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RESUMO

Entender o papel da morfologia na ecologia dos animais nos ajuda a conhecer o
significado adaptativo da variagdo nas estruturas anatomicas dos organismos. Para
girinos, entretanto, as implica¢des da variagdo na morfologia das espécies sobre a forma
como os girinos utilizam e partilham recursos no ambiente ainda sdo pouco conhecidas.
Essa tese foi elaborada com o objetivo de entender melhor a ecomorfologia de girinos e
estd dividida entre trés capitulos. O primeiro capitulo ¢ constituido por uma revisao
bibliografica e uma anélise cienciométrica sobre a ecomorfologia de girinos. Através do
levantamento de dados foi possivel conhecer a trajetoria da ecomorfologia de girinos até
os dias atuais, quantificar o conhecimento cientifico produzido nessa area e identificar
as principais lacunas que podem guiar estudos futuros. Nos verificamos que os estudos
ecomorfoldgicos sobre girinos vém aumentando ao longo do tempo, com mudangas nas
metodologias de estudo e novas perspectivas para entender a ecologia e a evolug¢do dos
girinos. Porém, muitos desses estudos sdo descritivos ou investigam a plasticidade
fenotipica das larvas em resposta a predadores. Desse modo, ainda existem muitos
fatores ambientais a serem explorados, assim como a necessidade de estudos que vao
além de inferéncias para que a ecomorfologia de girinos possa contribuir com a
compreensdo da diversidade das larvas de anuros (i.e., ecologia e evolugdo), e com a
conservacdo desses animais. Visando preencher algumas dessas lacunas no
conhecimento, o segundo e o terceiro capitulo correspondem a pesquisas sobre como
varia o desempenho alimentar de espécies que diferem quanto a morfologia oral externa
quando os girinos se alimentam em substratos com diferentes propriedades fisicas. No
segundo capitulo nds testamos o desempenho de girinos se alimentando em substratos
dispostos em diferentes orientagdes. Nos verificamos que espécies com morfologia oral

semelhante possuem também desempenho semelhante quando se alimentam em



substratos posicionados em diferentes orientagdes. O desempenho s6 ¢ diferente em
alguns angulos especificos (i.e. verticais) entre espécies que ocorrem em profundidades
diferentes no ambiente. J4 entre girinos que ocorrem no mesmo ambiente, mas variam
quanto a morfologia oral externa, enquanto o desempenho de algumas espécies
independe do angulo do substrato onde os girinos se alimentam, outras espécies sao
mais eficientes explorando orientagdes especificas do substrato. Nos concluimos que
essas diferencas no desempenho das espécies podem determinar como os girinos
selecionam e/ou partilham recursos no ambiente. No terceiro capitulo nés investigamos
de forma mais detalhada a influéncia da variacdo na morfologia oral externa de girinos
sobre o desempenho das espécies quando as larvas se alimentam em substratos com
diferentes texturas. Nos verificamos que a variagdo no numero de fileiras de dentes
labiais e na configuragdo das papilas marginais produzem diferengas no desempenho
das espécies, sugerindo especializagdes do comportamento alimentar das larvas. Além
disso, nds verificamos que girinos com o tipo de morfologia oral externa mais comum
entre as larvas de anuros tiveram os melhores desempenhos entre todas as espécies
testadas. Isso pode ajudar a explicar o significado adaptativo da variagdo morfoldgica

entre as larvas de anuros.

Palavras-chave: Larvas de anuros, ecomorfologia, comportamento alimentar



ABSTRACT

The role of morphology on animals’ ecology helps us understand the adaptive
significance of variation in anatomical structures among species. However, for tadpoles
the implications of variation in species morphology on resource use and partitioning
among species are poorly understood. This thesis was elaborated in order to better
understand tadpoles’ ecomorphology, and is divided into three chapters. The first
chapter consists on a bibliographical review and a scientometric analysis on tadpoles’
ecomorphology. Through the data survey we described the tadpoles’ ecomorphological
trajectory, quantified the scientific knowledge produced in this study area, and
identified the main gaps that may guide future studies. We verified that
ecomorphological studies on tadpoles have been increasing over time, with
modifications in methodologies and new perspectives to understand the ecology and
evolution of tadpoles. However, many of these studies are descriptive or investigate the
phenotypic plasticity of larvae in response to predators. Thus, there are still many
environmental factors to be explored, as well as the necessity of studying beyond
inferences. As such, tadpoles’ ecomorphology will be able to help us understand the
diversity of anuran larvae (i.e., ecology and evolution) and with conservation of these
animals. Aiming to fill some of these gaps in knowledge, the second and third chapters
correspond to researches on how variation in external oral morphology influences
tadpoles’ ability to feed on substrates with different properties. In the second chapter we
tested the performance of tadpoles feeding on substrates at different orientations. We
found that species with similar oral morphology also have similar performances when
feeding on substrates positioned at different orientations. Only species that occur at
different depths in the environment varied in performance at a specific orientation (i.e.

vertical). Among tadpoles that occur in the same place, but vary in terms of external



oral morphology, whereas some species have high performances feeding on substrates
regardless their orientation, other species are more efficient feeding at specific
orientations of substrates. We concluded that these differences in performance may
determine how tadpoles select and/or share resources in the environment. In the third
chapter, we studied with more details the influence of variation in external oral
morphology, testing the species performance when feeding on substrates with different
textures. Differences in the number of labial tooth rows and in the marginal papillae
configuration affected tadpoles’ grazing performance on substrates with different
textures, indicating specializations of feeding behavior. In addition, we verified that
tadpoles with the most common oral morphology among anuran larvae had the best
performances in comparison to all the other species. This result may help explain the

adaptive significance of morphological variation among anuran larvae.

Key words: Anuran larvae, ecomorphology, feeding behavior



INTRODUCAO GERAL

A variacdo morfologica entre os organismos geralmente reflete a forma como
eles utilizam recursos no ambiente. Modificagcdes nas pontas das patas de lagartos, por
exemplo, permitem que eles se locomovam em diversas orientagcdes, como
verticalmente ¢ até invertidos em 180° sob os substratos (Irschick et al. 1996). Dessa
forma, a varia¢ao morfoldgica ¢ usualmente associada a diferenciagdo de nicho entre os
organismos (Begon et al. 2006). Entre girinos, porém, esse tipo de associagdo ainda
desafia os pesquisadores, pois a diferenciagdo no uso de recursos nem sempre ¢ tio
evidente. Por exemplo, o formato do corpo geralmente ¢ associado a profundidade da
coluna d’agua onde as espécies ocorrem. Consequentemente, girinos que possuem corpo
globoso e nadadeiras baixas sdo comumente classificados como bentdnicos, que
corresponde ao grupo de animais que exploram o fundo do ambiente aquatico (Altig and
Johnston 1989; McDiarmid and Altig 1999). Porém, girinos da espécie Rhinella
schneideri (Werner, 1894) possuem essas caracteristicas morfoldgicas, mas exploram
nao apenas o fundo como também a superficie do corpo d’agua (nadando com a parte
ventral do corpo voltada para cima, Rossa-feres et al., 2004).

Da mesma forma, o aparato oral de girinos possui estruturas que diferem quanto
a configuracdo, tamanho e posicao (em relagdo ao corpo) entre as espécies (McDiarmid
and Altig 1999). Normalmente, diferencas na morfologia oral estdo relacionadas com o
tipo de alimento que os animais exploram (e.g. aves, Grant and Grant, 2003; mamiferos,
Evans and Pineda-Munoz, 2018). Porém, entre girinos muitas vezes o tipo de alimento
ingerido independe da morfologia das espécies. Consequentemente, ¢ possivel encontrar
girinos com morfologias orais diferentes, mas que consomem 0s mesSmMos recursos num
mesmo ambiente (Rossa-Feres et al 2004). Por causa disso, a competicao entre girinos ¢

considerada de importancia secundaria para alguns pesquisadores, ja que o tipo de
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alimento ndo seria um recurso limitante para as espécies competirem (Heyer 1976,
Skelly and Kiesecker 2001, Schiesari et al. 2009).

Estudos experimentais, no entanto, vao de encontro a essa percepgdo e
evidenciam a competicdo entre girinos (e.g. Lajmanovich, 2000) e a preferéncia por
recursos no ambiente (e.g. Ramamonjisoa et al., 2017). Além disso, observagdes
naturalisticas refor¢am evidéncias de pressdes ambientais sobre a morfologia de girinos
encontradas em laboratorio (e.g. Pfennig and Murphy, 2002; Pfennig et al., 2007).

Estudos como esses seguem uma abordagem ecomorfologica, a qual tem como
principal objetivo entender quais e como o0s aspectos ecoldgicos podem estar
relacionados a variacdo morfoldgica entre as espécies (Bock 1990, Peres-Neto 1999).
No caso da morfologia oral de girinos, esses estudos incentivam a busca de novos
fatores que possam ser mais importantes do que a dieta das larvas para explicar a
diferenciagdo de nicho entre as espécies.

