0 0 0 0 40 11.39 176 1,234
Scinax caldarum 0 0 1 0 0 1 0 0 O O 0 0 35 8.82 16 1234
Scinax camposseabrai 0 0 1 0 0 1 0 0 O O 0 o0 359 1042 16.26  Head width and tibia length inferred 1,23
Scinax canastrensis 0 0 1 0 0 1 0 o0 O O o0 o 38 11.06 17.03  Head width and tibia length inferred 1,23
Scinax catharinae 0 0 1 0 0 1 0 0 O O 0 0 455 15.3 22.39 1,2,3,4
Scinax constrictus 0 0 1 0 0 1 0 0 O O 0 0 2825 9.2 15.93 1,2,3,109
Scinax cosenzai 0 0 1 0 0 1 0 0 O O o0 0 2123 7.28 10.93 1,2,3,110
Scinax cretatus 0 0 1 0 0 1 0 0 O O 0 0 309 10.44  15.98 1,2,3,111
Scinax crospedospilus 0 0 1 0 0 1 0 0 0 0 0 0 37.6 9.92 15.81 1,234
Scinax curicica 0 0 1 0 0 1 0 O O O 0 0 315 9.06 14.65 Head width and tibia length inferred 1,23
Scinax cuspidatus 0 0 1 0 0 1 0 O O O 0 o0 325 9 15.5 1,234
Scinax duartei 0 0 1 0 0 i1 0 0 O O o0 0 37 11 18 1,2,3,4
Scinax eurydice 0 0 1 0 0 1 0 0 0 0 0 0 53.8 14 23 1,234
Scinax flavoguttatus 0 0 1 0 0 1 0 0 0 0 0 0 454 15 21 1,234
Scinax fuscomarginatus 0 0 1 0 0 1 0 0 0 0 0 0 26.7 5.7 9.9 1,234
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Scinax fuscovarius 0 0 1 0 0 1 0 0 0 0 0 0 55.3 12.5 22 1,234
Scinax granulatus 0 0 1 0 0 1 0 0 0 0 0 0 43 12 18 1,234
Scinax hayii 0 0 1 0 0 1 0 0 0 0 0 0 53 1584 24.96 1,234
Scinax heyeri 0 0 1 0 0 1 0 0 0 0 0 0 35.6 1241  19.38 1,234
Scinax hiemalis 0 0 1 0 0 1 0 0 0 0 0 0 34.4 9.39 14 1,234
Scinax humilis 0 0 1 0 0 1 0 0 0 0 0 0 409 9.91 15.77 1234
Scinax imbegue 0 0 1 0 0 1 0 0 0O 0O 0 0 318 1057 15.9 1,2,3,112
Scinax juncae 0 0 1 0 0 1 0 0 O O 0 o0 241 8.2 12.9 1,2,3,127
Scinax littoralis 0 0 1 0 0 1 0 0 O 0O 0 0 399 9 16.5 1,2,3,4
Scinax littoreus 0 0 1 0 0 1 0 0 O O 0 0 255 4.95 9.65 1,2,3,4
Scinax longilineus 0 0 1 0 0 1 0 O O O o0 o0 48 15 25 1,234
Scinax luizotavioi 0 0 1 0 0 1 0 0 O O 0 0 30 7.7 12.2 1,2,3,4
Scinax melanodactylus 0 0 1 0 0 1 0 0 O O 0 0 1462 5.12 8.05 1,2,3,128
Scinax nasicus 0 0 1 0 0 1 0 0O O O o0 o0 3021 9.55 15.02  Tibia length inferred 1,23
Scinax nebulosus 0 0 1 0 0 1 0 0 O O 0 0 40 12.84 1981 1,2,3,4
Scinax obtriangulatus 0 0 1 0 0 1 0 0O O O o0 o0 39 7.46 12.35 1,234
Scinax pachycrus 0 0 1 0 0 1 0 0O O O o0 o0 33 10 19 1,234
Scinax perereca 0 0 1 0 0 1 0 0 0 0 0 0 42.2 13.2 20 1,234
Scinax perpusillus 0 0 1 0 0 1 0 0 O O 0 0 25 6.53 10.1 1234
Scinax ranki 0 0 1 0 0 1 0 0 0 0 0 0 28.7 9.25 14.95 1,234
Scinax rizibilis 0 0 1 0 0 0o o 1 o0 0 0 0 34 10 16.79 1234
Scinax rogerioi 0 0 1 0 0 1 0 0 O 0O 0 0 3005 10.32  15.15 1,2,3,129
Scinax ruber 0 0 1 0 0 1 0 0 0 0 0 0 45 12.75 20.15 Head width and tibia length inferred 1,2,3
Scinax similis 0 0 1 0 0 1 0 0 0 0 0 0 41 11 16.5 1,234
Scinax squalirostris 0 0 1 0 0 1 0 O O O o0 o0 29 9 14 1,234
Scinax strigilatus 0 0 1 0 0 i1 0 0 O O 0 0 383 9.3 124 1,2,3,4
Scinax trapicheiroi 0 0 1 0 0 1 0 O O O 0 0 40 13.75 21.08 1,234
Scinax tripui 0 0 1 0 0 1 0 0 0O 0O 0 0 309 10.77  16.47 1,2,3,130
Scinax tymbamirim 0 0 1 0 0 1 0 0 0 0 0 0 25.37 8.05 13.37 1,2,3,112
Scinax uruguayus 0 0 1 0 0 1 0 0 0 0 0 0 25.8 8.3 12.8 1,234
Scinax v-signatus 0 0 1 0 0 1 0 0 0 0 0 0 27 7.7 12.8 1,234
Scinax x-signatus 0 0 1 0 0 1 0 0 0 0 0 0 48 13.6 21.25 1,234
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Scythrophrys sawayae 0 0 1 0 0 1 0 0 0 0 0 0 175 6 9 1,2,3
Sphaenorhynchus caramaschii 0 0 1 0 0 1 0 0 0 0 0 0 29.3 8.38 13 1,234
Sphaenorhynchus palustris 0 0 1 0 0 1 0 0 0 0 0 0 36 10.47 155 Head width and tibia length inferred 1,2,3
Sphaenorhynchus planicola 0 0 1 0 0 1 0 0 0 0 0 0 24 7 12 1,234
Sphaenorhynchus prasinus 0 0 1 0 0 1 0 0 0 0 0 0 31 9.8 13.94 1,234
Sphaenorhynchus surdus 0 0 1 0 0 1 0 O O O o0 o 28 7.75 12.53 1,234
Stereocyclops incrassatus 0 0 1 0 0 1 0 0O O O 0 o0 578 16.45 21.35 Head width and tibia length inferred 1,23
Stereocyclops parkeri 0 0 1 0 0 1 0 0 O O o0 o0 51 1435 18.86 Head width and tibia length inferred 1,23
Thoropa megatympanum 1 0 0 0 1 0 0 0 0 1 0 0 418 1792 21.95 1,2,3,113
Thoropa miliaris 1 0 0 0 1 0 0 0 O 1 0 0 585 25.2 31.9 1,2,3,140
Thoropa taophora 1 0 0 0 1 0 0 0 O 1 0 0 1021 38.43 47.48 Head width and tibia length inferred 1,23
Trachycephalus atlas 0 0 1 0 0 1 0 0O O O o0 o0 107 30 27.13 1,234
Trachycephalus dibernardoi 0 0 1 0 0 1 0 0 O O 0 o0 844 25.38  39.47 1,234
Trachycephalus imitatrix 0 0 1 0 0 1 0 0O O O o0 o0 53 16 26 1,234
Trachycephalus mesophaeus 0 0 1 0 0 1 0 0O O O 0 o0 805 21 32 1,234
Trachycephalus nigromaculatus 0 0 1 0 0 1 0 0 O O 0 0 9105 26 36 1,234
Trachycephalus typhonius 0 0 1 0 0 1 0 0O O O 0 o0 105 30.28 38.71  Head width and tibia length inferred 1,23
Vitreorana eurygnatha 1 0 1 0 0 o o o o o 1 0 23 8.68 11 Head width and tibia length inferred 1,23
Vitreorana uranoscopa 1 0 1 0 0 o o0 O O 0 1 o0 258 9.54 12.03  Head width and tibia length inferred 1,23
Xenohyla eugenioi 0 0 1 0 0 1 0 0 0 0 0 0 35.74 11.34 14.46 1,2,3,114
Xenohyla truncata 0 0 1 0 0 1 0 0 0 0 0 0 42 11.83 15.42 1,234
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S6 File — Result of piecewiseSEM model. Direct and indirect effects of predictor variables on

proportion of direct developing species of Atlantic Forest anuran communities. Goodness of

fit: Fischer’s C =2.635; P-value = 0.268; DF =2.Standard error (St. Error); degrees of freedom

(DF); critical value (Crit. Value); and standardized estimate (St. Estimate)

Response Predictor Estimate DF Crit.Value P. Value St. Estimate
PCPS1 BIO4 -9.26E-02 0.038 766 -2.421 0.016 -0.092
PCPS1 BIO12 5.86E-02 0.036 766 1.616 0.107 0.059
PCPS1 ETO -4.19E-01 0.041 766 -10.261 0.000 -0.419
SES.FD PCPS1 -3.23E-01 0.037 766 -8.740 0.000 -0.323
SES.FD BIO4 2.13E-02 0.060 766 0.358 0.721 0.021
SES.FD BIO12 1.30E-01 0.054 766 2.393 0.017 0.130
SES.FD ETO -5.17E-02 0.077 766 -0.671 0.502 -0.052
SES.FD Slope 2.09E-01 0.044 766 4.715 0.000 0.208
PROP.DD SES.FD 2.31E-01 0.029 766 8.049 0.000 0.231
PROP.DD PCPS1 -1.75E-01 0.031 766 -5.637 0.000 -0.175
PROP.DD BIO4 -3.05E-01 0.063 766 -4.872 0.000 -0.305
PROP.DD BIO12 0.0847 0.061 766 1.383 0.167 0.085
PROP.DD Slope 0.1612 0.040 766 4.041 0.000 0.161
PROP.DD ETO0 -0.4512 0.082 766 -5.492 0.000 -0.451
Endogenous variable R? (R-squared).
Response R-squared
PCPS1 0.17
SES.FD 0.13
PROP.DD 0.36
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Fig S1. Variation in the proportion of direct developing species in anuran Atlantic Forest
communities and the environment. A — temperature seasonality; B — potential evapotranspiration;
and C — terrain slope. Base layer sources: South America shape file retrieved from the Database of
Global Administrative Areas (GADM) under an open license (CC-BY):
https://gadm.org/license.html; Atlantic Forest limits shape file from Muylaert et al. 2018 [34] under
the GNU General Public License (https://github.com/LEEClab/ATLANTIC-
limits/blob/master/LICENSE); communities (points) distributions were mapped based on records
retrieved from Vancine et al. 2018 [30]; raster layers sources: temperature seasonality (BIO4) from
WorldClim [35] (https://www.worldclim.org/data/worldclim21.html); ETO from Global Aridity
Index and Potential Evapotranspiration Climate Database [36]

(https://figshare.com/articles/dataset/Global _Aridity Index and Potential Evapotranspiration ETO
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_Climate Database v2/7504448/3) under license CC BY 4.4; and Slope from EarthEnv database

[37]. Modified from Vancine et al. 2018 [30].
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Fig S2. Pattern of functional structure in anuran communities from the Atlantic Forest. Light
yellow points represent communities with FD values (functional diversity) lower than expected
(functional overdispersion), dark purple points represent communities with FD values higher than
expected (functional clustering), and magenta points represent communities with random functional
structure. Base layer sources: South America shape file retrieved from the Database of Global
Administrative Areas (GADM) under an open license (CC-BY): https://gadm.org/license.html;
Atlantic Forest limits shape file from Muylaert et al. 2018 [34] under the GNU General Public
License (https://github.com/LEEClab/ATLANTIC-limits/blob/master/LICENSE); communities
(points) distributions were mapped based on records retrieved from Vancine et al. 2018 [30].

Modified from Vancine et al. 2018.
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From evolutionary history to environmental conditions: The determinants of direct

development in New World anurans

Running title: New World direct-developing Anurans

Abstract

Aim: Among the high reproductive diversity of amphibians, some species deviate from the classical
reproductive mode with a biphasic life cycle and exhibit direct development, characterized by the
absence of a free-living larval form and egg-hatching in miniature adults. Here, we investigated
how biotic (phylogenetic composition and functional diversity) and abiotic factors (climate and
topography) are related to the evolution and occurrence of direct-developing anurans in the New

World and across the biomes from this region.

Location: New World.

Time period: Current.

Major taxa studied: Anurans.

Methods: Using data on reproductive mode and distribution maps of 2,534 amphibian species from
the New World, we estimated the proportion of direct-developing anurans per 0.5° cell. Then, we
used structural equation models (SEM) to investigate the relationships among the abiotic
(temperature, precipitation, humidity, and topography) and biotic (phylogenetic composition and
functional diversity) factors with the proportion of direct development in 9,522 New World anuran

communities. We also explored if and how these relationships vary across 12 New World biomes.

Results: Phylogenetic composition was the main predictor of the proportion of direct-developing
species in the New World anuran communities. We verified that relationships among abiotic and
biotic factors with direct development are dependent on biome type. There was a tendency of the

biotic component (phylogenetic composition) to strongly predict the proportion of direct-developing
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anurans in tropical biomes. In contrast, abiotic factors (temperature and humidity) were the most

related to direct development in temperate biomes.

Main conclusions: The high reproductive diversity of amphibians is the result of distinct selective
forces. In the case of direct development, the synergism between the abiotic and biotic factors led to
the evolution of this specialized reproductive mode in diverse ways depending on the biogeographic

region.

Keywords: amphibians; climate; functional diversity; direct-developing amphibians; phylogenetic

composition; structural equation model; topography

1. INTRODUCTION

One of the central topics in ecology is understanding how distinct factors have influenced
the evolution of species and how these elements are related to the current patterns of biodiversity.
Among those that received the most attention is the influence of abiotic factors, like environmental
conditions to which the species are subjected. In this context, climatic conditions, such as patterns
of temperature, precipitation, and humidity, can restrict the species distribution according to their
specific requirements, as well as ignite their evolution (Gomez-Mestre et al., 2012; Lion et al.
2019). Additionally, structural variations, such as topographic heterogeneity, can hinder the
occurrence and survival of some individuals/species in particular environments that can become
harsh environments for them (Liedtke et al., 2017; Lion et al. 2019). Notably, the biotic component
also plays a significant role in the evolutionary processes, distribution of species, and assembly of

ecological communities (Wisz et al., 2013).