Esta tese foi elaborada com a mesma motivacao: entender as implicagdes da
variacdo na morfologia oral dos girinos. O primeiro capitulo traz uma revisao
bibliografica sobre a ecomorfologia de girinos e quantifica o avango cientifico nessa
area de conhecimento. Ele se divide em: 1) um histdrico sobre a ecomorfologia geral; 11)
um historico sobre a ecomorfologia de girinos com a apresentacdo de alguns métodos
utilizados; e iii) um estudo cienciométrico para quantificar o avanco no conhecimento
sobre a ecomorfologia de girinos. Os seguintes capitulos correspondem a duas pesquisas
originais realizadas com girinos. Eles investigam como varia o desempenho alimentar
(no caso, as taxas de crescimento) de espécies que diferem quanto a morfologia oral
externa quando os girinos se alimentam em substratos com diferentes propriedades
fisicas. Cada capitulo aborda uma propriedade fisica diferente dos substratos: as

orientagdes (ou angulos) em que o alimento ¢ disponibilizado aos girinos (Capitulo 2) e



as texturas das superficies de onde eles removem o material organico (Capitulo 3). Essa
divisdo em dois capitulos foi feita pela particularidade de cada propriedade fisica dos
substratos. As orientagdes implicam a capacidade dos girinos de ajustar o disco oral em
diversas posi¢des para remover o alimento e os esfor¢os decorrentes em cada angulo
(i.e. natagdo ou flutuagdo) (Annibale et al. 2019). Ja as texturas das superficies (numa
mesma orientagdo do substrato) requerem que os girinos lidem com diferentes forcas de
atrito entre o substrato e as estruturas orais para remover o alimento. Além disso, os
girinos precisam ter habilidade para acessar o alimento dentro de fendas em substratos
com superficies irregulares (Gradwell 1975, Altig & Johnston 1989, McDiarmid &
Altig 1999; Wassersug & Yamashita 2001). Dessa forma, cada capitulo explora novas
dimensodes do nicho das espécies, a amplitude de recursos que a morfologia oral dos
girinos permite que eles explorem, e ainda levanta (e questiona) hipdteses acerca da
fun¢do das estruturas orais.

Todos os capitulos da tese foram preparados para submissdo a um peridédico
cientifico. O primeiro capitulo foi preparado para ser submetido a revista Acta
Herpetologica, que aceita revisoes bibliograficas. O segundo capitulo esta publicado na
revista de acesso aberto Biology Open (fator de impacto: 2.318). O terceiro capitulo sera

submetido ao periddico PlosOne.
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CAPITULO 1

Sobre a ecomorfologia de girinos: revisao e
analise cienciométrica

Fabiane Santana Annibale e Fausto Nomura

Esse capitulo serd preparado para submissao ao periddico Acta Herpetologica



CAPITULO 1

RESUMO

Girinos apresentam uma grande diversidade morfolégica entre os ambientes
onde ocorrem e as possiveis relacdes adaptativas entre esses aspectos podem ser
investigados em estudos ecomorfoldgicos. Nos realizamos uma revisdo bibliografica
sobre a ecomorfologia de girinos para conhecer a histdria e as inovagdes desses estudos.
Também quantificamos o avanco cientifico nessa area através de uma cienciometria,
utilizando a base de dados Web of Science sem restricdo de periodo, buscando apenas
artigos e em todos os idiomas. Ao todo foram encontrados 272 trabalhos publicados
entre 1992 e 2019. No6s observamos que as publicagdes aumentaram ao longo do tempo
e que quase todas estdo em inglés. A maioria dos estudos foi publicada por
pesquisadores estadunidenses e estd em revistas que, apesar de ndo permitirem acesso
gratuito aos artigos, sdo bem conceituadas e de veiculagdo internacional. No&s
concluimos que o interesse dos pesquisadores pela ecomorfologia de girinos tem
aumentado e que as defini¢des de termos e aprimoramentos dos métodos foram
essenciais ao avango dos estudos. Nos levantamos algumas lacunas no conhecimento e
desafios aos paises em desenvolvimento que podem guiar estudos futuros nessa area da

ciéncia.

Palavras-chave: Larvas de anuros, morfologia ecoldgica, morfologia adaptativa,

avaliacdo quantitativa do conhecimento, revisdo bibliografica.
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CAPITULO 1

ECOMORFOLOGIA

A morfologia dos organismos ¢ estimada como sendo um dos mais antigos
assuntos estudados em ciéncias bioldgicas (Peres-Neto 1999). As diferencas que
existem entre os organismos sdo, inclusive, descritas ha séculos para os mais diversos
grupos taxondmicos (Bock 1990). Porém, estudos sobre a origem da variacdo nas
estruturas morfologicas sé tiveram inicio a partir das observagdes de Darwin, em 1859.
Darwin observou que algumas espécies podem ser semelhantes em morfologia e
ecologia sem que tenham o mesmo ancestral comum. Dessa forma, ele propos que a
evolucdo das estruturas anatomicas dos organismos deve se basear na analise de como
essas estruturas interagem com o ambiente e todos os fatores intrinsecos a ele, bidticos e
abidticos (Darwin 1859). Mesmo assim, os estudos que consideram a evolu¢do das
estruturas morfologicas juntamente com aspectos ecoldgicos dos organismos num
contexto evolutivo, s6 avancaram por volta da década de 1940, com a sintese da teoria
evolutiva moderna e os fundamentos da morfologia funcional experimental (Bock
1990).

A ecomorfologia, ou ecologia morfologica, ¢ uma area dentro do estudo da
morfologia evolutiva (Bock 1990) que analisa a possivel relagdo entre as estruturas
morfologicas e os aspectos ecoldgicos dos organismos na tentativa de entender a
histéria evolutiva e adaptabilidade dessas estruturas (Bock 1990, Peres-Neto 1999, Betz
2006). Um dos eixos da ecomorfologia estuda como o ambiente pode causar mudangas
na morfologia dos organismos. Isso porque a ecomorfologia tem um conceito proximo
ao de plasticidade fenotipica, no sentido que os caracteres morfoldgicos estao
susceptiveis a mudancas causadas por diversos tipos de pressdes seletivas (Vera
Candioti 2007). Trata-se de uma forma de explicar os padrdes morfologicos atuais dos

organismos como resultado de pressdes seletivas do ambiente agindo sobre o papel
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CAPITULO 1

bioldgico de um fendtipo ao longo do tempo (Szalay 2000). Aqui ¢ importante
diferenciar os termos “fun¢do” (function) de “papel” (role) da morfologia. A fungdo da
morfologia ¢ um pré-requisito da ecomorfologia (Bock 1990). Ela se refere as
propriedades fisicas [e.g. quebra do alimento pelos dentes de mamiferos, (Evans &
Pineda-Munoz 2018)] e quimicas [e.g. rastreamento de odor pela lingua de lagartos,
(Cooper 1997)] provenientes das estruturas morfologicas. Enquanto o papel da
morfologia se refere a como as estruturas sdo utilizadas pelos organismos e qual o
sentido biologico desse fendtipo num contexto adaptativo (Bock 1990, Betz 2006).
Nesse sentido, aves do género Geospiza, os tentilhdes de Darwin, foram
importantes modelos em estudos utilizando a abordagem ecomorfologica. Os estudos
ecomorfoldgicos com essas aves tiveram inicio com as observagdes em campo feitas por
David Lack (1940, 1947 apud Bock, 1990) sobre a ecologia ¢ o comportamento das
espécies. Ele ainda analisou as caracteristicas morfologicas de espécimes em museu,
para entender a evolucdo adaptativa desse grupo de animais. Mais tarde, Robert
Bowman (1961, apud Bock, 1990) contribuiu ainda mais com informacdes sobre a
ecomorfologia dos Geospiza relacionando quais alimentos as aves ingeriam na natureza
as caracteristicas da anatomia das mandibulas das espécies. Porém, nenhum desses
estudos levou em consideragdo a mudanga do ambiente ao longo do tempo, um fator
fundamental no caso de a variacdo morfologica ser realmente adaptativa. Os trabalhos
de Peter e Rosemary Grant, e colaboradores, no entanto, complementaram os estudos de
Lack e Bowman. Os pesquisadores estudaram a morfologia do bico das aves, os
recursos explorados por elas e as mudancgas naturais no ambiente e, consequentemente a
dinamica das populacdes das espécies, por mais de 30 anos (Grant and Grant 2002,

2003). Com esses estudos, a evolucao da morfologia do bico dos tentilhdes de Darwin
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CAPITULO 1

foi registrada ao longo de geragdes dessas aves, documentando a resposta evolutiva a
sele¢do natural.

Essa perspectiva temporal ¢ de fundamental importancia para identificar padrdes
e definir as adaptacdes dos organismos. Sem ela, a correlagdo entre os fendtipos e os
processos seletivos envolvidos na producdo de variagdo morfolodgica ndo ¢ completa, ja
que a forma que os organismos possuem atualmente ¢ decorrente também da historia
evolutiva das espécies (Wainwright 1991, Miles & Dunham 1993, Peres-Neto 1999). Os
atributos que caracterizam as espécies sdo, na verdade, um mosaico de caracteres
conservados ao longo da histdria evolutiva e também de adaptacdes a pressoes seletivas
do ambiente (Miles & Dunham 1993). Nesse sentido, o desenvolvimento de ferramentas
que incluem a histéria evolutiva das espécies, as analises filogenéticas, e a aplicagdo
delas em estudos ecomorfologicos foram fundamentais para avancar o conhecimento
sobre os padrdes atuais dos organismos (Wainwright 1991, Miles & Dunham 1993,
Peres-Neto 1999). Através dessas técnicas € possivel identificar se uma mudanga
morfologica realmente teve importancia no processo de diferenciacdo entre as espécies
e, consequentemente, se ela se configura como uma novidade evolutiva para a linhagem
(Peres-Neto 1999).

O outro eixo da ecomorfologia estuda o efeito da morfologia funcional sobre a
ecologia dos organismos (Bock 1990, Wainwright 1991, Peres-Neto 1999). Isso porque,
a forma dos organismos também influencia a maneira como eles interagem com o
ambiente (Wainwright 1991). Dessa maneira, esses estudos investigam como a variagao
na morfologia molda os padrdes e define a amplitude do uso de recursos que os
organismos sdo capazes de explorar (e.g. alimento, Wainwright 1991; espaco, Betz
2002), ou seja, o nicho fundamental das espécies (Wainwright 1991, Peres-Neto 1999,

Betz 2006). Geralmente esses estudos sdo feitos através de experimentos, nos quais a
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CAPITULO 1

influéncia da morfologia sobre determinado aspecto ecologico pode ser medida através
do desempenho dos organismos na realizacdo das atividades. O desempenho dos
organismos estabelece relagdes causais e mecanicistas entre forma e ecologia, sendo
fundamental para entender a adaptabilidade das estruturas morfoldgicas (Losos 1990).
Isso porque, mudancgas evolutivas na forma dos organismos podem causar modificacdes
no desempenho de uma linhagem e finalmente podem levar os organismos a explorarem
outras dimensdes do nicho (Higham 2007).

Além de experimentos, observagdes naturalisticas sdo igualmente essenciais
para entender a influéncia da morfologia sobre os aspectos ecoldgicos dos organismos.
Através de observagdes em campo € possivel conhecer o quanto de um determinado
recurso ¢ realmente utilizado pelos organismos em condi¢des naturais, ou seja, o nicho
realizado das espécies (Wainwright 1991, Peres-Neto 1999). Quando a amplitude de
recursos que uma espécie consegue explorar € previamente conhecida, a ndo deteccao
do desempenho de uma determinada estrutura morfolégica no ambiente pode ser um
indicativo do processo de competicao, por exemplo. Isso porque o organismo deixa de
explorar um recurso mesmo tendo capacidade para isso (Betz 2006).

Estudos que integram experimentos € observagdes naturalisticas sdo ainda mais
informativos e elucidam melhor as relagdes ecomorfoldgicas das espécies, sendo
complementares. Por exemplo, através de estudos em laboratorio Oliver Betz (2002)
verificou que a variacdo nos membros locomotores de insetos do género Stenus
produzem diferengas interespecificas no desempenho de escalar a vegetagdo. Em
campo, o autor verificou ainda que a capacidade de escalar a vegetacdo se reflete na
selecdo por tipos de ambiente (e.g. habitats com vegetagdo herbacea, com detritos ou
areas abertas). Com isso, foi possivel ao autor fornecer uma explicagdo adaptativa para

a variagdo na morfologia dessas espécies, ligando as diferencas nas estruturas
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anatomicas ao desempenho em uma determinada atividade e & forma como as espécies
usam o ambiente.

Dessa forma, estudos ecomorfoldgicos nos auxiliam a entender a biodiversidade.
Entre girinos, por exemplo, a ecomorfologia ¢ a principal forma de entender a
diversidade morfologica entre as espécies. Isso porque registros fosseis desses animais
sdo escassos, o que dificulta a comparacdo da morfologia com as espécies atuais
(McDiarmid & Altig 1999, Chipman & Tchernov 2002, Roelants et al. 2011). Logo,
estudos que conseguem encontrar padrdes entre a morfologia e os aspectos ecoldgicos
de girinos (e.g. morfologia oral e tamanho de itens alimentares da dieta, Vera Candioti
2007) sdo essenciais para elucidar a evolu¢do das diferentes estruturas morfologicas
entre as espécies. Além disso, estudos moleculares mais recentes tém fornecido arvores
filogenéticas muito semelhantes, que possibilitam, consequentemente, analisar os
padrdes da variagdo morfoldgica entre as espécies atuais. Finalmente, em girinos, a
plasticidade fenotipica ¢ bem conhecida em resposta a alguns fatores ambientais (e.g.
predadores, Van Buskirk & McCollum 2000), o que torna mais plausivel entender a

variacao morfologica como uma resposta as pressoes seletivas do ambiente.

ECOMORFOLOGIA DE GIRINOS

Importincia das larvas em estudos sobre ecologia e evolugdo

Girinos sdo larvas aquaticas e de vida livre de um dos grupos mais
diversificados entre os vertebrados, os anfibios anuros. Existem mais de sete mil
espécies de anuros conhecidas no mundo (Frost 2018, AmphibiaWeb 2019), sendo que
a maioria se concentra nas regides tropicais (IUCN 2019). No Brasil, por exemplo,
existem mais de 1000 espécies de anuros conhecidas (AmphibiaWeb 2019) sendo que

quase 900 delas possuem desenvolvimento indireto. No entanto, apenas 7% das larvas
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das espécies brasileiras estdo descritas de forma mais completa (i.e. morfologia externa:
do corpo e oral; interna: oral e condrocranio) na literatura, enquanto 38% ndo possuem
qualquer descricdo. Entre os outras espécies, 45% possuem apenas a descricdo da
morfologia externa. Outros 11% possuem, além da descricdo da morfologia externa, ou
a descricdo da morfologia oral interna ou a descricdo do condrocranio — dados
analisados a partir da base de dados disponivel em Brazilian Tadpoles Version 3.0 (ver
Provete et al. 2012). Essas descrigdes, porém, normalmente ndo compreendem todo o
periodo larval, sendo feitas para apenas alguns estagios do desenvolvimento dos girinos
(geralmente entre os estagios 25 e 40). Esses estagios correspondem ao periodo no qual
os girinos crescem ¢ desenvolvem os membros posteriores, sem modificagdes das outras
partes do corpo, atingindo um climax de desenvolvimento (McDiarmid & Altig 1999,
Grosjean 2005). Informagdes ecologicas e comportamentais dos girinos estio restritas a
um numero ainda menor de espécies. Esse contraste vai de encontro a importancia
desses animais em nos ajudar a entender melhor teorias ecologicas e evolutivas sobre os
vertebrados. Isso porque, girinos possuem distribui¢do limitada, principalmente em
ambientes 1€nticos, e estdo sujeitos as pressoes do ambiente onde ocorrem (Andrade et
al. 2007). Além disso, girinos de diversas espécies sao abundantes no habitat e ainda se
adequam a condig¢des experimentais em laboratorio sem grandes dificuldades, tornando-
os Otimos sistemas-modelo (Wilbur 1997, Rossa-Feres et al. 2011).

Girinos sao também interessantes de serem estudados por questoes que vao além
da fase larval. Isso porque os processos que agem sobre as larvas e os adultos sdo, ao
mesmo tempo, independentes e interligados. O que acontece com os organismos durante
a fase larval independe dos adultos (Sherratt et al. 2017) e possui consequéncias nao
apenas para os individuos, como também sobre as populagdes e comunidades aquaticas

(e.g. niveis tréficos). Da mesma forma, as pressdes sobre os adultos sdo diferentes, ja
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que o ambiente e os contextos sociais também mudam. Porém, a presenca dos girinos
num determinado ambiente depende da escolha dos adultos. Assim como o sucesso nos
estagios pos-metamorficos depende da capacidade dos girinos em sobreviver e se
desenvolver no ambiente aquatico (Newman 1998, Cabrera-Guzman et al. 2013). Essa
ligacdo entre duas fases tdo independentes torna os girinos ainda mais interessantes de
serem estudados, pois para entender a evolucdo de anfibios anuros ndo se pode
negligenciar o periodo larval (Lataste 1879). Além disso, girinos podem ajudar na
identificacdo de espécies que quando adultas, sdo de dificil distingdo entre géneros e

espécies (Channing 1999).

Morfologia de girinos e o ambiente

Existe uma variedade de habitats onde os girinos podem ser encontrados, como
ambientes lénticos e 16ticos, bromélias, rochas (por onde escorre apenas uma lamina de
agua) e até dentro de folhas mortas caidas de arvores que acumulam agua (McDiarmid
& Altig 1999, Andreone et al. 2010). Consequentemente, assim como os adultos,
girinos apresentam uma grande diversidade morfologica entre os ambientes onde
ocorrem, principalmente das estruturas externas do corpo e das que compde o aparato
oral (McDiarmid & Altig 1999). Por exemplo, girinos de diferentes espécies diferem,
entre outras caracteristicas, quanto a posi¢ao dos olhos (e.g. laterais ou dorsais), formato
do corpo (e.g. deprimido ou comprimido; oval ou circular), configuragdao da cauda (e.g.
nadadeiras altas ou baixas; presen¢a ou auséncia de flagelo) e estruturas externas do
aparato oral (e.g. numerosas fileiras de denticulos a auséncia dessas estruturas). Essa
variacdo morfoldgica reflete em parte as caracteristicas conservadas dos ancestrais [e.g.
configuragdo da musculatura associada ao esqueleto hiobranquial, (Vera Candioti
2007)], mas também ¢ geralmente atribuida as pressdes seletivas agindo sobre os

caracteres que sao mais susceptiveis a mudancas ambientais. As pressdes do ambiente
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incluem as caracteristicas quimicas e fisicas da dgua (e.g. pH, Devi et al. 2016), a
presenca de predadores e competidores (e.g. Arribas et al. 2018), o hidroperiodo ¢ a
disponibilidade de alimento associada a ele [principalmente para espécies em ambientes
temporarios e imprevisiveis, (Wilbur 1987)] e a temperatura (e.g. de Sousa et al. 2015,
Ruthsatz et al. 2018), por exemplo. Esses fatores, além de terem efeito direto e indireto
sobre o comportamento, a fisiologia e a ecologia dos girinos, também agem sobre a
morfologia das larvas (Devi et al. 2016).

Essa diversidade morfoldgica aliada a diversidade de ambientes onde os girinos
ocorrem e as condigdes as quais estdo sujeitos nesses ambientes, sdo o foco dos estudos
ecomorfolégicos com girinos, que buscam entender quais s3o 0s processos mais
importantes que moldam a morfologia das espécies da forma como a conhecemos

atualmente.

Historico da ecomorfologia de girinos

Os primeiros estudos que incluiram as larvas de anuros foram feitos no século
XVIII, com a descricdo de todo o desenvolvimento, desde o ovo até o adulto, de
espécies europeias por August von Rosenhof (1758). Porém, os caracteres larvarios
ganharam importancia taxon0mica apenas um século mais tarde, com o trabalho de
Fernand Lataste (1879). Além da descri¢dao dos adultos, o autor incluiu a caracterizagao
das larvas (e.g. caracteristicas do espirdculo, das narinas, formato do corpo) na
classificagdo das espécies.