Biotic factors can shape the composition, structure, and dynamics of communities through
mechanisms of species coexistence, such as predation, competition, parasitism, and other

interactions (Wisz et al., 2013). For example, predation can reduce the fitness of prey species,
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resulting in shifts in community composition (Buxton & Sperry, 2017). Similarly, if species with
similar requirements occur in the same space, the strength of the competition can result in
coexistence or in competitive exclusion of one species from the community (MacArthur & Levins,
1967). In these cases, restrictions imposed by biotic and abiotic factors can also promote the
evolution of novel characteristics, or traits, enabling the colonization of new environments, such as
distinct niches, where different environmental conditions exert influence (Crump, 2015; Zamudio et
al., 2016). A notable example of how abiotic and biotic factors lead to the evolution of new traits

can be verified through the reproductive diversity presented by amphibians.

Amphibians exhibit the greatest reproductive diversity among tetrapods, with at least 74
reproductive modes (RM) having been described (Nunes-de-Almeida et al., 2021). Among this vast
reproductive diversity and differing from the ancestral and usual RM with a biphasic life cycle,
there is direct development, which represents a profound evolutionary transition within the group
(Gomez-Mestre et al., 2012; Nunes-de-Almeida et al., 2021). This RM, primarily defined by the
absence of the free-living larval form (i.e., tadpole; Haddad & Prado, 2005). Although there is a
growing literature on the evolution of amphibian reproductive modes, the influence of ecological

mechanisms in this context is still limited (Fontana et al. 2022).

The main hypothesis predicts that direct development has evolved in response to both
abiotic and biotic factors (Crump, 2015; Zamudio et al., 2016; Fontana et al., 2022). Indeed, the
whole transition from aquatic to terrestrial reproductive modes is considered as an example of
repeated adaptations of amphibians to the same set of specific environmental conditions (Liedtke et
al., 2017). However, very few studies have effectively assessed the role of abiotic factors in
reproductive diversification. Previous studies uncovered that climatic conditions, such as
temperature, precipitation, and humidity were correlated to terrestrial reproduction, including direct
development (Gomez-Mestre et al., 2012; Lion et al., 2019). Miiller et al. (2013), investigated the
influence of habitat type and found an association of terrestrial oviposition with forested

environments and the complete terrestrial development, including direct development, with
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montane forests. Liedtke et al. (2017) summed the geophysical structure of the environments. The
authors attributed the evolution of terrestrial reproduction of bufonids as a result of the topographic
conditions, represented by the steep terrain and low availability of accumulated water sources, in

Africa.

Although biotic factors, such as predation and competition, are listed as the main promoters
of the evolution of direct development, knowledge about their real influence is still scarce. On a
local scale, both Magnusson and Hero (1991) and Touchon and Worley (2015) verified high
mortality rates of eggs and larvae in response to predation in the aquatic environment. Whereas due
to studies limitations, do not permit extrapolations and generalizations for these authors, these
findings agree with the hypothesis that predation acts as a selective force in the evolution of
terrestrial RM. Moving to a broader scale, Zamudio et al. (2016) found that sexual selection
contributed to the evolution of reproductive terrestriality of hylids and leptodactylids, resulting in
reduced polyandry. In this case, sexual selection favored the reproductive diversification in these

lineages through the reduction of the loss of fitness due to male-male competition and avoidance of
polyandry.

Comprehending how direct development has emerged in the anuran tree of life is a
fundamental step in understanding how life evolved from aquatic systems and conquered the
terrestrial environment. Few studies effectively evaluated hypotheses regarding the evolution of this
specialized RM (Fontana et al., 2023), especially considering different spatial scales, distinct
biomes, and communities, and most importantly integrating the analyses of the importance of biotic
and abiotic factors. In a recent study (Fontana et al., 2023) we identified that, although biotic factors
were related to the proportion of species with this RM in communities in the Atlantic Forest, abiotic
factors, such as low evapotranspiration and low-temperature seasonality, were the main factors
associated with this RM. Here, we aim to expand the comprehension about the evolution of direct
development and the occurrence of species which have direct development. For this purpose, we

created a conceptual model that illustrates the relationships and influences of the abiotic and biotic
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factors with the proportion of direct-developing in the New World anuran communities (Figure 1)
and evaluated it using structural equation models (SEM). We have assessed this model for the entire
New World region and for each biome separately. Additionally, we also investigated the patterns of

distribution of direct-developing anurans in the New World biomes.

With a complex geological history, the New World is known for its vast climatic,
environmental, and structural heterogeneity providing a set of varied biomes, ranging from deserts
and grasslands to forests, in lowland or mountain regions (Olson et al., 2001; Woodward, 2009). In
turn, these conditions contributed to the elevated taxonomic diversity of varied species groups in the
region. Similarly, this region encompasses distinctive evolutionary histories, represented by
phylogenetic diversity, and multiple functional forms, characterized by the functional diversity, of
different taxa, such as the case of amphibians (Duarte et al., 2014; Ochoa-Ochoa et al., 2019;
Ochoa-Ochoa et al., 2020). The New World harbors the greatest diversity of anuran species in the
world and important endemism centers for direct-developing anurans (IUCN, 2022; Gomez-Mestre
et al., 2012). In turn, these patterns of diversity promote a wide range of possible biotic interactions
among species. Hence, the New World is an ideal study system to investigate how abiotic and biotic

factors are related to direct development in anurans.

In ecological studies, scale is a critical aspect of the analysis of patterns. Although there is
no consensus, it is frequently recognized that the biotic factors act at finer/smaller scales (site or
local), while on larger/broader scales (regional, continental) abiotic factors are more preponderant
in shaping species distribution (King et al., 2021). Furthermore, phylogenetic and functional metrics
reveal fundamental evolutionary and ecological patterns that occur in communities, serving as
proxies for biological processes related to the response of species to biotic interactions, such as past
competition and predation (in communities that exhibit phylogenetic and/or functional
overdispersion), as well as the influence of environmental filters (in communities with phylogenetic
and/or functional clustering) (Webb, 2002; Cavender-Bares et al., 2006; Fontana et al., 2023).

Thus, we expect to find: 1) a greater influence of abiotic factors on the proportion of direct-
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developing anurans, compared to the biotic component, when considering the model for the entire
New World; ii) variations in the relationships between abiotic and biotic factors with the proportion
of species in direct development, when analyzing biome models; and iii) a more intense association
between higher functional diversity values and the proportion of direct-developing anurans in the

communities, a result of coexistence mechanisms, such as past competition and predation.

Humidity

Temperature Precipitation

Phylogenetic 3 Functional

Topography Composition Diversity

Figure 1. Conceptual representation of the relationships of abiotic and biotic factors with
direct-developing anurans in the New World. The blue boxes represent abiotic factors, the yellow
boxes represent biotic factors, and the brown box represents the proportion of direct-developing

species in New World anuran communities.
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2. METHODS

2.1 Community data

To evaluate the effects of biotic and abiotic variables on the proportion of direct-developing
species in New World anuran communities, we organized a matrix of species by communities at a
resolution of 0.5° First, in order to obtain data for characterize each community, we used data of
species distributions from the 2022 International Union for Conservation of Nature and Natural
Resources Red List (https://www.iucnredlist.org/resources/spatial-data-download). We created a
grid map of the New World with a resolution of 0.5° and extracted the occurrence matrix
(presence/absence matrix) for each grid cell using the package ‘letsR’ (Vilela & Villalobos, 2015)
within the R environment (R Core Team, 2022). We considered the group of species occurring in
each grid cell as an individual community. Second, we overlaid the anuran community data onto the
shapefiles representing the biomes of Neotropical and Nearctic realms according to Olson et al.
(2001, Figure S1). Subsequently we checked and updated the species nomenclature according to

Frost (2023), resulting in a total of 2,534 anuran species.

Recognizing that species occurrence and distribution can exert an influence on the average
trait values within communities (Duarte et al., 2018), we controlled the effect of species
composition on the proportion of direct-developing species in the communities using null models
(Pillar & Duarte, 2010; Peres-Neto et al., 2017). To do this, we constructed a D matrix containing
the development mode for each species present in the communities. Subsequently, we computed the
observed proportion of direct-developing species within each community. Following this, we
generated 999 null proportions through randomization of the D matrix and calculated the mean and
standard deviation of these null proportions. Finally, employing standardized effect size metrics, we
used the observed proportions in conjunction with the means and standard deviations of the null
proportions to calculate the proportion of direct-developing species that were independent of the
composition effect for each community. Our comprehensive database, subject to analysis,

encompassed a total of 9,522 communities distributed across the New World (Figure S1, Figure 2,
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189  Appendix 1). To generate models for each biome, we subdivided this database into sets

190  corresponding to individual New World biomes.
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2.2 Abiotic factors

To assess the influence of abiotic variables on the proportion of direct-developing anurans of
the New World, we gathered a set of 21 environmental variables, encompassing: the 19 bioclimatic
variables sourced from WorldClim 2.1 (Fick & Hijmans, 2017) related to the temperature and
precipitation; the potential evapotranspiration (ETO) retrieved from Global Aridity Index and
Potential Evapotranspiration Climate Database (Zomer et al., 2022); and the terrain slope obtained
from the EarthEnv database (Amatulli et al., 2018). After downloading the data, we adjusted the
extent of all raster files to align with the geographical boundaries of the New World. This process
allowed us to derive the environmental variables of individual communities (cell grid). The raster
files were originally obtained at a resolution of 30 arc-sec and were subsequently transformed to a
resolution of 0.5°. To simplify the climate complexity data, we separated the bioclimatic variables
related to temperature and to the precipitation and performed two principal component analyses

(PCA), one for each variable type.

2.3 Biotic factors

In our conceptual model, we integrated two biotic factors as proxies for coexistence
mechanisms: phylogenetic composition and functional diversity (FD). To establish the phylogenetic
composition, we constructed a phylogenetic tree of our species pool (sub-tree, Figure S2) using Jetz
and Pyron’s (2018) consensus phylogenetic hypothesis as our base. We then pruned and checked the
correspondence of our species pool with the consensus phylogenetic hypothesis and identified the
absent species (n = 100), commonly referred to as phylogenetically uncertain taxa (PUTs). To
incorporate PUTs into the sub-tree, we used relevant information from the literature to define the
most derived consensus clade (MDCC), representing the basal node containing the closest living
relative. We used the PAM v0.9 software to add the PUTs to our sub-tree (Rangel et al., 2015).

Subsequently, we conducted a principal coordinates of phylogenetic structure (PCPS)
analysis, a method based on a principal coordinates analysis (PCoA) of a matrix containing
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phylogeny-weighted species composition (P matrix). This method generated a series of eigenvectors
that illustrate orthogonal gradients of phylogenetic structure (Duarte, 2011; Duarte et al., 2012). The
primary PCPS eigenvector, characterized by higher eigenvalues, captures deeper phylogenetic
relationships (basal nodes of the phylogenetic tree), while the subsequent PCPS eigenvectors
describe relationships between more recent lineages (terminal nodes) (Duarte et al., 2014). For the
phylogenetic composition calculation, we used ‘geiger’ (Pennel et al., 2014) and ‘PCPS’ packages
(Debastiani & Duarte, 2014).

Regarding functional diversity (FD), we compiled six anuran life-history and ecological
traits, drawing information from the databases of amphibian traits provided by Oliveira et al. (2017)
and Huang et al. (2023). We considered the following traits: 1) habitat (seven categories: aquatic;
arboreal; fossorial; semi-arboreal; semi-fossorial; semi-terrestrial; and terrestrial); ii) diel (three
categories: diurnal, nocturnal, or both); ii1) development mode (three categories: larval; direct
development; and viviparous); iv) body size (mean value in mm); v) head width (mean value in
mm); and vi) tibia length (mean value in mm) (Figure S3). We selected these traits due to their
potential to unveil the effects of species coexistence, as they are connected with resource
complementarity, distinctions in reproductive niches, and habitat utilization (Oliveira et al., 2018,
Huang et al., 2023), as well as by their availability. In cases where information on these traits was
not available for all species, we inferred missing traits using the package ‘missForest’ (Appendix 2;

Stekhoven, 2022).

Subsequently, to address the influence of phylogenetic autocorrelation on functional traits,
we employed a phylogenetic eigenvector regression (PVR) approach. This method involves the
calculation of a phylogenetic distance matrix, followed by a principal coordinates analysis (PCoA)
to generate a set of independent orthogonal eigenvectors that remain unaffected by the underlying
phylogenetic structure (Diniz-Filho et al., 1998). Furthermore, we chose to employ the standardized
effect size of functional diversity (SES.FD) to minimize the influence of species richness on the FD

metric, thus facilitating comparisons among locations characterized by varying levels of species
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richness. SES metrics derived from null model analyses provide a means to correct potential biases
associated with species richness, encompassing both observed and null model-generated values.
Moreover, they possess the capacity to unveil patterns in phylogenetic or functional community
structure (Swenson, 2014). In this context, communities influenced by biotic factors such as
competition will exhibit functional overdispersion, indicated by positive SES.FD values, while
those strongly affected by abiotic factors like environmental filters will manifest functional

clustering, indicated by negative SES.FD values (Fontana et al., 2023).

To obtain SES.FD values, we initially generated a distance matrix based on the phylogenetic
eigenvectors obtained through the previous PVR analysis, which was subsequently transformed into
a dendrogram. Using this dendrogram, we calculated observed FD following the metric proposed by
Petchey and Gaston (2002). This metric derives from Faith's phylogenetic diversity (PD; Faith,
1992) and is founded on the sum of branch lengths of a dendrogram. We employed “taxa.labels” as
the null model, which shuffles the species names at the dendrogram's terminal nodes along with 999
randomizations. All of these analyses were performed within the R environment and used the ‘daee’
(Debastiani, 2021), picante (Kembel et al., 2010), PVR (Santos, 2018), and stats (R Core Team,

2022) packages.

2.4 Data analysis

In our analysis, we used the first PCPS eigenvector (PCPS 1), which captured 22.89% of the
phylogenetic composition data variation, and the standardized effect size of FD (SES.FD, referred
to as functional diversity) as indicators of biotic factors. We chose these metrics due to their ability
to investigate the influence of evolutionary history and aspects related to species co-occurrence. For
abiotic factors, we used the first principal component of temperature (TPC1) and the first principal
component of precipitation (PPC1) as indicators of temperature and precipitation in our model.
TPC1 explained 68.14% of the temperature variation data, while PPC1 explained 20.78% of the
precipitation variation data. For humidity, we considered potential evapotranspiration (ET0), and for

topography, we incorporated the terrain slope.
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We investigated the relationships between biotic and abiotic factors with the proportion of
direct-developing species in New World anuran communities, using the SEM with a piecewise
approach (Lefcheck, 2016). SEM are valuable for investigating and confirming direct and indirect
causal relationships outlined in a conceptual model derived from a priori based on specific
knowledge of the studied system (Lefcheck, 2016). To accomplish our first prediction, which
considers the entire New World region, we created three global SEM: 1) a model without spatial
autocorrelation structure and biomes as random effects; i1) a model with spatial autocorrelation
structure and without random effects; and iii) a model with spatial autocorrelation structure and
biomes as random effects. Three linear models formulated SEM: a) the first model establishes the
connection between abiotic factors to the phylogenetic composition; b) the second model links
abiotic and phylogenetic composition to FD; and c) the last model correlates abiotic and biotic
factors with the proportion of direct-developing species in New World anuran communities. For the
SEM (iii), we used linear mixed models due to the inclusion of the biomes as random effects
(Supporting Information). We selected the best SEM through the lowest AIC (Table S1-S3).