Quase um século mais tarde, Pollister € Moore (1937) notaram a necessidade de
uma padronizacdo dos estagios de desenvolvimento das larvas para que os caracteres
morfologicos pudessem ser comparados entre espécies. Até entdo, a classificacdo dos
estagios de girinos era baseada em uma tabela desenvolvida para uma espécie de

salamandra (Pollister & Moore 1937). Essa padronizagdo ¢ importante, pois durante o
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periodo larval ocorrem diversas mudangas morfologicas (e.g. surgimento e posterior
substitui¢do das estruturas orais, desenvolvimento dos membros anteriores ¢
posteriores) que precisam ser consideradas nas comparagdes interespecificas
(McDiarmid & Altig 1999). Desde o trabalho desses autores, outras tabelas foram
sugeridas para descrever o desenvolvimento dos girinos (e.g. Shumway 1940, Taylor &
Kollros 1946, Limbaugh & Volpe 1957). Entretanto, a tabela proposta posteriormente
por Gosner (1960) ¢ até hoje a mais utilizada. A tabela sugerida por ele excluiu detalhes
que variavam em tabelas anteriores e particularidades das espécies para as quais as
tabelas haviam sido criadas. Isso resultou em uma tabela mais simples, permitindo que
seu objetivo mais importante fosse cumprido: a comparacao de caracteres larvais entre
espécies.

Desde os primeiros trabalhos que incluiram os girinos em classificagdes
taxondmicas, diversas espécies foram descritas. Entretanto, os estudos comparativos
entre as larvas de diferentes espécies de anuros ganharam forga apenas no século XX,
com os trabalhos de Gladwyn Noble (1926; 1927). Além das diferengas na morfologia
externa do corpo, o autor utilizou as estruturas orais externas de girinos para diferenciar
as espécies. Ele também foi pioneiro em estudos ecomorfologicos, discutindo em seu
trabalho a relagdo entre a diversidade morfologica com os diferentes ambientes
aquaticos onde as larvas ocorriam. Posteriormente, Grace Orton (1953) classificou
formalmente alguns tipos ecomorfoldgicos de girinos com base na morfologia e em
aspectos ecologicos das larvas, como habitat e alimentacdo. Neles estdo incluidos
girinos: carnivoros, arboreos, nectonicos, neustonicos, de ambientes loticos e de
desenvolvimento direto. Essas definigdes sdo usadas até hoje para classificar os tipos

ecomorfoldgicos de girinos (Altig & Johnston 1989, McDiarmid & Altig 1999).
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Orton (1953) ainda discutiu a possivel inclusdo das caracteristicas morfologicas
dos girinos para entender as relagdes filogenéticas entre as espécies, pois alguns desses
caracteres seriam bem conservados ao longo do processo evolutivo a despeito de
modifica¢des adaptativas, produzidas em resposta a pressdes ambientais. Ela sugeriu a
classificagdo dos girinos em quatro tipos filogenéticos de larvas com base no ntimero e
na posicdo do espiraculo, na anatomia das camaras branquiais e, assim como Noble
(1926; 1927), nas estruturas orais externas. Posteriormente, Priscilla Starrett (1973) e
Otto Sokol (1975) se basearam nos estudos de Orton (1953) para propor uma sequéncia
evolutiva das espécies, considerando os mesmos caracteres morfologicos dos girinos
para classificd-los em mais basais ou derivados. Atualmente as reconstrugdes
filogenéticas contam com um nimero bem maior de caracteres para propor a relagdo
evolutiva entre as espécies. Essas novas filogenias foram possibilitadas, a partir da
década de 70, pelo desenvolvimento de tecnologias e softwares de computador, bem
como de técnicas bioquimicas mais simples que permitiram o uso de sequéncias de
proteinas, cromossomos € DNA para a diferenciagdo entre faxa (e.g. Pyron and Wiens,
2011; Roelants et al., 2011) (Channing 1999).

Todos esses trabalhos, mesmo os mais antigos ¢ ja defasados atualmente, foram
essenciais para enfatizar a importancia dos estudos comparativos da morfologia na
compreensdo de padrdes evolutivos de girinos. Além disso, eles deram forca as
pesquisas que levavam em consideracdo os aspectos ecologicos das espécies para
explicar as variagdes na morfologia. Por exemplo, D. Eduard Van Dijk (1972) trabalhou
com girinos africanos e relacionou o tipo de ambiente onde os girinos ocorrem (e.g.
léntico ou 16tico), a escolha de micro-habitats (e.g. fossoriais, bentonicos ou arbdreos) e
o comportamento alimentar (e.g. raspadores ou filtradores) as variacdes morfologicas

entre as espécies. Estudos assim contribuiram para que uma classificagdo mais
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generalizada fosse proposta por Ronald Altig e Gail Johnston (1989), considerando o
conhecimento de cerca de mil larvas até entdo descritas na literatura. Os autores
propuseram uma classificagdao das espécies em 24 guildas ecomorfolédgicas que levava
em conta outros parametros da biologia e ecologia das espécies, como o padrao de
desenvolvimento das larvas (endotréfico ou exotrofico), além de sugerir a possivel
relacdo entre a fungdo das estruturas anatoOmicas a nichos tréficos, ao ambiente onde as
espécies ocorrem e o tipo de micro-habitat que exploram. Anos depois, Roy McDiarmid
e Altig (1999) fizeram a caracterizagdo de familias e géneros de girinos de ainda mais
espécies baseando-se na classificagdo de Altig e Johnston (1989). Os autores também
propuseram terminologias padronizadas para diminuir as dificuldades de identificar

espécies e entender a diversidade morfoldgica entre elas (McDiarmid & Altig 1999).

Medindo a varia¢do morfologica — estudos descritivos

McDiarmid e Altig (1999) ainda sugeriram comparar quantitativamente a
variacdo morfologica entre as espécies através de medidas padronizadas da morfologia
externa de girinos, além da utilizacdo de definicdes mais precisas para descrever a
forma dos girinos (e.g. focinho oval; corpo redondo). Essas propostas foram
amplamente aceitas e aplicadas em estudos de diferentes areas de conhecimento; por
exemplo, os diversos trabalhos ligados ao Projeto SISBIOTA — Girinos do Brasil, que
teve como objetivo fundamentar estudos em sistemadtica de anuros brasileiros e produzir
avangos no conhecimento da diversidade e ecologia de girinos de diversos biomas do
pais (e.g. ecologia, Marques & Nomura 2015, Queiroz et al. 2015, Costa & Nomura
2016, Jordani et al. 2017, Gongalves et al. 2017, Ouchi de Melo et al. 2017;
ecomorfologia, Pezzuti et al. 2016; taxonomia, Santos et al., 2018).

Esse estudo quantitativo da forma dos organismos ¢ conhecido como

morfometria e tem como objetivo inferir as possiveis causas da variagdo morfoldgica
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(Bookstein 1990). Existem duas formas que sdo atualmente empregadas: a morfometria
tradicional e a morfometria geométrica. A forma de medir as estruturas morfoldgicas
dos organismos, como foi sugerida por McDiarmid e Altig (1999), e também utilizada
em outros grupos de animais (e.g. peixes, Teixeira & Bennemann 2007), ¢ conhecida
como morfometria tradicional. Ela consiste em medidas lineares de comprimento,
altura, largura, além de angulos e proporc¢des das estruturas anatdmicas dos organismos
(Rohlf & Marcus 1993). Essas medidas sdo feitas a partir de pontos que representam a
distdncia maxima entre as extremidades de uma estrutura anatdmica; por exemplo, o
tamanho do corpo do girino corresponde a distadncia entre a ponta do focinho a jungdo
da parede do corpo com o eixo dos miotomos da cauda (McDiarmid & Altig 1999). Ja a
morfometria geométrica consiste na marcagdo de pontos de referéncia (ou coordenadas
cartesianas) que podem ter duas ou trés dimensdes. Os pontos devem ser comparaveis
entre os individuos ou espécies; juntos, esses pontos conservam a informagdo
geométrica dos organismos e descrevem sua forma, excluindo efeitos de tamanho,
posi¢do ou rotagao (Bookstein 1990, Zelditch et al. 2004).

Ambos os métodos possibilitam a detec¢do de relagdes entre a morfologia e os
aspectos ecologicos dos organismos em analises que correlacionam essas variaveis (e.g.
altura das nadadeiras e a profundidade explorada da coluna d’4agua, Pezzuti 2011,
Queiroz et al. 2015). Porém, no caso da morfometria tradicional algumas medidas
podem ter um alto grau de sobreposicao em termos de dire¢cdo e dimensao e, dessa
forma, tornam-se redundantes, criando, consequentemente, um viés nos resultados da
analise dos dados (e.g. inflagdo dos dados que explicam sinal filogenético, Marques &
Nomura 2015). Além disso, ela é também mais abstrata e pouco informativa sobre a
estrutura geométrica, de forma que dificulta a visualizagao da forma dos organismos

(Zelditch et al. 2004). A morfometria geométrica, por outro lado, ¢ mais robusta
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estatisticamente e ainda permite identificar a localizagdo, a forma e a magnitude das
mudangas entre os organismos (Rohlf & Marcus 1993). Por isso, em diversos estudos
mais atuais a morfometria tradicional ¢ acompanhada ou substituida pela morfometria
geométrica para quantificar a variacdo das estruturas anatdmicas entre os organismos
(e.g. Vera Candioti 2007, Venesky et al. 2013, Marques & Nomura 2015).

Além disso, a morfometria tradicional limita-se a medicdo das estruturas do
corpo dos organismos, enquanto as diferengas no aparato oral ndo sdo incluidas. Com o
auxilio da morfometria geométrica, as estruturas que compdem o aparato oral, tanto
externas como internas, puderam ser incluidas nas andlises quantitativas da variagdo
morfoldgica entre os organismos e, consequentemente, em estudos ecomorfologicos.
Por exemplo, Vera Candioti (2007) fez uso desse método para caracterizar a anatomia
interna de girinos de diversas espécies e posteriormente investigar a possivel relagdo
entre morfologia e hdbito alimentar (contetido intestinal) dos animais. Apesar de
algumas estruturas serem relativamente mantidas dentro de géneros, a autora observou
que outras refletem o fendmeno de convergéncia e, no caso de algumas espécies, a
variagao morfologica ¢ fortemente relacionada ao habito alimentar. Dessa forma, ela
sugeriu que a morfologia interna adiciona informacdes e refina as classificagoes
ecomorfoldgicas propostas por Altig e Johnston (1989) e por McDiarmid e Altig (1999).