Furthermore, to investigate variations in these relationships across different biomes in this
continental region, we formulated 12 SEM sub-models, one for each of the New World biomes.
Whereas in some biomes the relationship among specific variables was slightly changed to the
model acceptance, the general structure of SEM sub-models was maintained the same as the global
SEM. All predictors exhibited a noncollinearity relationship (variance inflation factor <3.0). The
validity of the SEM was assessed through statistical significance (p > 0.05). All variables were
standardized in advance, and the analyses were performed in R (R Core Team, 2022) using ‘nlme’

(Pinheiro et al., 2022), ‘lme4’ (Bates et al., 2015), and ‘piecewiseSEM’ (Lefcheck, 2016) packages.

3. RESULTS

We analyzed 9,522 communities, which harbor 2,534 anuran species of 28 families

distributed across the New World. Within these communities, species richness exhibited a wide
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range, varying from 3 to 149 (mean = 33.79, SD = 30.98). We observed that slightly over one-third
(34.32%) of the analyzed anuran species have direct development as their reproductive mode.
Additionally, half of the evaluated communities (50.48%) present direct developing species. The
prevalence of anuran communities with direct-developing species ranged from 0 to 100%, with an
average of 7.12% (SD = 12.37). The highest recorded species richness of direct-developing anurans
within a single community reached 61 (Fig. 2).

The Tropical and Subtropical Coniferous Forests; Tropical and Subtropical Dry Broadleaf
Forests; and Tropical and Subtropical Moist Broadleaf Forests, located in the southern regions of
Mexico, Central America, the Western Amazon, and Brazilian Southern had the highest proportions
of direct-developing species (Fig. 2, Table 1). In contrast, the Mediterranean Forests, Woodlands,
Scrub; Temperate Grasslands, Savanna, and Shrublands; and Tropical and Subtropical Grasslands,

Savannas, and Shrublands, showed the lowest proportions of these species (Table 1).

Table 1 — Mean proportion of direct-developing anurans in each New World biome.

Biome Mean Proportion of DD Species (%0)
Tropical and Subtropical Coniferous Forests 19.14
Tropical and Subtropical Dry Broadleaf Forests 16.26
Tropical and Subtropical Moist Broadleaf Forests 11.64
Montane Grasslands and Shrublands 10.84
Mangroves 10.75
Flooded Grasslands and Savannas 8.87
Deserts and Xeric Shrublands 454
Temperate Conifer Forests 3.89
Temperate Broadleaf and Mixed Forests 2.5
Tropical and Subtropical Grasslands, Savannas, and Shrublands 2.4
Temperate Subtropical Grasslands, Savannas, and Shrublands 0.72
Mediterranean Forests, Woodlands, and Scrub 0.46

The SEM with no spatial autocorrelation structure and with biomes as random effect was the
best model describing the relationships among environmental and biotic characteristics, and the
proportion of direct-developing species in the New World anuran communities. Together, biotic and

abiotic factors explained 48% of this data (4/C = 46.273, Fisher’s C>=0.273, p=0.872, Fig. 3,
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318  Table S1). Both the phylogenetic composition (PCPS 1) and functional diversity were explained by

319  temperature (TPC1) (» = 0.503, » = -0.510, respectively). The proportion of direct-developing

320  anurans in the New World communities was directly influenced by all factors, being the most

321  important variables in explaining this data, the phylogenetic composition (PCPS 1) with a negative

322 effect (r =-0.660), topography (slope), and temperature (TPC1), both with positive effects (r =

323 0.170, and » = 0.132, respectively). Although biomes have influenced the investigated relationships,
324  both biotic and abiotic factors were responsible in explaining the amount of the variation in the

325  proportion of direct-developing anurans in the New World communities (R’m = 0.48, R’c = 0.60,

326 Figure 3).
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328  Figure 3. Piecewise SEM relating biotic the indirect and direct effects of abiotic factors (blue

329  boxes) and biotic factors (yellow boxes) on the proportion of direct-developing species (the brown
330  box) in anuran communities of the New World. Solid arrows represent significant relationships,
331  being positive relationships represented by the black arrows and negative relationships by the red

332 ones. Values on arrows correspond to standardized coefficients. R? marginal (R?m) and R?
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conditional (Rc) values for endogenous variables are presented in the small boxes. The thickness of

the arrows is proportional to the magnitude of the standardized coefficients.

Regarding the SEM for biomes (sub-models), biotic and abiotic factors explained between
20% (in Temperate Broadleaf and Mixed Forest) and 95% (Flooded Grasslands and Savannas) of
the proportion of direct-developing anurans in the communities (Figures S4-S15). We observed a
pattern in the relationships of the evaluated factors with the proportion of direct-developing
anurans, in which the proportion of these species in tropical and subtropical biomes was more
influenced by phylogenetic composition. In contrast, in temperate biomes, abiotic factors, such as
temperature and humidity, were the most predominant (Table 2, Figures S4-S15). The SEM for
Deserts and Xeric Shrublands was the only one that did not include functional diversity as a

predictor of the proportion of direct-developing species in the anuran communities.

Table 2 — Standardized path coefficients of the direct causal links between biotic and abiotic factors
and the proportion of direct-developing frogs in anuran communities in the New World biomes.

Significant relationships are bolded.

Biome TPC1 PPCl1 ETO Slope PCPS SES.FD
Tropical and Subtropical Moist Broadleaf Forests -0.137 -0.008 -0.001 0.105 -0.830 0.073
Tropical and Subtropical Dry Broadleaf Forests 0.211 -0.030 0.076 0.158 -0.889 0.069
Tropical and Subtropical Coniferous Forests 0.458 -0.292 -0.028 0.281 -0.498 0.030
Temperate Broadleaf and Mixed Forests -0.003 -0.157 0.008 -0.318 0.192 0.245
Temperate Conifer Forests 0.741 -0.036 -0.299 0.021 -0.188 0.341

Tropical and Subtropical Grasslands, Savannas, and Shrublands -0.192  0.246  -0.324 -0.144 -0.547 0.007
Temperate Subtropical Grasslands, Savannas, and Shrublands ~ -0.547 0.398 -0.547 -0.015 -0.193 -0.102

Flooded Grasslands and Savannas 0.101 0.014 -0.342 0.008 -0.853 0.060
Montane Grasslands and Shrublands 0.132 -0.219 -0.036 -0.205 -0.654 0.091
Mediterranean Forests, Woodlands, and Scrub -0.589 0.379 0.057 -0.321 -0.002 0.447
Deserts and Xeric Shrublands 0.271 -0.159 -0.115 0.091 -0.877 NE
Mangroves 0.228 -0.0008 -0.106 0.100 -0.954 0.119
4. DISCUSSION

Direct development is a widespread reproductive mode among New World anurans. Our

study comprehends a large set of species corresponding to more than 80% of those from the New
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World and one-third of the world’s anuran species (Frost, 2023; ITUCN, 2023). Interestingly, the
three biomes harboring the largest proportion of direct-developing anurans species in the New
World - Tropical and Subtropical Coniferous Forests, Dry Broadleaf Forests, and Moist Broadleaf
Forests - contrast in their climatic and topographical conditions (Corrales et al., 2015). Moreover,
the spatial distribution of the proportion of direct-developing species in the New World anuran
communities that we showed here, is similar to that mapped for terrestrial breeder amphibians by
Lion et al. (2019). Although not every direct developer is a terrestrial breeder, and vice versa, these
reproductive strategies are strongly correlated (Furness et al., 2022; Liedtke et al., 2022), thus these

species can present similar responses to environmental conditions.

Partially contradicting our first expectation, the biotic component, represented by the
phylogenetic composition had a stronger influence on the proportion of direct-developing anurans
in the New World than the abiotic factors. This result indicates that in this macroecological context,
although evolutionary history is also an outcome of abiotic factors, it had a crucial role in
assembling these communities, and consequently can be considered as the main driver of the
evolution of direct development in the New World anurans. Historical facets of biodiversity, such as
the biogeographical history of amphibian clades, can strongly influence the species distributions
(Duarte et al., 2013). On the other hand, functional diversity had a weaker effect on the proportion
of such species compared to the abiotic factors. Thus, if this metric reflects a measure of
coexistence mechanisms, as proposed (see Fontana et al., 2023), this result corroborates with abiotic

factors being more predominant in broader scales than the biotic ones (King et al., 2021).

Our comparison of the relationships between abiotic and biotic factors with the proportion of
species with direct development across biomes is consistent with our second prediction, once we
have found variations in these relationships. The same abiotic characteristics can govern patterns of
species occurrence among distinct regions and scales in distinct ways (Lion et al., 2019). Similarly,
the New World biomes differ strongly in their abiotic and biotic conditions, and therefore reflect

different relationships among these factors, as we found. Thus, the specificities of the distinct
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biomes and their interaction seem to have influenced the evolution of this RM in diverse ways and
led to a reproductive convergence in these biomes (Miiller et al., 2013). This result may also explain
the fact that direct development is not structured in the phylogeny of anurans, appearing widely
disseminated across distinct lineages of New World anurans, as well as having evolved multiple

times (Gomez-Mestre et al., 2012, Furness et al., 2022).

As verified through the spatially unstructured model, there was a tendency of the biotic
component, represented by phylogenetic composition, to strongly predict the proportion of direct-
developing anurans in tropical biomes. In contrast, abiotic factors, such as temperature and
humidity, were the most related to direct development in temperate biomes. Tropical regions
possess a higher diversity of species which can promote more interaction opportunities among
species, and consequently, more diversification (Mittelbach et al., 2007). On the other hand, the
higher climatic seasonality and environmental unpredictability of temperate regions can determine
and restrict the survival and occurrence of some amphibians (Zamudio et al., 2016). Thus, abiotic
factors appear to function as environmental filters selecting only specific reproductive modes
adapted to the specific conditions of these regions. Also, this can explain why our SEM for Deserts
and Xeric Shrublands did not encompass functional diversity since these environments can present

severe and hostile conditions for most amphibians (Warburg 2012).

Therefore, considering the main evolutionary theories linked to the evolution of
reproductive modes in anurans, our results confirm that the evolution of direct development in the
New World follows a similar pattern proposed by Dobzhansky (1950) to species diversity. This
means that, while in tropical regions coexistence mechanisms (e.g., competition and predation)
would be the main promoters of the diversity of reproductive modes and, consequently, the
evolution of direct development, in temperate regions reproductive diversification would be guided
by abiotic factors. The influence of abiotic factors, most specifically climatic variables on the

distribution of biodiversity, including anurans, is already well known. Patterns of spatial distribution
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of biodiversity are frequently related to patterns of temperature, precipitation, and humidity

(Gomes-Mestre et al., 2012; Lion et al., 2019; Ochoa-Ochoa et al., 2019).

Our third expectation was partially corroborated. We verified that biomes with the highest
proportions of direct-developing anurans were most influenced by the phylogenetic composition,
revealing the importance of such factor to this RM. As demonstrated by our results, direct-
developing anurans are highly associated with forested environments, those located in mountain
regions (Liedtke et al., 2018). Nonetheless, the functional diversity was weakly related to direct
development in most of the biome models. It is important to note that our communities were
established as a set of species cooccurring in grids of 0.5° resolution. Thus, this measure may be
diluting or failing to represent interactions among species that are only apparent at finer scales
(Godsoe et al., 2015) as viewed at the local community scale by Fontana et al. (2023), or even
through the use of species abundance data. While our models have explained a considerable amount
of data variation, there are some parts of the data that remain unexplained. This can be associated
with other non-evaluated conditions, such as those related to micro-environmental factors (Fontana

et al., 2023).

Investigating evolutionary processes and understanding the relationships between factors
related to these processes can be challenging tasks, even more so considering the context of
biological communities and macroecological scales. However, using metrics and approaches that
can, in a certain way, reflect and represent the patterns originated through these processes proves to
be an important ally. The association between ecological particularities and the vast reproductive
diversity of amphibians provides us with a range of hypotheses to be assessed and questions to be
answered. Our results indicate that the evolution of direct development in anurans and the
distribution of such species throughout the New World is a result of the geographic synergy of
different forces and mechanisms. Additionally, we highlight the importance of investigating
evolutionary processes at different scales, perspectives, and regions. Finally, by associating different

selective forces related to the evolution of direct development in anurans in the new world, our
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results take a fresh look and bring new perspectives to the knowledge of reproductive specialization

in amphibians.
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APPENDICES

Appendix 1. New World anuran communities. Database of New World anuran communities

distributed in in 9,522 grids of 0.5°.

Appendix 2. Dataset of life-history traits of New World anurans.!

! Arquivos disponibilizados como material anexo.
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627  Figure S1. New World biomes according to Olson et al. (2002) and the grid used for the analysis.

628  Cell size of 0.5°.
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Figure S2. Phylogenetic distribution of development mode in 2,534 anuran species from the New
World. Species outlined in blue comprise species with biphasic development (n = 1,663), while
species highlighted in red encompass species with direct development (n = 870) and in green
species with viviparous development mode (only one species, Eleutherodactylus jasperi). Species

relationships were based on the consensus phylogenetic tree of Jetz & Pyron (2018).
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Figure S3. Percentage of data completeness for each gathered trait. Habitat (aquatic; arboreal;
fossorial; semi-arboreal; semi-fossorial; semi-terrestrial; and terrestrial); Diel (diurnal, nocturnal, or
both); Development mode (larval; direct development; and viviparous); BS - body size (mean value

in mm); HW - head width (mean value in mm); TL - tibia length (mean value in mm).
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S1 Table. Result of piecewiseSEM (i - model without spatial autocorrelation structure and biomes

as random effects). Direct and indirect effects of predictor variables on the proportion of direct-

developing species of New World anuran communities. Goodness of fit: Fischer'’s C = 0.273; p-

value = 0.872; DF =2; AIC = 46.273. Standard error (St. Error); degrees of freedom (DF); critical

value (Crit. Value); and standardized estimate (St. Estimate).