A quantifica¢do da variagdo na morfologia ¢ também uma ferramenta importante
em estudos sobre a histdria evolutiva dos caracteres morfoldgicos. Através de técnicas
que incluem a filogenia das espécies (e.g. modelagem filogenética), € possivel estimar
simultaneamente a influéncia da ancestralidade sobre os atributos e a taxa de
diferenciagdo em direcdo a um 6timo adaptativo (Harvey & Pagel 1991, Butler & King
2004, Hansen et al. 2008). Assim, ¢ possivel entender como sdao produzidos os padroes

no uso de recursos e na distribuicdo das espécies. Por exemplo, Van Buskirk (2009)
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estudou girinos de espécies distribuidas ao longo de um gradiente ambiental e verificou
que as caracteristicas morfologicas das espécies sdo tanto influenciadas pela
ancestralidade como também evoluiram como adaptacdes as mudangas ambientais. Nos
trabalhos de Eterovick e Fernandes (2001) e de Marques ¢ Nomura (2015) os autores
encontraram padrdes semelhantes estudando o uso de micro-habitats por girinos.

Mais recentemente, as técnicas de quantificacdo da diversidade morfoldgica vém
sendo também empregadas em um tipo de abordagem que integra larvas e adultos no
estudo da historia evolutiva de atributos morfologicos. Isso porque é reconhecido que a
ontogenia tem um papel importante na produgdo de variacao fenotipica (Alberch et al.
1979, Katz & Hale 2016). Com isso, esse tipo de estudo permite quantificar a influéncia
de uma fase do ciclo de vida sobre a outra, ou seja, se os produtos dos processos pelos
quais os organismos passam em uma das fases (larval ou reprodutiva) sdo mantidos nos
outros estagios ou se as caracteristicas evoluem independentemente em cada fase. Por
exemplo, Sherratt e colaboradores (2017) encontraram padrdes evolutivos distintos na
histéria evolutiva da forma do corpo entre girinos e adultos de espécies de anuros
australianos. Enquanto as larvas apresentam caracteristicas que indicam convergéncia
adaptativa e homoplasia substancial, os adultos apresentam forte influéncia da
ancestralidade e divergéncia entre os principais clados. Sendo assim, os atributos de
organismos com ciclo de vida complexos, como os anuros, podem evoluir
independentemente em cada fase (larval e adulta). Além disso, a variagdo morfoldgica
em uma das fases ndo necessariamente ¢ indicativa de diferencia¢do na outra (Sherratt

el al. 2017).

Estudos experimentais

Além de estudos descritivos, experimentos controlados em laboratorio e no

ambiente natural (i.e. mesocosmos) sdo igualmente importantes para investigar a
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biologia dos girinos. No final da década 60 o uso da abordagem experimental contribuiu
de forma inovadora e crucial para avangar o conhecimento sobre as larvas. De inicio,
esses estudos tiveram énfase em entender os aspectos funcionais da morfologia de
girinos, que sdo um requisito para estudos ecomorfologicos. Julian Kenny (1969) e
Richard Wassersug (1972), por exemplo, conduziram experimentos para entender a
funcdo da morfologia oral interna de girinos. Além da descricio de como essas
estruturas atuam no processo de filtragem de particulas suspensas na agua, os autores
compararam os padrdes morfoldgicos entre espécies. Wassersug (1972) sugeriu que a
variagdo nessas estruturas poderiam ser respostas adaptativas aos recursos explorados
nos micro-habitats onde elas s3o encontradas — e.g. girinos sem estruturas
queratinizadas no disco oral geralmente ocorrem no meio da coluna d’agua, onde sdo
mais eficientes em filtrar particulas de pequenas dimensdes (Wassersug 1972). Essa
relacdo entre a morfologia oral interna e parametros da dieta dos girinos também foi
encontrada posteriormente para algumas espécies no estudo de Vera Candioti (2007).
Wassersug e¢ Masamichi Yamashita (2001) complementaram os estudos
relacionados a morfologia oral investigando a fun¢do das estruturas orais externas na
alimentacao de girinos. Os autores confirmaram as sugestoes feitas por Johnston (1982;
1990, apud Wassersug & Yamashita 2001) de que os dentes labiais sdao utilizados para
ancorar o disco oral ao substrato enquanto as mandibulas raspam a superficie para
remover alimento. Eles ainda observaram que algumas propriedades fisicas dos
substratos, como a textura da superficie, influenciam o mecanismo de alimentacdo —
e.g. as fileiras de denticulos deixam de raspar paralelamente o substrato, e cada lado se
move mais independentemente. Posteriormente, Matthew Venesky e colaboradores
(2011) observaram que a forma como os girinos removem alimento dos substratos pode

diferir mesmo entre espécies com morfologia oral externa semelhante, ou ainda pode ser
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semelhante entre espécies encontradas nos mesmos micro-habitats (Venesky et al.
2013). Mais tarde, Veronica de Sousa e colaboradores (2014) verificaram que fatores
ambientais, como a temperatura, também podem influenciar o mecanismo de
alimentagdo dos girinos.

Em outra linha de pesquisa, Henry Wilbur (1972; 1987) estudou a importancia
da predacdo e da competi¢do na estrutura de comunidades de girinos que habitam
ambientes Iénticos. O autor mostrou que apesar de necessario, estudos tedricos, como o
modelo de Lotka-Volterra sobre competicdo (Volterra 1928, Lotka 1932), podem ser
inadequados para interpretar padrdes em comunidades naturais. Isso porque a
complexidade na estrutura de comunidades de girinos varia de acordo com mudangas na
rede tréfica, na previsibilidade do ambiente e da plasticidade das espécies, produzindo
diferentes resultados que ndo necessariamente se enquadram em modelos tedricos. Anos
mais tarde, outros autores também estudaram os efeitos de predadores sobre girinos,
porém com énfase nas mudangas na morfologia dos anuros. Eles também demostraram
a 1importancia de estudos empiricos para corroborar ou refutar inferéncias
ecomorfoldgicas. Por exemplo, antigas hipoteses sugeriam que quanto mais fina a cauda
dos girinos, maior poderia ser sua velocidade de escape de predadores. Entretanto, Josh
Van Buskirk e colaboradores (2000; 2003) demostraram o oposto, € sugeriram que esse
tipo de morfologia poderia estar associado ao escape de predadores por outros motivos
(e.g. capacidade de fazer manobras, Wassersug 1989), mas nao a velocidade de natacdo.

Embora estudos experimentais ndo representem fielmente a realidade dos
organismos no ambiente natural, eles sdo fundamentais para a compreensdao de
processos € mecanismos que, de outra forma, permaneceriam baseados em inferéncias,
justamente pela impossibilidade de controlar os fatores que podem influenciar os

organismos. Por exemplo, o uso diferencial do espaco dentro do ambiente aquatico ¢
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considerado como uma estratégia vital para o crescimento e a sobrevivéncia dos
organismos (McDiarmid & Altig 1999). Geralmente, a distribui¢do espacial dos girinos
dentro do habitat ¢ inferida com base na caracterizagdo e mensuragdo da morfologia
externa do corpo das larvas. Entretanto, diversos fatores podem alterar o
comportamento dos girinos, levando-os a explorar outras areas do ambiente aquatico.
Glos e colaboradores (2017), por exemplo, observaram mudang¢as no uso de micro-
habitats (e.g. profundidade da coluna d’agua, distancia em relagdo a margem) e no nicho
troéfico dos girinos (e.g. tipo de alimento consumido) ao longo do desenvolvimento
ontogenético. Isso significa que o uso de recursos, como micro-habitats, pode ser mais
complexo do que as inferéncias indicam.

Da mesma forma, nem sempre ¢ possivel encontrar padrdes entre a morfologia
oral dos girinos e a ecologia alimentar das espécies por métodos associativos (e.g. Vera
Candioti 2007). Isso porque, girinos de varias espécies conseguem alternar o hébito
alimentar dependendo da qualidade e da quantidade de recursos disponiveis no
ambiente onde eles ocorrem (Petranka & Kennedy 1999, Richter-Boix et al. 2007).
Além disso, condi¢des mais extremas, como a competi¢do por recursos entre espécies
(Altig 2006a) podem levar os girinos a alternar o comportamento alimentar. Nesse
contexto, de Sousa e colaboradores (2014) estudaram a cinemadtica da alimentagdo de
girinos de uma espécie que possui habitos alternativos de alimentacdo: carnivoro,
filtrador e raspador de substratos. Os autores verificaram que tanto a cinematica quanto
a forma das estruturas orais podem ser modificadas dependendo do habito alimentar dos
girinos (filtrador versus raspador). Consequentemente, uma espécie caracteristicamente
carnivora (e.g. mandibulas proeminentes, Rossa-Feres & Nomura 2006) pode ajustar o

mecanismo de alimentacdo a diferentes tipos de alimentos e substratos, ampliando a
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gama de recursos que ela pode explorar. Isso reforca a importincia dos estudos

experimentais sobre a ecomorfologia das espécies.