Response Predictor Estimate St. Error  DF  Crit.Value P.Value St. Estimate

PCPS1 PPC1 0.0086 0.0067 9506 1.2912 0.1967 0.0086
PCPS1 TPC1 0.5039 0.0126 9506 39.9332 0 0.5039
PCPS1 PET -0.0251 0.0067 9506 -3.7596  0.0002 -0.0251
PCPS1 Slope -0.0856 0.0078 9506  -10.9379 0 -0.0856
SES.FD PCPS1 0.1937 0.0144 9506 13.4855 0 0.1937
SES.FD TPC1 -0.5106 0.0191 9506 -26.769 0 -0.5106
SES.FD PPC1 -0.0099 0.0094 9506 -1.0523  0.2927 -0.0099
SES.FD Slope 0.0144 0.011 9506 1.3074 0.1911 0.0144
Proportion SES.FD 0.015 0.0066 9504 2.2627 0.0237 0.015
Proportion PCPS1 -0.6605 0.0094 9504  -70.5763 0 -0.6605
Proportion TPC1 0.1323 0.0128 9504 10.3634 0 0.1323
Proportion PPC1 -0.0133 0.0061 9504 -2.2019  0.0277 -0.0133
Proportion Slope 0.1702 0.0071 9504 23.8861 0 0.1702
Proportion PET 0.0272 0.0061 9504 4.484 0 0.0272

Variance explained by fixed (Marginal) and fixed + random (Conditional) effects of relationships

established in the structural equation model.

Response Marginal Conditional
PCPS1 0.28 0.56
SES.FD 0.15 0.30
Proportion 0.48 0.60
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S2 Table. Result of piecewiseSEM (ii - model with spatial autocorrelation structure and without
random effects). Direct and indirect effects of predictor variables on the proportion of direct-

developing species of New World anuran communities. Goodness of fit: Fischer'’s C = 0.273; p-

value = 0.872; DF =2; AIC = 48.650. Standard error (St. Error); degrees of freedom (DF); critical

value (Crit. Value); and standardized estimate (St. Estimate).

Variance explained (R?) by fixed effects of relationships established in the structural equation

model.

Response Predictor Estimate St. Error DF  Crit.Value P.Value St. Estimate

PCPS1 TPC1 0.1184 0.0268 9522 4.4105 0 0.1184
PCPS1 PPC1 -0.0002 0.0019 9522 -0.1064 0.9152 -0.0002
PCPS1 PET 0.0013 0.0017 9522 0.7296  0.4657 0.0013
PCPS1 Slope -0.0298 0.0048 9522 -6.2812 0 -0.0298
SES.FD PCPS1 0.0094 0.0242 9522 0.3906 0.6961 0.0094
SES.FD TPC1 -0.2111 0.0504 9522 -4.1917 0 -0.2111
SES.FD PPC1 -0.0032 0.0047 9522 -0.6707  0.5024 -0.0032
SES.FD Slope 0.0016 0.0114 9522 0.1439 0.8856 0.0016
Proportion SES.FD 0.0276 0.0037 9522 7.5322 0 0.0276
Proportion PCPS1 -0.2534 0.0089 9522  -28.3214 0 -0.2534
Proportion TPC1 -0.2708 0.0235 9522  -11.5332 0 -0.2708
Proportion PPC1 -0.0039 0.0017 9522 -2.3045 0.0212 -0.0039
Proportion  PET -0.0025 0.0015 9522 -1.6305  0.103 -0.0025
Proportion Slope 0.0467 0.0042 9522 11.2377 0 0.0467

Response R2

PCPS1 0.02
SES.FD 0.04
Proportion 0.30
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S3 Table. Result of piecewiseSEM (iii - model with spatial autocorrelation structure and the biomes

as random effects). Direct and indirect effects of predictor variables on the proportion of direct-

developing species of New World anuran communities. Goodness of fit: Fischer'’s C = 0.830; p-

value = 0.660; DF =2; AIC = 52.830. Standard error (St. Error); degrees of freedom (DF); critical

value (Crit. Value); and standardized estimate (St. Estimate).

Response Predictor Estimate St. Error DF  Crit.Value P.Value St. Estimate

PCPS1 TPC1 0.1457 0.025 9506 5.8364 0 0.1457
PCPS1 PPC1 0.0002 0.0021 9506 0.0737 0.9413 0.0002
PCPS1 PET 0 0.0022 9506 -0.0218 0.9826 0
PCPS1 Slope -0.0312 0.0049 9506 -6.3446 0 -0.0312
SES.FD PCPS1 0.032 0.0231 9506 1.3828 0.1667 0.032
SES.FD TPC1 -0.2484 0.0452 9506 -5.5009 0 -0.2484
SES.FD PPC1 -0.0039 0.005 9506 -0.7771  0.4371 -0.0039
SES.FD Slope 0.0021 0.0115 9506 0.1836  0.8543 0.0021
Proportion SES.FD 0.0258 0.0037 9504 6.9603 0 0.0258
Proportion PCPS1 -0.2414 0.0089 9504  -27.2216 0 -0.2414
Proportion TPC1 -0.228 0.0218 9504  -10.4728 0 -0.228
Proportion PPC1 -0.0042 0.0018 9504 -2.3014 0.0214 -0.0042
Proportion PET 0.0048 0.0019 9504 2.576 0.01 0.0048
Proportion Slope 0.0581  0.0043 9504 13.6148 0 0.0581

Variance explained by fixed (Marginal) and fixed + random (Conditional) effects of relationships

established in the structural equation model.

Response Marginal Conditional
PCPS1 0.02 0.03
SES.FD 0.05 0.07
Proportion 0.18 0.18
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Figure S4. Piecewise SEM (Fisher s C =0.539, p =0.764, AIC = 0.764) relating biotic the indirect
and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the proportion
of direct-developing species (the brown box) in anuran communities of the Tropical and Subtropical
Moist Broadleaf Forest of the New World. Solid arrows represent significant relationships, being
positive relationships represented by the black arrows and negative relationships by the red ones.
Values on arrows correspond to standardized coefficients. The thickness of the arrows is

proportional to the magnitude of the standardized coefficients.
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Figure SS. Piecewise SEM (Fisher's C=1.863, p =0.394, AIC = 41.863) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the
proportion of direct-developing species (the brown box) in anuran communities of the Tropical and
Subtropical Dry Broadleaf Forest of the New World. Solid arrows represent significant
relationships, being positive relationships represented by the black arrows and negative
relationships by the red ones. Values on arrows correspond to standardized coefficients. The

thickness of the arrows is proportional to the magnitude of the standardized coefficients.
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Figure S6. Piecewise SEM (Fisher’s C=0.107, p = 0.948, AIC =40.107) relating biotic the indirect
and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the proportion
of direct-developing species (the brown box) in anuran communities of the Tropical and Subtropical
Coniferous Forest of the New World. Solid arrows represent significant relationships, being positive
relationships represented by the black arrows and negative relationships by the red ones. Values on
arrows correspond to standardized coefficients. The thickness of the arrows is proportional to the

magnitude of the standardized coefficients.
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Figure S7. Piecewise SEM (Fisher's C=0.343, p = 0.842, AIC = 40.343) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the
proportion of direct-developing species (the brown box) in anuran communities of the Temperate
Broadleaf and Mixed Forest of the New World. Solid arrows represent significant relationships,
being positive relationships represented by the black arrows and negative relationships by the red
ones. Values on arrows correspond to standardized coefficients. The thickness of the arrows is

proportional to the magnitude of the standardized coefficients.
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731 proportion of direct-developing species (the brown box) in anuran communities of the Temperate
732 Conifer Forests of the New World. Solid arrows represent significant relationships, being positive
733 relationships represented by the black arrows and negative relationships by the red ones. Values on
734  arrows correspond to standardized coefficients. The thickness of the arrows is proportional to the
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Figure S9. Piecewise SEM (Fisher's C=2.554, p = 0.279, AIC = 42.554) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the
proportion of direct-developing species (the brown box) in anuran communities of the Tropical and
Subtropical Grasslands, Savannas and Shrublands of the New World. Solid arrows represent
significant relationships, being positive relationships represented by the black arrows and negative
relationships by the red ones. Values on arrows correspond to standardized coefficients. The

thickness of the arrows is proportional to the magnitude of the standardized coefficients.
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Figure S10. Piecewise SEM (Fisher’s C = 0.318, p = 0.853, AIC = 40.318) relating biotic the

indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the

proportion of direct-developing species (the brown box) in anuran communities of the Temperate

Grasslands, Savannas, and Shrublands of the New World. Solid arrows represent significant
relationships, being positive relationships represented by the black arrows and negative
relationships by the red ones. Values on arrows correspond to standardized coefficients. The

thickness of the arrows is proportional to the magnitude of the standardized coefficients.
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Figure S11. Piecewise SEM (Fisher’s C =1.442, p = 0.486, AIC = 41.442) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the

proportion of direct-developing species (the brown box) in anuran communities of the Flooded

Grasslands and Savannas of the New World. Solid arrows represent significant relationships, being

positive relationships represented by the black arrows and negative relationships by the red ones.
Values on arrows correspond to standardized coefficients. The thickness of the arrows is

proportional to the magnitude of the standardized coefficients.
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Figure S12. Piecewise SEM (Fisher’s C =0.842, p = 0.657, AIC = 40.842) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the
proportion of direct-developing species (the brown box) in anuran communities of the Montane
Grasslands and Shrublands of the New World. Solid arrows represent significant relationships,
being positive relationships represented by the black arrows and negative relationships by the red
ones. Values on arrows correspond to standardized coefficients. The thickness of the arrows is

proportional to the magnitude of the standardized coefficients.
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Figure S13. Piecewise SEM (Fisher’s C =1.052, p = 0.591, AIC = 41.052) relating biotic the
indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the
proportion of direct-developing species (the brown box) in anuran communities of the
Mediterranean Forests, Woodlands and Scrub of the New World. Solid arrows represent significant
relationships, being positive relationships represented by the black arrows and negative
relationships by the red ones. Values on arrows correspond to standardized coefficients. The

thickness of the arrows is proportional to the magnitude of the standardized coefficients.
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Figure S14. Piecewise SEM (Fisher’s C =0.455, p =0.797, AIC = 40.455) relating biotic the

indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the

proportion of direct-developing species (the brown box) in anuran communities of the Desert and

Xeric Shrublands of the New World. Solid arrows represent significant relationships, being positive

relationships represented by the black arrows and negative relationships by the red ones. Values on

arrows correspond to standardized coefficients. The thickness of the arrows is proportional to the

magnitude of the standardized coefficients.
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Figure S15. Piecewise SEM (Fisher’s C =5.259, p = 0.262, AIC = 31.259) relating biotic the

indirect and direct effects of abiotic factors (blue boxes) and biotic factors (yellow boxes) on the

proportion of direct-developing species (the brown box) in anuran communities of the Mangroves

of the New World. Solid arrows represent significant relationships, being positive relationships
represented by the black arrows and negative relationships by the red ones. Values on arrows
correspond to standardized coefficients. The thickness of the arrows is proportional to the

magnitude of the standardized coefficients.
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CAPITULO IV

AMPHIBIAN STRONGHOLDS: PROTECTED AREAS AND THE FUTURE OF DIRECT-

DEVELOPING FROGS OF GENUS ISCHNOCNEMA IN THE ATLANTIC FOREST UNDER

CLIMATE CHANGE
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Amphibian strongholds: Protected areas and the future of direct-developing frogs of genus

Ischnocnema in the Atlantic Forest under climate change
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Highlights
- Ischnocnema species are expected to show contractions in their distributions
- Atlantic Forest PAs can be considered as refugees for direct-developing frogs

- Future of Ischnocnema frogs is highly dependent of the Atlantic Forest PAs

Abstract

Among the highly diverse amphibian species from the Atlantic Forest (AF) and deviating from the
usually biphasic anuran reproductive mode, are the direct-developing frogs. Predicting how species
will face climate change scenarios and knowing the effectiveness of the protected areas (PAs) are
essential and useful tools for planning different conservation strategies. In this study, we seek to: 1)
model the current and future distributions of 18 direct-developing frogs of the genus Ischnocnema
distributed in the AF; ii) predict possible changes in species distributions in the face of two climate
change scenarios for 2050 and 2090; and iii) evaluate the protection degree of such species in the
AF. For this, through the ensemble of small models approach, using four different algorithms and
five general circulation models, we generated Ischnocnema species distribution models. We
evaluated the protection degree of direct-developing anurans through the mean percentage overlay.
We verified that the southeast AF harbors most of the direct-developing species. We predict a linear
and accentuated reduction in the distribution areas of these species. Regarding the protection
degree, we verified that the PAs are effective in protecting the distribution area of all Ischnocnema
frogs in the present, indicating that these areas already serve as true strongholds for these species
and that with the possible future losses in the distribution areas, they will have even greater
importance for the conservation of AF direct-developing frogs.

Keywords: anurans; future predictions; protection degree; species distribution modeling
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1. Introduction

Several initiatives can be taken to protect natural ecosystems and biodiversity, one of them is
the establishment of protected areas (PAs; Leclere et al., 2020). With more than 1,500 PAs and less
than 12% of its total extension protected, the Atlantic Forest holds almost 60% of Brazilian PAs
(MMA, 2023). This forest has a huge environmental heterogeneity, with considerable topographic
variations, a wide gradient of climatic and microclimatic conditions, and a variety of environments
and ecosystems, reflecting in one of the world’s highest diversities of plants and animals, being
considered a biodiversity hotspot (Marques et al., 2021; Myers et al., 2000). Among vertebrates,
amphibians stand out as one of the most representative taxonomic groups of the Atlantic Forest,
with more than 700 species of which many (~70%%) are endemic (Figueiredo et al., 2021). Also,
amphibians have a distinct evolutionary history, resulting in a great diversity of morphologies,
behaviors, and reproductive modes (Wells, 2007).

Amidst the high reproductive diversity, direct development is characterized by the absence
of the larval form known as a tadpole, which is the hatching of eggs directly into miniature versions
of adults (Haddad and Prado, 2005; Nunes-de-Almeida et al., 2021). Distinct factors are listed as
drivers of the evolution of direct development in amphibians (Fontana et al., 2022). Among the
abiotic factors, climate and topography are the major forces related to the evolution of the terrestrial
reproductive modes, which are also associated with the distribution of such species (Liedtke et al.,
2017; Lion et al., 2019). Additionally, the occurrence of amphibians with specialized reproductive
modes, such as direct development, along the Atlantic Forest coast can be attributed to the climate
stability during the Pleistocene era, as well as the high topographic complexity of this environment
(Benicio et al., 2021; Carnaval et al., 2009; Haddad and Prado, 2005). On the other hand, although
this specialized reproductive mode has enabled a certain independence of the water bodies for
reproduction, direct-developing frogs still rely on moisture-rich environments for survival,

particularly living in tropical and subtropical forests (Wells, 2007).
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Belonging to the family Brachycephalidae, the genus Ischnocnema is recognized as one of
the most prominent lineages of direct-developing amphibians in the Atlantic Forest with almost 40
described species, many of which are considered endemic (Figueiredo et al., 2021; Frost, 2023; Pie
et al., 2013; Thomé et al., 2020). Brachycephalids are distributed along the entire coast of the
Atlantic Forest, mainly in the highlands of the southeastern portion of the Serra do Mar mountain
system (Bornschein et al., 2016; Siqueira et al., 2011). This region, known for being one of the
leading centers of endemism and harboring one of the greatest biodiversity in the Atlantic Forest,
especially of amphibians, also contains the most significant fragments of dense Atlantic Forest,
where many of the Atlantic Forest PAs were implemented (Campos and Lourenco-de-Moraes, 2017;
Carlucci et al., 2021; de Castro et al., 2021). Whereas these areas actually serve as strongholds for
biodiversity, many species can become threatened in the future, especially by climate change.

Several studies have already predicted the effects of climate change on distinct species
groups in the Atlantic Forest (Bogoni and Tagliari, 2021; Lourengo-de-Moraes et al., 2019a; Mota et
al., 2022). Possible outcomes of such effects on native species can vary from adaptation to the new
conditions, to shifts in their geographic range (displacement, expansions, or contraction) or local
extinctions (Diniz-Filho and Bini, 2008; Roman-Palacios and Wiens, 2020). In the case of
amphibians, it is frequently expected that reductions of climatically suitable areas will affect most
species, but especially those with specialized reproductive modes (Loyola et al., 2014; Vasconcelos
et al., 2018; Lourenco-de-Moraes et al., 2019b), such as direct development. These distinct
responses of species to climate change and environmental modification are highly mediated by their
intrinsic characteristics (Alves-Ferreira et al., 2022; Aragon et al., 2010).

Amphibians have specific characteristics and distinct life-history traits that can be linked to
population decline and extinction risk (Fontana et al., 2021; Sodhi et al., 2008). Some of these
characteristics, such as the strong dependence on moist environments (Wells, 2007), reduced clutch
size, small body length (Callery et al., 2001), and higher sensitivity to environmental alterations and

susceptibility to infections by the chytrid fungus Bd (Mesquita et al., 2017; Nowakowski et al.,
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2017) are common for direct-developing species. However, this relationship may be further
intensified by climate change, once alterations in the temperature, precipitation regimes, and the
availability of moist environments can trigger negative impacts on the survival of individuals,
reproduction, development, and population maintenance, leading to a greater extinction risk of
amphibians (Blaustein et al., 2010; Ficetola and Maiorano, 2016). Therefore, the use of approaches
that can predict the potential effects of climate change on species distribution, such as the Species
Distribution Models (SDM), has become an important tool for understanding the future of
biodiversity on a changing planet (Guisan et al., 2013).

The increasing use of SDM has been valuable in identifying potentially suitable and
unsuitable areas for species occurrence and survival in the present and future, guiding conservation
strategies by pinpointing key areas for protection (Guisan et al., 2013). In addition, although the
maintenance of environmental services and the protection of different ecosystems and taxonomic
groups are the main objectives of the PAs, the real effectiveness of these areas deserves to be better
understood so that the management of the current PAs becomes more effective, as well as the
implementation of new ones (Rodriguez-Rodriguez and Martinez-Vega, 2022). Thus, in this study,
using SDM approaches, we aim to: i) model the current and future distributions of 18 direct-
developing anuran species of the genus Ischnocnemas; i) predict possible changes in the
distributions of these species under two different future climate projections (moderate and extreme)
for 2050 and 2090; and iii) evaluate the protection degree of such species by the Atlantic Forest PAs

at the present and the distinct future scenarios.

2. Material and Methods

2.1 Direct-developing frogs occurrences
We initially gathered species occurrences of 36 species of genus Ischnocnema using open-
access data sources and published articles that gathered occurrence data for species from biological

surveys and museum collections: the Global Biodiversity Information Facility (GBIF.org);
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SpeciesLink (https://www.splink.org.br/); Vancine e al. (2018); and Vasconcelos et al. (2018). After
compiling the occurrence data of species, we excluded all duplicate points. Once the occurrence
data can be biased by spatial autocorrelation, we performed a spatial thinning approach to control
these sampling biases using the ‘spThin’ package (Aiello-Lammens et al., 2015) in the R
environment (R Core Team, 2023), selecting one random occurrence point per 10 km with 50
replications. We considered only species represented by at least 5 occurrence points, totaling 18
species and 440 single records to build the models (Table A1). As we do not have real absence data,
we generated pseudo-absences (background data, Barbet-Massin et al., 2012) for each species. They
were composed of 10,000 random points distributed in the Atlantic Forest. Since all evaluated
Ischnocnema species are endemic to the Atlantic Forest, we considered the limits of the AF as their

accessible area (M) for model calibration.

2.2 Environmental variables and future scenarios

To contemplate our first objective of modeling the distribution of direct-developing anurans
of genus Ischnocnema in the Atlantic Forest, we compiled as environmental predictors the 19
bioclimatic variables from WorldClim (Fick and Hijmans, 2017), the potential evapotranspiration
(ETO) from the Global Aridity Index and Potential Evapotranspiration Climate Database (Zomer et
al., 2022), the terrain slope (slope), and the profile curvature (pcurv) from the EarthEnv database
(Amatulli et al., 2018), and topographic wetness index (TWI) from ENVIREM dataset (Title and
Bemmels, 2017). We choose to use these variables due to the strong dependence of anurans on
environmental conditions (Haddad and Prado, 2005; Lion et al., 2019). To avoid multicollinearity
among the environmental variables in our models and retain only the independent ones, we
calculated the correlation among the variables using a correlation threshold of r>0.7 at the ‘usdm’
package (Naimi et al., 2014). Thus, we retained 10 environmental variables that were used in our
models, eight bioclimatic: mean diurnal range (bio2); temperature seasonality (bio4); mean

temperature of wettest quarter (bio8); mean temperature of warmest quarter (bio9); annual

183



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

precipitation (biol2); precipitation of wettest month (bio13); precipitation of warmest quarter
(bio18); precipitation of coldest quarter (bio19), and two topographic variables: pcurv; and TWI.
To create future projections of species distributions, we used the same 10 environmental
variables. We gathered the future bioclimatic variables from two representative concentration
pathways (RCP): the moderate scenario (RCP 4.5) and the extreme scenario (RCP 8.5) of the
Coupled Model Intercomparison Project Phase 6 (CMIP6), under five randomly chosen distinct
general circulation models (Atmosphere-Ocean General Circulation-AOGCM) from WorldClim
(Fick and Hijmans, 2017). These AOGCMs are: Access-CM2; GISS-E2-1-H; HadGEM3-GC31-LL;
IPSL-CM6A-LR; and MIROCG6. For each AOGCM used, we considered two future periods: 2050
(period ranging from 2041 to 2060) and 2090 (period ranging from 2081 to 2100). Since we do not
expect major changes in topography over the analyzed period, we kept these variables constant in
both the present and future scenarios. We gathered all variables at a spatial resolution of 2.5 min

(~4.5 km).

2.3 Species distribution modeling

For modeling the potential distribution of Ischnocnema species, we used the approach of the
ensemble of small models (ESM). The use of ESM is indicated for modeling the distribution of
species with few occurrence records and considers an ensemble model generated from a
combination of predictor variables fitted by a sequence of bivariate models (Breiner et al., 2015).
We generate our models based on four algorithms — one enveloping method (surface range envelope
(SRE); Busby (1991)) which predicts an environmental space suitable for species occurrence based
on the association between environment and species occurrence, one regression-based method:
generalized linear model (GLM; McCullagh and Nelder (1989)) which is based on linear or non-
linear relationships between species occurrence and their environmental space, and two machine-

learning methods: maximum entropy (MaxEnt; Phillips et al. (2006)); and random forest (RF;

184



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Breiman (2001)) which use trained data to predict the environmental space of the species
occurrence.

For model calibration, we used 80% of our data for model training and 20% for model
testing, repeated this process ten times for each species, and weighted the models by Area Under the
Receiver-Operator Curve (AUC) and Somers’ D (Breiner et al., 2015). We evaluated the predictive
performances of models using the AUC and the True Skill Statistic (TSS; Breiner et al., 2015).
Finally, to construct our final ensembles for the present and future scenarios, we converted all
projected maps of habitat suitability into binary maps containing the presence and absence of the
species using a threshold of minimal predicted area (MPA) equal to 1.0. Thus, we generate five
binary projections for each species, being: 1) for the current distribution area; i1) two for 2050 — one
for moderate scenario (RCP 4.5) and one for extreme scenario (RCP 8.5); and two for 2090 — one
for moderate scenario (RCP 4.5) and one for extreme scenario (RCP 8.5) (Figs. A1-A18). To
perform our models, we used ‘biomod2’ (Thuiller et al. 2023) and ‘ecospat’ (Broennimann et al.,

2022) packages on the R environment (R Core Team, 2023).

2.4 Shifts in direct-developing anurans distribution

To assess our second aim of predicting shifts (gain or loss) in the distribution areas of
Ischnocnema species, we first determined the current total distribution area of each species using
the binary projections for the present. Then, we used the binary projections for future scenarios and

calculated the change proportion in the total distribution area for the species.

2.5 Protection degree of the Ischnocnema species from the Atlantic Forest

Finally, to evaluate the protection degree of Ischnocnema species, we used the approach of
mean percentage overlap (MPO) proposed by Sanchez-Fernandez and Abellan (2015) that measures
the level of representation of species by PAs. To do this, we first gathered the boundaries of all the
PAs of strict protection and sustainable use (national and state administrative levels), available at

185



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Painel Unidades de Conservacao Brasileiras from Centro Nacional de Unidades de Conservagao
(CNUC; MMA, 2023). After the PAs data collection, we filtered those that were inserted within the
limits of the integrative boundaries of Atlantic Forest proposed by Muylaert et al. (2018). Using the
binary ESM of each species and the boundaries of PAs, we calculate the percentage of overlap of
the cells occupied by each species and the PAs, here named as observed MPO (obsMPO).

Subsequently, we compared the obsMPO with null MPO (nullMPO) values obtained from
the calculation of MPO for 1,000 random species with the same distribution size (number of
occupied cells). Then, we obtained the level of representation of each species by PAs. If a species
has a value of obsMPO lower than nulIMPO (and therefore lower than expected by chance) it
means that PAs significantly under-represents the species, whereas if obsMPO is higher than
nullMPO (higher than expected by chance) it means that PAs significantly over-represents the
species, (Sanchez-Ferndndez and Abellan, 2015). To obtain the MPO for species we used QGIS and
R software (QGIS Development Team, 2019; R Core Team, 2023), and a significance level of

p<0.05.

3. Results

3.1 A current overview of the distribution and the conservation of direct-developing anurans in the
Atlantic Forest

In general, our modeling algorithms exhibited a good predictive power, with GLM
presenting the highest mean AUC (0.91+0.04; mean+SD) and TSS (0.834+0.10; mean+SD) values,
followed by MaxEnt (AUC = 0.88+0.06; TSS = 0.80+0.10; mean+SD), SRE (AUC = 0.82+0.08;
TSS =0.69+0.14; mean+SD), and finally RF (AUC = 0.79+0.11; TSS = 0.30+0.18; mean+SD
Table A2). Temperature seasonality (bio4) was the variable that most contributed to the final
ensemble for most of the species (7 species), followed by TWI (4 species) and pcurv (2 species;

Table A3).
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Our projections for the present showed a suitable area for the occurrence of direct-
developing frogs of the genus Ischnocnema, especially in the southeastern Atlantic Forest, where
we predict a high range overlap for most species from the genus (Fig. 1, Figs. A1-A18). With a
predicted distribution of 644,073 km?, Ischnocnema parva is the most widespread species along the
Atlantic Forest, followed by 1. guentheri and I. manezinho (Table 1). Contrary, Ischnocnema
penaxavantinho, I. vizottoi, and I. izecksohni are the species with more restricted distributions
(Table 1). Half of the species are not evaluated or have deficient data for the classification of

extinction risk, while more than half (55.5%) have unknown population trends (Table A1).
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Fig. 1 - Predicted spatial distribution of species richness for genus Ischnocnema in the Atlantic
Forest. (A) At present. (B) For 2050 under the moderate (RCP 4.5) and extreme (RCP 8.5)
scenarios. (C) For 2090 under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. Atlantic

Forest PA are represented by the absence of transparency (more colorful gradient).
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Table 1 — Current and future predicted distribution areas of Ischnocnema species and percentage of

loss of their range according to the different scenarios (RCP 4.5 and RCP 8.5) in the two future time

horizons evaluated.

Current 2050 2090
Loss Loss Loss Loss

RCP 4.5 RCP 8.5 RCP4.5 RCP85 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Labdita 5383 3880 2887 27.92 46.37 3122 934 42.00 82.65
Lbolbodactyla 20917 18196 16748 13.01 19.93 17470 15140 16.48 27.62
Lguentheri 25947 14438 10884 44.36 58.05 11106 5297 57.20 79.59
Lhenselii 14260 10535 9339 26.12 34.51 9885 9878 30.68 30.73
Lholti 13118 6556 5124 50.02 60.94 5072 2547 61.34 80.58
Lizecksohni 3204 1865 1521 41.79 52.53 1362 230 57.49 92.82
Ljuipoca 17892 12249 9953 31.54 4437 10276 5383 42.57 69.91
Lmanezinho 24955 15796 13891 36.70 4434 14680 8453 41.17 66.13
Lnasuta 7290 5397 4774 25.97 34.51 5006 2343 31.33 67.86
Lnigriventris 4471 3572 2771 20.11 38.02 3415 2428 23.62 45.69
Loctavioi 20551 13463 11609 34.49 43.51 11477 2912 44.15 85.83
Loea 21714 14722 12777 32.20 41.16 13423 5954 38.18 72.58
Lparva 30660 29019 24811 5.35 19.08 25908 20087 15.50 34.48
Lpenaxavantinho 660 422 379 36.06 42.58 336 192 49.09 70.91
Lrandorum 7658 3849 2976 49.74 61.14 2868 1385 62.55 81.91
Lsambaqui 3540 2407 2009 32.01 43.25 2171 1357 38.67 61.67
Lverrucosa 12982 8922 7272 31.27 43.98 6833 2847 4737 78.07
Lvizottoi 1838 944 695 48.64 62.19 704 317 61.70 82.75

The values express the number of cells occupied by the evaluated species. Each cell equals ~ 21.6

km?