Acompanhando o desenvolvimento da ecomorfologia de girinos

Todas as padronizacdes de termos e refinamentos nos métodos de andlise da
diversidade morfolégica aplicados em trabalhos descritivos e experimentais vém
contribuindo e modificando a ecomorfologia de girinos ao longo do tempo. Por esse
motivo, torna-se interessante entender como o conhecimento nessa area avangou para
também identificar lacunas e areas que precisam de mais esfor¢os. Nesse sentido,
existem técnicas de avaliagdo quantitativas do progresso no conhecimento: bibliometria,
informetria, webometria e cienciometria (Vanti 2002). Neste estudo nds utilizamos a
ferramenta da cienciometria para avaliar o avanco cientifico sobre a ecomorfologia de
girinos. Através da cienciometria ¢ possivel quantificar o desenvolvimento cientifico,
conhecer a amplitude e a natureza dos estudos, medir o fluxo da informacao, e
identificar possiveis paradigmas (Vanti 2002, Lima-Ribeiro et al. 2007) e lacunas do

conhecimento.

MATERIAL E METODOS

Levantamento de dados

O levantamento dos dados foi feito através da base de dados Web of Science
Core  Collection, mantida atualmente pela empresa Clarivate Analytics,
(http://apps.weboftknowledge.com). Nos também fizemos buscas utilizando a base de
dados SCOPUS, mantida pela editora Elsevier (www.scopus.com). Ambas as bases

possuem um rigoroso critério de avalia¢do para indexagdo das pesquisas e abrangem um
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grande numero de publicagdes. Entretanto, em vdarios casos nods encontramos
divergéncias quanto ao numero de citacdes de um mesmo trabalho entre as bases de
dados. Por isso, nos resolvemos utilizar apenas uma delas, no caso a Web of Science.
Nos tentamos abranger o maximo de trabalhos relacionados com a
ecomorfologia de girinos. Para isso, buscamos trabalhos que necessariamente
possuissem o termo “girino” juntamente a “ecomorfologia” ou “morfologia adaptativa”.
Fizemos ainda outras buscas que, além do termo “girinos”, possuissem também o termo
“morfologia” junto a: “ecologia”, “micro-habitat”, “preferéncia” ou “plasticidade
fenotipica”. Variagdes na terminologia dessas palavras também foram consideradas
(Material Suplementar). As palavras foram pesquisadas em todos os idiomas
disponiveis. Nao foi utilizada restricdo temporal para as pesquisas, pois a ecomorfologia
de girinos ¢ uma area relativamente nova na ciéncia. Além disso, a busca foi feita
somente entre artigos cientificos, que ¢ a forma de divulgagdo de pesquisas originais.
Entre opg¢des de resultados da busca, nos selecionamos as informagdes sobre: o
ano da publicagdo, o numero de citagdes do artigo, as revistas onde os trabalhos foram
publicados, o idioma do estudo, o pais de filiacdo do primeiro autor e o tipo de acesso
ao trabalho (i.e. aberto ou restrito). Os resultados dessas buscas foram unidos e filtrados
para evitar que trabalhos eventualmente encontrados na busca, mas nao relacionados a
ecomorfologia de girinos fossem analisados erroneamente. Primeiro, retiramos os
trabalhos duplicados, (i.e. encontrados em mais de um tipo de busca). Posteriormente,
eliminamos as publicacdes feitas com outros animais (e.g. artropodes: “tadpole
shrimp”) e com outros objetivos (fisiologia, comportamento e estrutura de
comunidades). Nos também eliminamos estudos com conteudo puramente descritivo
das espécies, sem analises comparativas da morfologia ou que relacionassem a

morfologia dos girinos a aspectos ecologicos.
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Anadlise de dados

Nos utilizamos modelos lineares gerais para testar se ao longo do tempo ha
variagdo (1) no nimero de trabalhos publicados e (2) no nimero de citagdes. Testamos
também (3) a relacdo entre o nimero de trabalhos publicados e o nimero de citagdes e
se (4) o nimero de citagdes varia entre os tipos de acesso ao trabalho. O tipo de acesso
ao trabalho foi considerado restrito quando a acessibilidade ao conteudo do trabalho s6
¢ permitida mediante ao pagamento de taxas ou assinatura do periodico. O tipo de
acesso foi considerado como aberto quando o trabalho foi publicado em periddicos que
disponibilizam o acesso gratuito e online ao trabalho (Gold Open Access). Também
foram incluidos nessa categoria trabalhos arquivados pelo proprio autor em repositorios
que permitem o acesso aberto (Green Open Access). Nos ainda analisamos (5) a
tendéncia esperada do nimero de citagdes ao longo do tempo (analisando os residuos da
regressao entre nimero de citagdes € o tempo).

Utilizando os dados de filiacao dos autores, nds analisamos (6) autores de quais
paises possuem mais trabalhos publicados e (7) quais possuem mais citacoes. Também
analisamos (8) quais revistas possuem o maior numero de trabalhos publicados e (9) de
citagdes. Finalmente, analisamos (10) quais os idiomas em que os trabalhos foram
publicados. Nos utilizamos o software R (versdao 1.0.143) para realizar todas as analises

(R Core Team 2017).

RESULTADOS
No6s obtivemos 272 artigos cientificos publicados no periodo entre 1992 e 2019.
Até 1999 as publicagdes eram esporadicas, variando de um a trés trabalhos publicados

por ano. A partir do ano 2000, entretanto, esse nimero no minimo dobrou (e.g. 6
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estudos em 2003), chegando a 20 artigos por ano em 2011 e 2016 (Fig. 1). Dessa forma,

nds observamos um aumento no niamero de artigos ao longo do tempo (R?

0,001).

Numero de artigos publicados
5

0,42; P<

Figura

1992 1995 1998 2001 2004 2007 2010 2013 2016 2019
Anos

1. Numero de artigos cientificos publicados ao longo do tempo sobre o topico

ecomorfologia de girinos. Houve um aumento significativo no nimero de publicagdes a
partir do ano 2000 (R2=0,42; P <0,001).

Artigos publicados em revistas com acesso restrito foram mais numerosos (73%

das publicacdes) e também mais citados que os estudos publicados em revistas de

acesso aberto (teste t = -3,22; df = 214,7; P = 0,001, Fig. 2). No geral, os artigos mais

citados (acima de 100 citagdes) correspondem a minoria dos trabalhos encontrados

(10%). A maioria (54%) possui entre 07 e 95 citagdes, enquanto outros 36% dos artigos

possui até 06 citagdes (R* = 0,13; P <0,001; Fig. 3). Desses ultimos, 37 trabalhos nunca

foram citados, porém a maioria deles (25 artigos) foi publicada mais recentemente (a

partir de 20

comparagao

17), representando um menor tempo de disponibilidade ao publico em

aos outros trabalhos. De fato, os trabalhos com maior nimero de citagdes

foram publicados hd mais tempo, entre 1995 e 2009 (R? = 0,35; P < 0,001; Fig. 4).
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Entretanto, nds observamos uma tendéncia de aumento (residuos crescentes € positivos)

do numero de publica¢des em dire¢do aos anos mais recentes (Fig. 5).
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Figura 2. Numero de citacdes dos trabalhos entre os tipos de acesso das revistas. Trabalhos
publicados em revistas de acesso restrito foram mais citados (teste t = -3.22; df = 214.7; P =

0.001).
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Figura 3. Numero de vezes que cada trabalho foi citado em relacio ao nimero de trabalhos
publicados. A maioria das publicagdes possui menos de 70 citagdes ¢ a minoria (10%) possui

mais de 100 citagdes (R? = 0,13; P < 0,001; Fig. 3). O tipo de acesso do periddico onde o trabalho
foi publicado esté diferenciado por cores: vermelho para acesso aberto, preto para acesso restrito.
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Figura 4. Nimero de citacdes que cada trabalho recebeu ao longo do tempo. Os
trabalhos mais citados foram publicados ha mais tempo, entre 1995 e 2009 (R? = 0,35; P
< 0,001; Fig. 4). O tipo de acesso do peridodico onde o trabalho foi publicado estd
diferenciado por cores: vermelho para acesso aberto, preto para acesso restrito.
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Figura 5. Tendéncia esperada do numero de citacdes dos trabalhos ao longo tempo.
Os trabalhos publicados mais recentemente tendem a ser mais citados que o esperado
pela regressdo entre os residuos da regressdo entre numero de citagdes e o tempo da
publicagdo. O tipo de acesso do periddico onde o trabalho foi publicado esta
diferenciado por cores: vermelho para acesso aberto, preto para acesso restrito.

A maior parte dos trabalhos foi publicada por autores estadunidenses (Fig. 6).

Autores brasileiros, argentinos, europeus, japoneses € australianos publicaram entre 14 e
33



Numero de publicacdes

o

CAPITULO 1

17 artigos, enquanto autores de outros paises publicaram menos de 10 trabalhos. Nao
foram encontrados trabalhos de autores de paises africanos. Trabalhos publicados por
estadunidenses também s3o os mais citados (Fig. 7). O Brasil, apesar ter ficado em
segundo lugar em numero de publicacdes de trabalhos (Fig. 6), ficou em 11° entre os
mais citados (Fig. 7).

Os estudos foram publicados em 111 revistas cientificas. Destas, 12 possuem
mais de 05 trabalhos publicados sobre a ecomorfologia de girinos (Fig. 8), enquanto 62
possuem apenas 01 publicagdo sobre esse assunto. As revistas com maior numero de
citagdes foram as mesmas com maior nimero de publicacdes (Fig. 9), enquanto 12 delas
ainda nao foram citadas. Com excecdo de dois trabalhos, um publicado em espanhol e o

outro em russo, todos os outros (n = 270) foram publicados em inglés.
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Figura 6. Quantidade de trabalhos publicados por nacionalidade do (a) primeiro (a) autor. Autores
brasileiros estdo entre os pesquisadores que mais publicam artigos sobre a ecomorfologia de girinos.
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Figura 8. Numero de trabalhos publicados nos peridédicos. Das 111 revistas cientificas
encontradas na busca, estdo representadas as 12 com maior niimero de trabalhos publicados. As
outras revistas (n=62) possuem menos de 05 citagdes. Abreviagdes: J. Evol. Biol.: Journal of
Evolutionay Biology; Evol. Ecol. Res.: Evolutionary Ecology Research.
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Figura 9. Numero de citacdes de cada peridédico. Abreviagdes: J. Evol. Biol.: Journal of
Evolutionay Biology; Ecol. Monogr.: Ecological Monographs; J. Exp. Biol.: Journal of
Experimental Biology; Annu. Rev. Ecol. Evol.: Annual Review of Ecology Evolution and
Systematics; Biol. J. Linnean Soc.: Biological Journal of Linnean Society; Evol. Ecol. Res.:
Evolutionary Ecology Research; Gen. Comp. Endocrinol.: General and Comparative
Endocrinology.

DISCUSSAO

O crescente interesse de pesquisadores pela ecomorfologia de girinos se
confirma com o aumento de trabalhos nos ultimos vinte anos. Esse aumento de
publicacdes ¢ uma forma de medir os avangos feitos nessa area, de maneira que mais
conhecimento vem sido produzido, da mesma forma como novas ideias e perguntas vém
sendo testadas.

Em relagdo ao acesso as publicagdes, o uso de um unico idioma em quase todos
os trabalhos analisados (99% dos estudos) pode ser considerado como um facilitador da
comunicacdo entre a sociedade académica (Di Bitetti & Ferreras 2016). Porém, ainda
que todos esses trabalhos “falem a mesma lingua”, apenas uma minoria esta disponivel
gratuitamente a sociedade, o que pode dificultar o acesso ao conhecimento. A escolha

da publicacdo em revistas com acesso restrito ¢ normalmente feita pelo maior numero
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de citacdes (fator de impacto) que essas revistas normalmente possuem (Fig. 2). Isso
porque, quanto mais um trabalho ¢ citado, maior ¢ seu impacto na comunidade
cientifica (Verbeek et al. 2002). De fato, as revistas com trabalhos mais citados sdo bem
conceituadas e de veiculagdo internacional (e.g., Ecology, Oecologia, Fig. 9). Todavia,
nods verificamos que o numero citagdes de trabalhos com acesso aberto também tende a
aumentar ao longo do tempo (Fig. 4). Além disso, revistas que permitem acesso livre a
todos os artigos (e.g., PlosOne) ¢ as que possuem os dois tipos de acesso aos trabalhos
(e.g., Oikos) também estdo entre os peridodicos com mais citagdes (Fig. 9). Sendo assim,
¢ importante que as publicagdes em revistas de acesso aberto sejam cada vez mais
incentivadas, a fim de garantir que a informacao seja acessada por mais pessoas, de
maneira mais simples e menos seletiva.

Pesquisadores brasileiros vém publicando trabalhos de grande importancia
cientifica na area da ecomorfologia de girinos, que contribuem com a ciéncia de
maneira geral e também com conhecimento sobre a biodiversidade do Brasil. Porém, o
impacto desses trabalhos nao ¢ tdo alto quanto o de pesquisadores de paises
desenvolvidos. Comparativamente, paises com um numero de publicagdes proximo ao
do Brasil, possuem um numero substancialmente maior de citagdes (e.g., Suécia e
Suica, Figs. 6 e 7). Essa diferenga na quantidade e na influéncia dos trabalhos
publicados ¢ provavelmente resultante das diferencas no incentivo a pesquisa nos
paises. Em paises em desenvolvimento, como a Argentina e o Brasil, a comunidade
cientifica precisa empregar grandes esforgos para realizar pesquisas de qualidade, ja que
a ciéncia carece de incentivos e reconhecimento (Mugnaini et al. 2004). Se
compararmos a auséncia de trabalhos publicados por autores de paises africanos ao alto
numero de publicagdes de trabalhos produzidos por autores estadunidenses e europeus

(e.g., Suica e Suécia), essa diferenca no suporte a pesquisa ¢ ainda mais evidenciada.
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Em paises desenvolvidos, instituicdes publicas, empresas privadas e organiza¢des nao-
governamentais ddo suporte a pesquisa cientifica através de financiamentos e
infraestrutura. Consequentemente, essas pesquisas sdo inovadoras e produzem um
impacto alto na comunidade cientifica (Mugnaini et al. 2004).

Os trabalhos mais citados, entre todos os analisados, sdo os que mostram de
forma empirica a variagdo na forma dos organismos em resposta a pressoes seletivas,
como a influéncia de predadores (e.g. Relyea 2001, com 397 citagdes). Isso mostra a
preocupacdo dos pesquisadores em produzir evidéncias da evolugdo dos fenotipos em
resposta a sele¢@o natural (Van Buskirk et al. 2003). Estudos comparativos foram menos
citados, porém ndo sdo menos importantes que estudos experimentais. Apesar de apenas
inferirem a causalidade da variag@o entre as espécies, os métodos comparativos sdo de
fundamental importancia para o reconhecimento de padrdes que podem ser atribuidos a
homologias e analogias entre as espécies (Betz 2006). Além disso, eles sdo a base para

indicar relagdes ecomorfoldgicas que podem ser testadas empiricamente.

Lacunas no conhecimento e direcionamentos futuros
Estudos em longo prazo e mudangas climaticas

Entre as publicagdes resultantes da busca, ndo hé registros de estudos que
acompanham as mudancas morfoldgicas de uma mesma populagao de girinos ao longo
do tempo. Assim como para aves (Grant & Grant 2002) esses estudos também existem
para anuros adultos. Registros de uma populacao de anuros adultos que datam de mais
de 20 anos de diferenga mostram mudancas no tamanho corporal e no canto dos machos
associadas a variagdo da temperatura local do ambiente (Narins & Meenderink 2014).

Da mesma forma, ¢ possivel que entre girinos também seja possivel reconhecer
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diferengas morfologicas em um longo periodo de tempo, resultantes, por exemplo, de
mudanc¢as na temperatura da dgua. Durante o desenvolvimento larval, mudangas na
morfologia dos girinos podem resultar de diferencas na temperatura da agua por si s
(e.g. tamanho, Watkins & Vraspir 2006) ou ainda em interagdo com outros fatores (e.g.
predadores, Touchon and Warkentin, 2011). Em longo prazo, ¢ possivel que essas
variagdes morfologicas sejam adaptativas (Bock 1990). Além disso, considerando os
cenarios de mudangas climaticas futuros (e.g. WorldClim: www.worldclim.org), esses
estudos em longo prazo se fazem ainda mais necessarios. A inclusdo das larvas em
estudos sobre as ameacas de extingdo das espécies, como as mudangas climaticas, pode
tornar ainda mais urgente a tomada de medidas para a conservacdo das espécies de
anuros.

Em paises menos desenvolvidos economicamente, estudos em longo prazo no
ambiente natural dificilmente sdo implementados. Isso acontece devido a demanda de
recursos por um longo tempo e também pelos produtos da pesquisa ndo serem
entendidos como prioridade entre agéncias de fomento e autoridades politicas (Marques
2016). Uma alternativa para esse problema ¢ o uso de bases de dados e o acesso a
colecdes cientificas de girinos. Colecdes cientificas possuem registros da biodiversidade
coletada ao longo do tempo e sdo essenciais para complementar dados de campo em
estudos taxondmicos, ecologicos, evolutivos e biogeograficos (Graham et al. 2004,
Robbirt et al. 2011; da Silva et al. 2017). O acesso a esses materiais podera ser de
grande valor para avaliar as variagdes na morfologia de populacdes de girinos ao longo

do tempo.
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Funcoes das estruturas anatomicas

O conhecimento sobre o funcionamento das estruturas anatomicas ¢
imprescindivel para entender as implicacdes da variacao na morfologia das espécies em
diferentes aspectos ecologicos (Bock 1990). Variagdes nessas estruturas sao espécie-
especificas (McDiarmid & Altig 1999) e, consequentemente, ¢ possivel que
proporcionem formas diferentes de uso do ambiente entre as espécies (Rupp & Hulsey
2014). Por exemplo, em relacio a locomog¢do, sabe-se que a cauda e o flagelo
desempenham a func¢do de regular a natagdo dos girinos (Wassersug & Hoff 1985,
Wassersug 1989). A cauda dos girinos também pode ter a funcdo de atrair o predador
para longe da regido do corpo, onde o ataque seria fatal (Van Buskirk et al. 2003). J& o
flagelo parece melhorar a capacidade dos girinos de fazer manobras, porém ainda ndo
ha testes que comprovem essa funcao. Esse tipo de conhecimento podera elucidar
diferengas na escolha de micro-habitats entre as espécies (area aberta do corpo d’agua
versus vegetacao aquatica) e no comportamento de girinos em relag@o a predadores.

Além disso, as estruturas orais externas dos girinos sdo amplamente utilizadas
para a identificacdo das espécies, porém a fun¢do delas ainda € apenas parcialmente
conhecida. Hoje n6s entendemos melhor o funcionamento das estruturas queratinizadas
no disco oral dos girinos: elas removem material orginico dos substratos através da
raspagem da superficie (Wassersug & Yamashita 2001). Entretanto, a funcdo das
papilas e dos gaps, tanto nas fileiras de dentes labiais quanto nas fileiras de papilas,
ainda ¢ desconhecida, havendo apenas hipoteses que precisam ser testadas (e.g.
Gradwell 1975, Van Dijk 1981, Wassersug & Yamashita 2001). J4 a fun¢do das
emarginagoes nas fileiras de papilas nem sequer foi explorada. Isso significa que mesmo

que novos estudos encontrem implicagdes da variagdo na morfologia oral sobre a
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ecologia dos girinos (e.g. Annibale et al. 2019), ainda ndo ¢ possivel explicar os

mecanismos que geram a varia¢ao no desempenho de atividades das espécies.