Regarding the protection degree of direct-developing frogs in the present, we observed that

PA significantly over-represents all species, with MPO ranging from 7.79% to 43.55%

(17.97£10.27; mean+SD; Table A4). We also observed an almost negative linear pattern of

representation of species by PAs, where species with more restricted distributions are the most

represented by these areas, such as the case of 1. vizottoi, I. penaxavantinho, and I.sambaqui (Fig.

2A).
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Fig. 2 — Mean percentage overlap (MPO) between direct-developing frogs from genus Ischnocnema

distribution (number of occupied cells) and the proportion of their range covered by the Atlantic

Forest PAs. (A) At present. (B) For 2050 under the moderate (RCP 4.5) and extreme (RCP 8.5)

scenarios. (C) For 2090 under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios The dashed
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line represents the MPO from 1,000 randomizations at each range size level (number of cells), the
grey shadow indicates the random range (range of the 95" percentile of the randomized data). For a

more detailed vision see the supplemental materials.

3.2 Future perspectives of the direct-developing anurans in the face of environmental changes in the
Atlantic Forest

In both predictions of future scenarios of the distribution of Ischnocnema species, highlands
in southeastern Atlantic Forest, such as Serra do Mar, will be the most important regions for the
maintenance and protection of the genus, safeguarding most species (Fig. 2). In the moderate
scenario (RCP 4.5) for 2050 we observed a mean loss in the distribution area for all species of
32.63%, where 1. holti will be the most affected species with a reduction of half of its current
distribution area (Table 1). At the extreme scenario (RCP 8.5) for 2050, we projected an average
loss of almost 44% of species geographic distributions, with /. vizottoi losing about 62.19% of its
current distribution (Table 1). On the other hand, when we evaluated the moderate scenario (RCP
4.5) for 2090 we observed a mean loss of 42% of species distributions, with /. randorum as the
species with the greatest loss under this scenario (Table 1). The loss of distribution area of the
species in the worst scenario (RCP 8.5) of 2090 can reach a mean of more than two-thirds and may
exceed more than 90% as in the case of 1. izecksohni (Table 1).

While we can expect a decrease in the distribution area of all species, we also perceive an
increase in the relative species range covered by PAs in both future scenarios (Fig. 3). For both
scenarios in the two future times, we also observed a significantly over-representation of all species
by PAs. Additionally, we observed the continuity of the pattern of distribution vs percentage
covered by PAs, which indicates that species with smaller ranges will be more represented by these

areas (Figure 2B-C; Tables A4-A6).
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Fig. 3 — Proportion of range of direct-developing frogs of genus Ischnocnema covered by Atlantic
Forest protected areas (PA) at the present (blue), at the moderate scenario (magenta), and the
extreme scenario (yellow). A — for 2050 and B — for 2090. For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.

4. Discussion

4.1 A current overview of the distribution and the conservation of direct-developing anurans in the
Atlantic Forest

With an estimated average loss of almost a third of the distribution area in the moderate
scenario of 2050, with the possibility of reaching more than 40% reduction by 2100, the future of
direct-developing frogs of genus Ischnocnema in the Atlantic Forest is under threat. As viewed by
Vasconcelos et al. (2018), our results demonstrate a loss of anuran species in inland regions of the
Atlantic Forest, with the regions with higher species richness being restricted to the coastal regions.
Alves-Ferreira et al. (2022) found that amphibians that occur exclusively in forest habitats in higher

altitudes will be more impacted by climate change, with a greater loss of their ranges. On the other
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hand, although amphibians with smaller geographic range sizes will tend to have proportionally
smaller losses in their range in response to climate change than widespread species (Alves-Ferriera
et al., 2022), these species tend to have greater vulnerability to extinction risk and population
decline (Sodhi et al., 2008).

Species range loss does not represent just a contraction in the distribution area of species but
also can represent a threat to the maintenance of populations and further to the survival of species,
which may become extinct in the future (Ceballos and Ehrlich, 2002; Channell and Lomolino, 2000;
Dubos et al., 2022). With a substantial contraction of their ranges, some species may be restricted to
suboptimal habitats, becoming refugee species (Kerley et al., 2012). Likewise, the ecological
marginalization caused by being restricted to ecologically extreme habitats at the periphery of their
historic niche raises the extinction risk for some species, as demonstrated for mammals by Britnell
et al. (2023). Also, the contraction in the species range can enhance negative effects to the
remaining populations, such as those effects of ... genetic drift and inbreeding (REFS).
Nonetheless, the perspective of the future of direct-developing frogs of the genus Ischnocnema can
be much more worrying if the extreme scenario becomes a reality, where there is an estimated
average loss of the distribution area of up to two-thirds in the extreme scenario.

Direct-developing frogs of the genus Ischnocnema are not expected to expand their range in
the Atlantic Forest. This finding supports the idea that amphibians with more specialized
reproductive modes are more negatively affected by climate change, essentially by their specific
requirements (Loyola et al., 2014). With the shift from aquatic to terrestrial habitats direct-
developing species became dependent on the humidity supplied mainly by the moist forests in
which they live (Haddad and Prado, 2005). However, the alterations in temperature and
precipitation regimes, the increase in the rates of evapotranspiration, and the loss of soil moisture
that are expected for the Atlantic Forest (Follador et al., 2018), the requirement for humidity by

these species, may hamper their reproduction and survival (Alcala et al., 2011). Thus, ensuring
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relatively intact environments for these species becomes an important tool for the conservation of

the group.

4.2 Direct-developing frogs are truly protected by the Atlantic Forest Protected Areas?

Frogs of the genus Ischnocnema seem to be indirectly benefited by the PAs in the Atlantic
Forest at present. Similarly, Loyola et al. (2008) observed the favoring of amphibians with
terrestrial development by the prioritization of areas. When considering the distinct ecomorph
groups, terrestrial species appear as the group with the highest representativeness of protection, with
an average of 10% species distribution covered by PAs (Bolochio et al, 2020). Bolochio et al.
(2020) viewed that among the distinct types of ecomorph groups, terrestrial amphibians present the
lowest percentage of overlap between their range and human-modified areas either in the present or
in the future. In general, amphibians are well represented in PAs, with most species having between
10 and 25% of their range included in PA (Nori et al., 2015). Also, among the species most
represented by PAs, are those with a more restricted range (Nori et al., 2015), a characteristic of
terrestrial amphibians, such as direct-developing species (Brooks and Kindsvater, 2022).

Nonetheless, it is important to note that the protection degree provided by PAs can vary
according to the species, specific focal group, and region. For example, Bailly et al. (2021) found
that PAs located in the Parana-Paraguay Basin are not effective in the protection of migratory fishes
in the region, Toranza et al. (2016) also detected a poor efficiency of PAs for the conservation of
Uruguayan threatened amphibians, and Singh et al. (2021) perceived that the Thai PAs are effective
to protect the terrestrial amphibian hotspots but fail to protect the mammalian and bird ones.
Moreover, the protection degree of species by PAs can depend not only on their size and their
strategic management but also on the structural connection between distinct PAs and natural areas
(Le Saout et al. 2013). Similarly, the structure of the PAs network evaluated can also provide

different results about the effectiveness of PAs. Sanchez-Fernandez and Abellan (2015), verified
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that whereas European amphibians are mostly underrepresented by the PAs, the Natura 2000
network of PAs still is more effective than the nationally designated PAs.

As for the present, our results suggest that the protection degree of direct-developing
anurans of the genus Ischnocnema will tend to be maintained in the future. More specifically, our
models indicate that whereas important contractions on species distributions are predicted, the
proportion of it is ranges covered by PAs will tend to increase. Mi et al. (2023) found a similar
pattern, with an increase in the proportion of amphibian and reptile habitats covered by PAs.
Nevertheless, the increase in the protection degree provided by PAs is not a real genuine in
protection. Instead, it results from the reduction in the total area of distribution of direct-developing
anurans and the confinement of such species to these areas. Also, as viewed by Lehikoinen et al.
(2019) for birds, PAs can serve as buffers against climatic change, mitigating the impacts of
biodiversity loss and providing the opportunities for species to adapt to climatic changes. In this
sense, our results suggest that the Atlantic Forest PAs will act as true refuges for many direct-

developing anurans in the face of future climate change.

4.3 Conservation perspectives: Overcoming challenges to ensure the survival of direct-developing
frogs in the Atlantic Forest

Despite our results providing a good and optimistic perspective for amphibian conservation,
they need to be cautiously viewed. It is important to note that the extinction risk is unknown for half
of the evaluated species, whereas for the majority of species, the population trend is not defined.
Several authors have already predicted that there is a high chance of data-deficient species being at
risk of extinction (Bland et al., 2014; Gonzalez-del-Pliego et al., 2019; Howard and Bickford,
2014). Borgelt et al. (2022) predict that 85% of data-deficient amphibians are facing extinction risk.
It is known that the extinction risk of amphibians can be related to the reproductive modes being
those with direct development the most prone to population decline and being threatened with

extinction (Fontana et al., 2021). Moreover, climate change can cause many other impacts on
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amphibians in addition to reducing the range of species, such as the increased spread of the chytrid
fungus Bd and other pathogens, alterations in physiological performance, reproductive phenology,
and body size, exposition to UV-radiation (Li et al., 2013; Lopez-Alcaide and Macip-Rios, 2011).
Thus, direct-developing frogs from the Atlantic Forest can be already struggling to persist in these
PAs which can become their last refuges.

It is important to note that here we are considering that the number and the cover of PAs will
be stable and not suffer modifications. Also, we did not consider the PAs at municipal level.
According to SOS Mata Atlantica (2023), the number of PAs and the coverage of these areas in the
biome are highly superior to those found in the CNUC, thus indicating that these areas can serve as
important tools for protecting the Atlantic Forest. One way to guarantee the future of amphibians in
the Atlantic Forest is the creation of new PAs mainly in the gap areas (Lemes and Loyola, 2013; Mi
et al., 2023). Nonetheless, if new PAs are implemented, they need to consider not only the current
richness pattern of species but also the predictions of shifts in the species distribution for the future
(Loyola et al., 2013). On the other hand, an essential tool for the conservation of biodiversity was
the fulfillment of Target 11 of Aichi of the Convention on Biological Diversity (CBD) by 2020,
which aimed not only to increase the coverage of protected areas around the world but also to
guarantee the effective management and equity, ecological representativeness and connectivity
between systems of protected areas (CBD, 2010). However, less than ten percent of the world’s
terrestrial PAs are structurally connected (Ward et al., 2020). Thus, the creation of new efforts and
goals, such as the 30x30 conservation target which aims to protect 30% of terrestrial areas by 2030
(CBD, 2020), can help to guarantee biodiversity conservation. If this goal is achieved, we may have
a reduction of up to 50% in the risk of species extinction in the future (Hannah et al., 2020).

Other actions can still be taken to improve the effectiveness of PAs and the consequent
protection of amphibians. The PAs effectiveness can be further amplified by reinforcing protection
measures in less restrictive protected areas, thereby maximizing their conservation outcomes (Mi et

al., 2023). Also, according to Loyola et al. (2008), the use of life-history traits in the implementation
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of conservation strategies, such as the prioritization of new protected areas can be an important
strategy to guarantee the survival of species. Thus, associated with the reduction of emission of
house green gases the implementation of new PAs, the connection among the current ones, and,
mostly, proper maintenance and management of the actual PAs can guarantee the survival of this

extraordinary and intriguing group in the Atlantic Forest.

5. Conclusions

Our results revealed important predictions of direct-developing frogs of the genus
Ischnocnema and the importance of the Atlantic Forest PAs for their protection. Although we
predict that all species will experience range reduction in both future scenarios, we also observed
that Atlantic Forest PAs are effective for the protection of this species group in the present. Further,
our results suggest that the distribution of direct-developing frogs inside the Atlantic Forest PAs will
tend to increase in the future. Together, these results reveal not only that Atlantic Forest PAs
function as true refuges for this species group but also that they can guarantee the survival of these
species in a changing world. We emphasize the importance of the right management of the current
PAs, the improvement of the connectivity among these areas, and the implementation of new PAs to
ensure the protection of amphibians in the Atlantic Forest. Certainly, these data are extremely
important as they provide a new perspective on the conservation and the future of the group in the
Atlantic Forest, thus assisting in decision-making for planning projects for the protection of Atlantic

Forest direct-developing frogs.
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Table A1 — Occurrence points of Ischnocnema species from Atlantic Forest and conservation status

following the IUCN criteria. NE — Not Evaluated. LC — Least Concern. DD — Data Deficient. NT —

Near Threatened.
Population

Species Status  Trend Longitude Latitude Source

I. abdita NE ,I;I\(/);Iuated -45.06999969 -23.43000031 Species Link
-46.533729 -23.390486 GBIF
-45.88 -23.39 GBIF
-46.36638889 -23.37333333 Species Link
-45.44 -23.37 Species Link
-44.8 -23.366667 Vasconcelos et al. 2018
-46.74000168 -23.36000061 Species Link
-40.42 -20.2639 Vasconcelos et al. 2018
-43.8014 -20.2533 Species Link
-44.4211 -20.1967 Species Link
-40.33333333 -20.16666667 Vancine et al. 2018

I. bolbodactyla LC Decreasing -44.8475 -23.3575 Vancine et al. 2018
-45.026667 -23.346667 Vasconcelos et al. 2018
-46.701389 -23.346111 GBIF
-45.136 -23.345 GBIF
-42.48333861 -19.75004083 Vancine et al. 2018
-39.91388889 -16.59916667 Vancine et al. 2018
-39.78279877 -16.58390045 Species Link
-39.239053 -16.511452 Vasconcelos et al. 2018
-39.05944444 -15.16638889 Vancine et al. 2018
-39.10555556 -14.74222222 Vancine et al. 2018

I. guentheri LC Stable -47.13 -23.3 Vasconcelos et al. 2018
-46.29055556 -23.29666667 Vancine et al. 2018
-44.793635 -23.296462 GBIF
-47 -23.28333333 Vancine et al. 2018
-46.643257 -23.251392 GBIF
-45.02222222 -23.25138889 Species Link
-45.60611111 -23.23944444 Vancine et al. 2018
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-7.841944
-7.832
-7.228725
-7.112222
-6.971076
-6.718722
-6.186669827

Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
GBIF

Species Link

Vancine et al. 2018
GBIF

Vancine et al. 2018
GBIF

GBIF

GBIF

GBIF

GBIF

Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

Vancine et al. 2018
GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
GBIF

Vancine et al. 2018
Species Link
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. holti

I. izecksohni

. juipoca

DD

DD

LC

Unknown

Unknown

Stable

-38.9331
-40.91944
-43.3
-43.439999
-45.459602
-43.842222
-40.600278
-39.415332
-39.504403
-42.689271
-44.442468
-45.459722
-435

-43.35
-43.183333
-45.959622
-46.825
-43.8925
-41.01666667
-41.86830139
-41.01666667
-40.659361
-43.54777778
-40.48056
-43.0925
-43.23333
-47.06000137
-43.896944
-45.966844
-42.68444444
-46.79000092
-45.5225
-48.54972222
-45.419819
-45.86694444
-45.73
-44.207778
-43.50444444
-41.116667
-41.007778
-43.96305556
-43.8578
-42.095278
-43.59305556
-41.8683

-4.26333
-3.825833
-22.93333
-22.93
-22.928396
-22.928333
-19.935556
-15.22236
-13.563077
-22.924263
-22.922604
-22.920278
-22.9167
-22.9167
-22.916667
-22.912142
-22.903
-22.90194444
-20.51666667
-20.43330002
-20.4
-20.387167
-20.38138889
-20.330306
-22.901944
-22.9
-22.89999962
-22.899444
-22.893005
-22.88222222
-22.87999916
-22.8708
-22.86527778
-22.861434
-22.85861111
-22.85
-22.839722
-22.82694444
-20.516667
-20.510833
-20.50166667
-20.4997
-20.499611
-20.47972222
-20.4333

Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

GBIF

GBIF

GBIF

GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

GBIF

Vasconcelos et al. 2018
GBIF

GBIF

Vancine et al. 2018
Vancine et al. 2018
Species Link

Vancine et al. 2018
GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

Species Link

GBIF

GBIF

Vancine et al. 2018
Species Link
Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
Species Link
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I. manezinho

I. nasuta

I. nigriventris

I. octavioi

NT

LC

DD

LC

Decreasing

Decreasing

Unknown

Decreasing

-40.695833
-41.190711
-41.01666667
-43.54111111
-43.537194
-40.52194444
-39.565
-39.01624
-39.2452
-39.0794
-39.649557
-39.45076
-38.99670029
-42.475
-39.67277778
-39.21027778
-39.65944444
-46.102506
-43.47447
-45.633
-44.03333
-44.369564
-45.287222
-35.046667
-34.87389
-35.749775
-45.46944444
-46.87916667
-43.4511
-44.6125
-46.144444
-45.59

-40.42
-43.47305556
-42.067814
-40.60029984
-45.474
-44.619205
-42.402864
-44.31999969
-39.05
-39.115587
-39.09051
-39.70666667
-43.049864

-20.411667
-20.41154
-20.4
-20.37861111
-20.286745
-20.28111111
-15.39194444
-15.181349
-15.1548
-14.7942
-14.762575
-14.487317
-14.27750015
-14.0694
-13.86444444
-13.64944444
-13.12194444
-22.819018
-22.818949
-22.817
-22.81455
-22.806664
-22.803889
-8.235556
-7.138611
-6.967318
-22.76611111
-22.76416667
-22.7592
-22.7581
-22.755556
-22.73
-20.2639
-20.095
-20.082088
-19.93560028
-22.69
-22.687548
-22.681693
-22.68000031
-16.26
-14.534158
-13.643301
-13.57861111
-22.670475

Species Link

GBIF

Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Species Link

Species Link

Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

GBIF

Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Species Link

GBIF

GBIF

Species Link

Vancine et al. 2018
Vasconcelos et al. 2018
Species Link

GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
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l. oea

I. parva

NT

LC

Decreasing

Decreasing

-44.43972222
-45.225
-44.75
-43.2129
-42.033333
-44.85527778
-42.9833
-43.0904
-43.73121
-43.87111111
-43.97055556
-40.540447
-43.4153
-40.406667
-40.639281
-40.82416667
-42.971516
-40.2733

-45 455556
-50.409722
-42.405296
-44.58333
-43.4717
-43.891168
-45.16527778
-43.040278
-43.233333
-40.29222222
-40.521944
-40.42
-44.4211
-42.0014
-40.746111
-40.5375
-43.75444444
-45.14916667
-43.62
-44.56667
-43.270713
-42.91666667
-44.337063
-43.127
-44.446667
-42.227093
-42.757

-22.67027778
-22.573
-22.5667
-22.5634
-22.55
-22.545
-22.5333
-22.525834
-22.525473
-20.00111111
-19.97611111
-19.965183
-19.9594
-19.9325
-19.903331
-19.9025
-19.871876
-19.8203
-22.669444
-22.66
-22.656426
-22.63333
-22.6233
-22.621135
-22.61333333
-22.584722
-22.583333
-20.32972222
-20.281111
-20.263889
-20.1967
-20.1239
-20.040556
-19.98333333
-22.5125
-22.50861111
-22.5

-22.5
-22.489228
-22.48333333
-22.482704
-22.482
-22.469167
-22.467723
-22.467

Species Link

GBIF

GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link

GBIF

GBIF

GBIF

Vancine et al. 2018
Vancine et al. 2018
GBIF

Species Link

GBIF

GBIF

Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Species Link
Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

Species Link
Vasconcelos et al. 2018
Species Link
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link

GBIF

GBIF

Species Link

Species Link
Vasconcelos et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

Vasconcelos et al. 2018
GBIF
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-43.01944444
-43.839401
-43.62333333
-40.638333
-41.85197222
-41.016667
-43.4161
-40.283333
-40.47694444
-40.933461
-44.21833333
-44.5764
-43.8042
-40.533333
-43.9378
-43.38222222
-40.563056
-43.310922
-42.1392
-41.82444444
-42.51676472
-40.072222
-41.556944
-40.533375
-50.45166667
-40.150556
-39.67305556
-39.78279877
-39.250413
-40.05638889
-39.05
-39.37361111
-39.669242
-39.448297
-39.56583333
-39.029845
-39.345388
-39.52694444
-39.05
-39.0794
-39.649557
-39.115587
-39.0258
-40.220384
-38.99670029

-22.45722222
-22.456948
-20.49972222
-20.455556
-20.42141667
-20.4
-20.3778
-20.333334
-20.28083333
-20.164408
-20.12388889
-20.0753
-19.9672
-19.95
-19.9208
-19.89361111
-19.855
-19.826502
-19.7897
-19.70916667
-19.66690417
-19.391111
-19.343333
-18.96666667
-18.44833333
-18.030278
-17.29194444
-16.58390045
-16.495779
-16.41

-16.26
-15.97361111
-15.904579
-15.69563
-15.39361111
-15.195545
-15.182533
-15.15527778
-15.06667
-14.7942
-14.762575
-14.534158
-14.472
-14.356761
-14.27750015

Vancine et al. 2018
GBIF

Vancine et al. 2018
GBIF

Species Link
Vasconcelos et al. 2018
Species Link
Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

Vancine et al. 2018
Species Link

Species Link

GBIF

Species Link

Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Species Link

Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
Vancine et al. 2018
GBIF

Vancine et al. 2018
Species Link
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link
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I. penaxavantinho

I. randorum

I. sambaqui

l. verrucosa

DD

DD

DD

Unknown

Unknown

Unknown

Unknown

-39.14333333
-40.0836
-39.171114
-39.70666667
-39.0832
-39.19527778
-39.675
-39.3953
-45.1653
-42.76995
-42.9458
-42.147541
-44.598458
-42.773907
-42.98333
-41.474083
-39.1019
-39.115587
-39.14333333
-43.015144
-42.768
-38.508542
-38.00111111
-37.63972222
-35.18889
-48.33027778
-46.65
-45.07527778
-46.530755
-42.029999
-42.938714
-42.816291
-43.114789
-44.881513
-42.583
-42.520556
-41.024167
-40.292222
-45.586944
-40.598772
-43.5081
-40.47694444
-40.931167
-42.023168
-40.30777778

-14.01777778
-13.8575
-13.82156
-13.57861111
-13.4935
-13.34222222
-13.2871
-13.0617
-22.4492
-22.448047
-22.4478
-22.444148
-22.443095
-22.440482
-22.43333
-19.320167
-16.2331
-14.534158
-14.01777778
-22.432841
-22.432
-13.000761
-12.57
-12.005
-8.721944
-23.42805556
-23.41667
-23.41194444
-23.395566
-22.42
-22.419324
-22.417826
-22.417455
-22.417355
-22.417
-20.879167
-20.509444
-20.329722
-20.326111
-20.299647
-20.2875
-20.28083333
-20.169444
-20.157222
-20.12861111

Vancine et al. 2018
Species Link

GBIF

Vancine et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vasconcelos et al. 2018
Species Link

GBIF

GBIF

Vasconcelos et al. 2018
GBIF

Vasconcelos et al. 2018
GBIF

GBIF

Vasconcelos et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vancine et al. 2018
Vasconcelos et al. 2018
Vancine et al. 2018
GBIF

GBIF

Vasconcelos et al. 2018
GBIF

Vasconcelos et al. 2018
Vasconcelos et al. 2018
GBIF

GBIF

GBIF

GBIF

Vasconcelos et al. 2018
GBIF

Species Link

Vancine et al. 2018
GBIF

Vasconcelos et al. 2018
Species Link
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-42.07611111 -20.07 Vancine et al. 2018
-40.746111 -20.040556 GBIF
Not
. vizottoi NE Evaluated -44.615106 -22.414346 GBIF
-42.7552 -22.4137 GBIF
-42.608542 -22.413533 Vasconcelos et al. 2018
-42.965556 -22.412222 GBIF
-39.345388 -15.182533 GBIF
698
699
700
701
702
703
704  Table A2 — Models evaluation according to AUC, Somer’s D, and TSS.
Species GLM MAXENT RF SRE
AUC SomersD TSS AUC SomersD TSS AUC SomersD TSS AUC SomersD TSS
L abdita 0.93 0.87 0.90 0.88 0.76 0.83 0.84 0.68 0.39 0.86 0.71 0.76
1. bolbodactyla 0.90 0.79 0.82 0.86 0.74 0.77 0.67 035 024 0.83 0.65 0.64
L. guentheri 0.88 0.77 0.64 0.89 0.79 0.67 0.87 0.75 0.62 0.76 0.52 0.52
1 henselii 0.92 0.84 0.76 0091 083 0.76 0.92 0.85 0.63 0.71 042 0.44
L holti 0.99 099 0.99 090 0.81 0.89 0.89 0.79 0.29 0.98 0.97 0.90
1 izecksohni 0.95 090 090 093 0.87 085 093 0.87 038 0.88 0.77 0.80
I juipoca 0.90 0.80 0.76 0.92 0.85 0.80 0091 0.83 0.58 0.76 0.51 0.53
1. manezinho 0.83 0.66 0.76 0.79 0.57 070 0.63 0.26 0 071 042 0.58
L. nasuta 0.94 0.88 0.90 0.92 0.84 0.86 0.78 0.56 0.19 0.82 0.64 0.71
1. nigriventris 0.82 064 0.73 0.72 043 0.57 0.72 044 0.25 0.70 0.39 048
L octavioi 0.91 0.82 0.82 090 0.80 0.80 0.79 0.59 0.09 0.85 0.70 0.71
1. oea 0.89 0.78 0.77 0.87 0.75 0.78 0.80 0.61 039 0.81 0.63 0.69
L parva 0.84 0.69 0.63 0.87 0.75 0.65 0.78 0.57 033 0.79 0.59 0.59
1. penaxavantinho 0.97 094 097 098 096 098 093 0.87 0.20 0.94 0.89 0.94
L randorum 0.95 09 095 0.8l1 0.63 0.80 0.55 0.11 0 0.87 0.75 0.82
I sambaqui 0.87 0.75 0.87 0.87 0.74 0.85 0.80 0.59 020 0.75 0.50 0.72
L verrucosa 0.92 0.84 0.81 0.93 0.87 0.84 0.83 0.66 0.39 0.83 0.66 0.67
1. vizottoi 0.93 0.87 093 0098 0.97 098 0.66 032 030 0.93 0.87 0.88
705
706
707
708
709
710
711
712
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713

714

715

716

717

718

719

720

721

722

723

724

Table A3 — Variable contribution for the four algorithms to the species distribution model and for

the final ensemble of direct-developing frogs of genus Ischnocnema. PCurv — profile of curvature.

TWI — topographic wetness index. Biol2 — annual precipitation. Biol3 — precipitation of wettest

month. Biol8 — precipitation of warmest quarter. Biol9 — precipitation of coldest quarter. Bio02 —

mean diurnal range. Bio04 — temperature seasonality. Bio08 — mean temperature of the wettest

quarter. Bio09 — mean temperature of the warmest quarter.

Species Variable GLM MAXENT RF SRE Ensemble
I. abdita PCurv 1.54 1.43 0.87 1.49 1.35
TWI 1.04 1.13 0.35 1.33 0.98
Biol2 0.87 0.83 0.51 1.12 0.84
Biol3 0.89 1.07 131 1.09 1.08
Biol8 0.81 0.98 1.82 0.74 1.06
Biol9 1.13 0.96 1.34 1.07 1.12
Bio02 1.27 1.19 2.14 0.48 1.26
Bio04 1.61 0.83 0.36 1.50 1.11
Bio08 0.60 0.68 0.85 0.79 0.72
Bio09 0.49 0.97 1.09 0.62 0.77
I. bolbodactyla PCurv 0.35 0.41 0.67 0.56 0.47
TWI 0.52 0.40 0.22 0.23 0.37
Biol2 0.96 1.44 0.30 1.02 1.02
Biol3 0.58 0.60 1.03 0.27 0.57
Biol8 0.67 0.69 5.61 0.26 1.25
Biol9 0.65 0.61 1.61 0.71 0.79
Bio02 4.20 4.07 1.59 4.19 3.80
Bio04 3.03 1.95 0.71 4.12 2.68
Bio08 0.66 0.83 0.69 0.95 0.79
Bio09 0.54 0.65 0.33 0.62 0.56
I. guentheri PCurv 0.50 0.78 0.69 0.49 0.63
TWI 1.34 0.96 0.86 0.50 0.95
Biol2 0.74 0.95 0.92 0.56 0.82
Biol3 0.96 0.92 0.97 0.53 0.87
Biol8 0.61 0.80 0.88 0.73 0.76
Biol9 0.80 1.10 1.26 0.54 0.96
Bio02 2.06 1.35 1.35 1.91 1.64
Bio04 1.70 1.36 1.57 6.58 2.47
Bio08 0.88 0.88 0.74 1.02 0.87
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I. henselii

. holti

I. izecksohni

. juipoca

I. manezinho

l. nasuta

Bio09
PCurv
TWI
Biol2
Biol3
Biol8
Biol9
Bio02
Bio04
Bio08
Bio09
PCurv
TWI
Biol2
Biol3
Biol8
Biol9
Bio02
Bio04
Bio08
Bio09
PCurv
TWI
Biol2
Biol3
Biol8
Biol9
Bio02
Bio04
Bio08
Bio09
PCurv
TWI
Biol2
Biol3
Biol8
Biol9
Bio02
Bio04
Bio08
Bio09
PCurv
TWI
Biol2
Biol3
Biol8
Biol9
Bio02
Bio04
Bio08
Bio09
PCurv
TWI
Biol2
Biol3
Biol8

0.83
0.45
0.70
0.67
0.99
0.83
1.40
1.61
1.36
0.72
1.59
1.25
0.81
1.86
0.74
0.71
0.91
1.66
1.63
0.24
0.67
0.57
1.62
0.59
0.66
0.96
1.37
1.36
1.94
0.66
0.68
0.47
3.98
0.82
0.55
0.71
0.56
1.31
1.62
0.72
0.68
0.58
0.67
0.56
2.33
1.36
0.37
1.39
1.47
0.66
1.21
0.92
1.85
0.80
0.91
0.85

0.97
0.70
0.88
0.83
1.01
1.01
1.18
1.37
1.27
0.70
1.15
1.40
2.63
0.69
0.63
0.60
0.64
1.93
1.24
0.47
0.57
0.77
1.55
0.73
0.81
0.97
1.50
1.14
1.33
0.69
0.71
0.77
1.59
0.82
0.66
0.76
0.93
1.60
1.42
0.94
0.74
0.63
0.16
1.19
2.92
1.39
0.62
1.47
1.19
0.66
0.67
1.04
1.58
0.83
1.16
1.10

0.89
0.58
0.54
0.87
1.06
1.21
1.54
0.99
1.54
0.75
1.15
0.75
3.80
0.43
4.98
0.00
1.23
0.87
0.84
0.44
0.07
0.65
2.21
0.55
0.92
0.55
1.21
0.91
241
0.89
0.44
0.48
1.29
0.64
0.67
0.82
1.32
1.20
2.01
1.22
0.70
0.65
0.00
2.70
0.75
0.70
4.96
0.00
1.78
1.62
0.00
0.56
1.45
0.40
0.47
1.37

0.53
0.56
0.56
0.42
0.40
0.57
0.84
3.06
4.37
0.74
0.74
1.16
0.76
1.39
0.84
0.92
111
1.49
1.43
0.52
0.60
0.49
1.59
0.62
0.59
0.58
2.03
1.28
211
0.70
0.67
0.38
1.15
1.19
0.56
0.75
1.05
1.22
3.56
0.53
0.71
0.37
0.19
1.27
1.40
0.48
0.11
5.56
2.32
0.89
0.47
0.51
1.44
1.35
1.13
0.89

0.83
0.57
0.69
0.74
0.93
0.95
1.30
1.57
1.82
0.72
1.22
1.15
1.87
1.15
1.68
0.59
0.97
1.50
131
0.41
0.50
0.63
1.75
0.62
0.75
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Fig. A1 - Predicted distribution of 1. abdita in the Atlantic Forest. (A) At present. (B) For 2050

under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate
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Fig. A8 -Predicted distribution of 1. manezinho in the Atlantic Forest. (A) At present. (B) For 2050
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Fig. A9 -Predicted distribution of /. nasuta in the Atlantic Forest. (A) At present. (B) For 2050

under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate
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Fig. A10 -Predicted distribution of /. nigriventris in the Atlantic Forest. (A) At present. (B) For

2050 under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the

moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown
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Fig. A11 -Predicted distribution of 1. octavioi in the Atlantic Forest. (A) At present. (B) For 2050

under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate

(RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark
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Fig. A12 -Predicted distribution of /. oea in the Atlantic Forest. (A) At present. (B) For 2050 under
the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate (RCP

4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark red and
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Fig. A13 - Predicted distribution of /. parva in the Atlantic Forest. (A) At present. (B) For 2050

under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate

(RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark

red and outside the PAs in light red.
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794

795  Fig. A14 -Predicted distribution of I. penaxavantinho in the Atlantic Forest. (A) At present. (B) For
796 2050 under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the
797  moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown

798  in dark red and outside the PAs in light red.
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Fig. A1S -Predicted distribution of . randorum in the Atlantic Forest. (A) At present. (B) For 2050
under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate

(RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark
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804
805  Fig. A16 -Predicted distribution of . sambaqui in the Atlantic Forest. (A) At present. (B) For 2050

806  under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate
807 (RCP4.5) and extreme (RCP 8.5) scenarios. Distribution covered by PAs are shown in dark red and

808  outside from PAs are shown in light red.
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Fig. A17 -Predicted distribution of /. verrucosa in the Atlantic Forest. (A) At present. (B) For 2050
under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate

(RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark
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Fig. A18 -Predicted distribution of /. vizottoi in the Atlantic Forest. (A) At present. (B) For 2050

under the moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. (C) For 2090 under the moderate

(RCP 4.5) and extreme (RCP 8.5) scenarios. The distribution area within the PAs is shown in dark
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Table A4 — Mean percentage overlap (MPO) between the distribution of direct-developing frogs of

genus Ischnocnema and the protected areas of the Atlantic Forest for the present time. N cells —

number of cells with occurrences of each species. All values were significantly higher than expected

by chance.

Species N cells MPO MPOr
1. abdita 5383 14.68 7.51
Lbolbodactyla 20917 13.75 7.50
Lguentheri 25947 10.07 7.49
Lhenselii 14260 9.22 7.50
Lholti 13118 10.46 7.51
Lizecksohni 3204 22.38 7.50
Ljuipoca 17892 14.42 7.50
Lmanezinho 24955 13.46 7.50
Lnasuta 7290 1991 7.51
Lnigriventris 4471 29.75 7.51
Loctavioi 20551 9.07 7.50
Loea 21714 9.94 7.49
Lparva 30660 7.80 7.50
Lpenaxavantinho 660 33.11 7.44
Lrandorum 7658 13.98 7.49
Lsambagqui 3540 32.81 7.50
Lverrucosa 12982 15.14 7.50
Lvizottoi 1838 43.55 7.52
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Table AS — Mean percentage overlap (MPO) between the distribution of direct-developing frogs of

genus Ischnocnema and the protected areas of the Atlantic Forest for 2050 under the moderate (RCP

4.5) and extreme (RCP 8.5) scenarios. N cells — number of cells with occurrences of each species.

MPOr — MPO random All values were significantly higher than expected by chance.

RCP 4.5 RCP 8.5
Species Ncells MPO MPOr Necells MPO MPOr
|.abdita 3880 1716 7.47 2887 20.12 7.49
I.bolbodactyla 18196 1496  7.50 16748 1550 7.49
I.guentheri 14438 14.41 7.49 10884 1579 7.50
I.henselii 10535 1159  7.50 9339 11.83 7.50
I.holti 6556 16.22  7.49 5124  18.22 7.50
I.izecksohni 1865 29.78 7.50 1521 3121 752
I.juipoca 12249  17.30 7.49 9953 18.84 7.49
I.manezinho 15796  17.76  7.49 13891 18.47 7.50
l.nasuta 5397 21.91 7.51 4774 23.70 751
l.nigriventris 3572 32.75 750 2771  35.61 7.50
l.octavioi 13463 11.73 7.49 11609 13.18 7.50
l.oea 14722 12.32 7.50 12777 13.08 7.50
I.parva 29019 9.01 7.49 24811 891 750
|.penaxavantinho 422 35.68 7.54 379 36.65 7.50
I.randorum 3849 2243  7.49 2976 2291 752
I.sambaqui 2407 3791 750 2009 3851 7.50
l.verrucosa 8922 17.54 7.50 7272  19.83 7.50
l.vizottoi 944 56.79 7.51 695 60.25 7.48
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Table A6 — Mean percentage overlap (MPO) between the distribution of direct-developing frogs of

genus Ischnocnema and the protected areas of the Atlantic Forest for 2090 under the moderate (RCP

4.5) and extreme (RCP 8.5) scenarios. N cells — number of cells with occurrences of each species.

MPOr — MPO random. All values were significantly higher than expected by chance.

RCP 4.5 RCP 8.5
Species Ncells MPO MPOr Ncells MPO MPOr
l.abdita 3122 19.31 7.50 934 33.92 7.46
I.bolbodactyla 17470  15.23 7.50 15140 16.80 7.50
I.guentheri 11106  15.62 7.51 5297 22,76  7.50
I.henselii 9885 11.49 7.51 9878 1246 7.50
I.holti 5072 17.94 7.48 2547 18.79 7.50
l.izecksohni 1362 34.36 7.50 230 28.33 747
I.juipoca 10276  18.71 7.49 5383 2511 749
I.manezinho 14680  17.65 7.49 8453 2355 7.49
I.nasuta 5006 22.32 7.50 2343 3179 749
l.nigriventris 3415 32.20 7.48 2343 3179 7.49
l.octavioi 11477 13.14 7.50 2912 19.88 7.47
l.oea 13423  12.73 7.50 5954 18.93 7.50
I.parva 25908 8.41 7.50 20087 1041 7.50
|.penaxavantinho 336 38.93 7.42 192 28.92 7.59
I.randorum 2868 21.74 7.50 1385 2842 752
I.sambaqui 2171 42.01 7.51 1357  48.93 7.48
I.verrucosa 6833 20.42 7.49 2847 3393 750
l.vizottoi 704 59.91 7.55 317 64.38 7.47
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CONSIDERACOES FINAIS

Da mesma forma que os quatro capitulos que compdem essa tese podem ser vistos como
secdes isoladas, ao serem combinados, eles se tornam complementares e contam, juntos, uma historia
eco-evolutiva sobre um dos aspectos mais interessantes da historia de vida dos anfibios, a
especializagdo reprodutiva. Como esperado, essa tese tragou uma linha cronoldgica sobre o
desenvolvimento direto em anuros. No primeiro capitulo defini o estado da arte no contexto do
conhecimento ecoldgico-evolutivo do desenvolvimento direto em anfibios anuros. Através de uma
revisdo da literatura, consegui criar um quadro tedrico no qual identifiquei e esclareci as principais
hipdteses e forgas seletivas que guiaram a evolucdao desse modo reprodutivo. Dentre esses agentes,
destaco os papéis de importantes fatores bidticos como a predagdo e a competicdo, e de fatores
abidticos como as condi¢des ambientais (clima e estrutura ambiental). Da mesma forma, também
apontei as lacunas de conhecimento sobre esse assunto, bem como indiquei as futuras diregdes para
o entendimento da evolucdo do desenvolvimento direto, através da sugestdo de estudos que
efetivamente testem de forma integrada essas hipoteses com dados reais, em diferentes regides e em
diferentes escalas. Assim, consegui compreender parte do passado, mesmo que de forma ainda
limitada, através do conhecimento dos mecanismos evolutivos associados a evolucao desse modo

reprodutivo.

Nos dois capitulos seguintes, traduzi os resultados do quadro tedrico montado no primeiro
capitulo em hipoteses que puderam ser efetivamente testadas. No capitulo II, utilizando dados de
comunidades locais de anuros da Mata Atlantica, consegui testar essas relagdes em uma escala
espacial fina. Os resultados deste capitulo mostraram que variaveis ambientais, como a umidade ¢ a
sazonalidade da precipitacdo, exercem grande influéncia sobre a propor¢do de espécies de
desenvolvimento direto nessas comunidades. Além disso, a diversidade funcional também

desempenha um papel fundamental na estruturagao dessas comunidades. Trabalhando em escala de
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comunidades nesse capitulo, os resultados permitiram evidenciar relacdes que podem nao ser tao

perceptiveis em escalas maiores.

No terceiro capitulo, utilizando uma abordagem macroecologica, expandi a escala e
investiguei as relagdes entre diferentes fatores biodticos (composi¢do filogenética e diversidade
funcional) e abidticos (clima e topografia) com o desenvolvimento direto em anuros do Novo Mundo.
Os resultados desse capitulo demonstram principalmente a importancia da histdria evolutiva para a
ocorréncia dessas espécies ao longo de toda a regido das Américas. Também, verifiquei que as
relacdes testadas variam conforme o bioma avaliado, sendo o papel do componente bidtico
(composicdo filogenética) preponderante nos biomas tropicais, enquanto os fatores abidticos, como
temperatura e umidade, estdo mais relacionados ao desenvolvimento direto nos biomas temperados.
Dessa forma, tanto os resultados do capitulo II quanto do capitulo III forneceram importantes insights
sobre o passado por meio das relagdes investigadas, bem como possibilitaram avaliar o presente ao
verificar os padroes de distribuicdo dessas espécies e de estrutura das comunidades de anuros ao longo

do Novo Mundo e da Mata Atlantica.

Fechei a tese com o capitulo IV, onde modelei a distribuicao atual de 18 espécies anuros de
desenvolvimento direto do género Ischnocnema na Mata Atlantica. Também realizei previsdes futuras
quanto a distribuicao dessas espécies frente a distintos cenarios de mudangas climaticas. Além disso,
investiguei o papel das areas protegidas da Mata Atlantica em resguardar tanto a distribui¢ao atual
quanto futura dessas espécies. Com os resultados desse capitulo, pude visualizar os centros de riqueza
de espécies para esse género. Verifiquei, também, que as areas protegidas se mostram relativamente
efetivas em proteger a area de distribui¢do dessas espécies tanto no presente quanto para o futuro. No
entanto, esses resultados também apontam para um panorama preocupante, uma vez que encontrei
um forte declinio na area de distribui¢ao futura de muitas espécies. Assim, os resultados desse capitulo
me permitiram nao somente avaliar o presente dessas espécies, mas também criar predigdes a respeito

do futuro delas.
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Saliento que os resultados dessa tese contribuem significativamente com o conhecimento do
desenvolvimento direto em anuros. Além disso, o fornecimento das informacdes (mapas) de
distribuicdo e as previsdes futuras para espécies do género Ischnocnema, podem servir como bases
para acdes, planos e estratégias de conservagdo para esse grupo de espécies na Mata Atlantica.
Ressalto também a importancia fundamental do conhecimento de historia natural das espécies, bem
como do amplo acesso a esse tipo de informacao. Essa tese foi construida inteiramente com dados
provenientes de literatura, evidenciando assim que a disponibilidade de tais informagdes se mostra
uma ferramenta essencial e propulsora para a promoc¢ao da ciéncia. Por fim, destaco que ainda ha
muitas perguntas a serem respondidas acerca da evolu¢do do desenvolvimento direto e da
diversificacao reprodutiva dos anfibios. Tais questdes podem ser exploradas através da inclusao de
outras medidas e aspectos ecoldgicos, que ndo foram avaliados aqui. Além disso, futuros trabalhos
podem considerar escalas ainda mais amplas (global), ou por meio de experimentos delineados em

escalas mais finas (locais).
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