Morfologia e o ambiente

Usualmente, as caracteristicas morfologicas dos girinos sao usadas para inferir o
local onde as larvas ocorrem, tanto entre ambientes [e.g. 16tico ou Iéntico (Altig &
Johnston 1989)], como dentro de um mesmo ambiente [e.g. fundo, meio ou superficie
da dgua (Marques & Nomura 2015)]. Porém, essa relacdo pode ndo ser tdo preditiva e
restritiva para todas as espécies. Girinos de Pseudis platensis e P. paradoxa sao
exemplos de que essa associagdo ¢ mais complexa do que previamente considerada. As
larvas dessas espécies possuem o morfotipo nectdnico, com nadadeiras altas e corpo
comprimido, entre outras caracteristicas (Rossa-Feres & Nomura 2006, Schulze et al.
2015). Como esperado pelo tipo morfologico, de fato esses girinos podem ser
encontrados a meia-dgua. Entretanto, eles também sdo comumente observados junto a
superficie (perpendicularmente posicionados), e ainda sobre o fundo do corpo d’4gua
(até mesmo deitados lateralmente). Essas mudancgas no uso da coluna d’4gua ainda nao
foram investigadas para essa espécie, mas parecem estar ligadas a ontogenia (Marissa
Fabrezi, comunicagdo pessoal; F.S. Annibale, observagao pessoal).

Além disso, o uso espacial do ambiente ¢ normalmente inferido através de
amostragens no corpo d’dgua e observagdes naturalisticas. Ambos os métodos sdo
realizados durante o dia; dificilmente girinos sdo estudados durante a noite (e.g. Schulze
et al. 2015). Porém, existem tanto larvas diurnas como noturnas (e.g. Eterovick 2003),
de forma que € possivel que o uso do ambiente mude conforme o periodo que os girinos
sdo mais ativos. Por exemplo, durante o dia, girinos de Physalaemus nattereri se

alimentam tanto em 4reas rasas marginais como em areas mais fundas e afastadas da
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margem. Ja durante a noite, a maioria dos girinos forrageia nas areas mais fundas do
ambiente (Marques et. al., dados ndo publicados). Considerar o periodo do dia para
entender as relacdes ecomorfologicas das espécies pode ajudar, portanto, a diminuir o
viés dos métodos amostrais e observacionais. Além disso, sera possivel conhecer uma
amplitude maior de recursos, como a profundidade da coluna d’4gua, que as larvas
conseguem explorar, mesmo com um tipo de morfologia que indica algum tipo de
restricdo no uso do ambiente.

Ainda, os fatores que levam as espécies a selecionarem micro-habitats nem
sempre sdo investigados. Entre girinos que vivem junto ao fundo do corpo d’agua, por
exemplo, explorar recursos em diferentes profundidades ndo ¢ apenas uma questdo de
preferéncia, mas também de capacidade (Rosa et al., dados ndo publicados). Mesmo em
um ambiente raso, espécies tipicamente de fundo diferem quanto a eficiéncia de
encontrar € consumir o alimento ao longo da coluna d’agua, gerando diferencas nas
taxas de crescimento dos girinos (Rosa et al., dados ndao publicados). Investigar a
variacdo na capacidade de explorar a coluna d’agua de outras espécies podera fornecer
mais evidéncias que deem suporte ao valor adaptativo da variagdo na morfologia das
espécies.

O tipo de alimento que os girinos exploram no ambiente também pode
influenciar a morfologia das larvas de anuros. Para girinos de Spea bombifrons e S.
multiplicata, por exemplo, o tipo de dieta dos girinos (carnivora ou onivora) resulta em
diferencas substanciais no tamanho e no formato do corpo das larvas (Pfennig et al.
2007). O mesmo também pode ser esperado entre girinos de outras espécies, ja que a
disponibilidade de alimento e a dieta das larvas podem variar entre habitats (Altig et al.

2007) e at¢ mesmo dentro de um mesmo ambiente (i.e. microhabitats, Kloh et al. 2019).
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Entre outros caracteres, ¢ possivel que a dieta afete também a coloragdo dos girinos,
assim como em adultos (Umbers et al. 2016).

Varidveis ambientais s3o normalmente medidas em estudos de ecologia de
comunidades de girinos por representarem fatores que podem ser limitantes a
sobrevivéncia e ao desenvolvimento das larvas (McDiarmid & Altig 1999). Virios
desses fatores, no entanto, alteram também a morfologia das espécies (McDiarmid &
Altig 1999). O pH, por exemplo, pode influenciar a morfologia oral externa das larvas
(Devi et al. 2016). Logo, entender as relagdes ecomorfoldgicas de girinos implica
investigar também fatores cuja relagdo com a morfologia ndo ¢ tdo evidente. Além
disso, € preciso considerar a interagdo entre esses fatores em futuros estudos, ja que os
efeitos sobre a morfologia de girinos podem ser sinergéticos (e.g. Thiemann &

Wassersug 2000).

Analise integrada da morfologia oral

Normalmente a relagdo entre a alimentagdo dos girinos e a morfologia oral ¢
estudada separadamente entre as estruturas externas (Orton, 1953; Wassersug &
Yamashita 2001, Venesky et al. 2013) e as internas (Kenny 1969; Wassersug, 1972;
Vera Candioti 2006, 2007). Um dos problemas desse tipo de abordagem, ¢ que a
deteccdo (ou ndo) da relagdo ecomorfoldgica fica restrita a apenas uma parte da
morfologia oral envolvida na alimentacdo das larvas. Consequentemente, questoes sobre
a partilha de nicho entre as espécies e a estrutura de comunidades dificilmente sdo
respondidas (Altig & Johnston 1989). Estudos integrados das estruturas orais internas e
externas podem ser mais informativos sobre a relagdo entre a morfologia e o hébito
alimentar das espécies. Esses estudos podem incluir a andlise dos itens alimentares que

compdem a dieta dos girinos (e.g. Picheli 2016), o tamanho das particulas e/ou o
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volume do alimento ingerido pelas larvas. Além disso, eles podem contribuir com o
reconhecimento de especializacdes no comportamento alimentar das espécies (e.g.
girinos carnivoros de Ceratophrys cranwelli, Vera Candioti 2005).

Sugestivamente seria possivel testar a relagdo entre os tipos de substrato que os
girinos raspam para obter alimento e a morfologia oral externa das espécies (e.g.
Annibale et al. 2019; Annibale et al., dados nao publicados) e, posteriormente relacionar
os parametros do alimento ingerido desses substratos (e.g. tamanho das
particulas/volume) e a morfologia oral interna das larvas (e.g. Vera Candioti 2007; Kloh
et al. 2019). Isso porque as estruturas orais externas possuem a fungdo de remover a
matéria organica dos substratos (Wassersug & Yamashita, 2001), enquanto as estruturas
internas filtram o alimento (Kenny 1969; Wassersug 1972). Assim, seria possivel
entender se os girinos escolhem substratos onde eles sdo mais eficientes em remover

alimento e que ainda contenham itens alimentares de facil ingestao e digestao.

Plasticidade

Dependendo das condigdes bidticas e abiodticas do ambiente girinos podem
expressar diferentes fendtipos e comportamentos (Petranka and Kennedy 1999; Agrawal
2001; Richter-Boix et al. 2007). A plasticidade fenotipica ¢ melhor documentada,
principalmente para a relagdo entre girinos e predadores (e.g. Relyea 2002; Van Buskirk
2017). Por outro lado, a plasticidade comportamental, bem como o proprio
comportamento dos girinos, sdo pouco conhecidos. Sabe-se, por exemplo, que a
plasticidade no comportamento dos girinos permite que eles utilizem inclusive o
ambiente fora da agua para escolher micro-habitats e fugir de predadores (de Sousa et
al. 2011), alternem o habito alimentar dependendo do tipo de alimento disponivel (de

Sousa et al. 2015) e selecionem substratos para obter alimento (Ramamonjisoa et al.
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2017). Por esse motivo, padroes entre a morfologia e aspectos ecoldgicos das espécies
podem ndo ser tdo evidentes. Entretanto, conhecer a plasticidade das larvas de anuros
nos permite entender a variagcdo nas relagdes ecomorfoldgicas das espécies, por exemplo
em um gradiente ambiental (Van Buskirk 2009) e ainda como ela ¢ selecionada (Van
Buskirk and Relyea 1998). Nas regides tropicais, por exemplo, estudos que investiguem
a plasticidade das larvas podem nos ajudar a entender a diversidade morfolégica de

tantas espécies € como elas estdo distribuidas nos tdo diversos tipos de ambiente.

Desafios para o Brasil

No Brasil, a alta diversidade de espécies ¢ por si s6 uma grande oportunidade
para pesquisas originais e inovadoras. As contribuicdes da pesquisa brasileira a
ecomorfologia de girinos tém sido de grande valor, porém, com um maior investimento
na ciéncia do pais, serd possivel realizar pesquisas ainda mais avangadas e desafiadoras,
e em territorio nacional. Isto significaria ir além de estudos que inferem a ecologia das
larvas pelas caracteristicas morfologicas das espécies e as incluem em guildas
ecomorfoldgicas pré-estabelecidas. Significa testar questdes mais amplas em
ecomorfologia, que ajudem a explicar a alta diversidade de forma que existem entre as
larvas de anuros do Brasil. Isso inclui testar novos fatores que possam influenciar
aspectos ecologicos das larvas, como a partilha de nicho (e.g. substratos onde os girinos
exploram alimento no lugar apenas da dieta), a plasticidade fenotipica (e.g. pressdo do
hidroperiodo sobre a morfologia) e a selecdo natural (e.g. respostas adaptativas as
mudangas climaticas). Além disso, o incentivo (cientifico e financeiro) as observagodes
naturalisticas definitivamente pode contribuir com a ecomorfologia de girinos. Além de
fornecer evidéncias com o minimo de interferéncia, as observagdes em campo sdo

primordiais para que novas questdes sejam levantadas acerca das relagdes
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ecomorfoldgicas das espécies. Dessa maneira, o Brasil pode se tornar um referéncia em
estudos ecoldgico-evolutivos sobre as larvas de anuros, preenchendo importantes

lacunas no conhecimento e contribuindo com dados para a conservagdo das espécies.

CONCLUSAO

Os estudos sobre a ecomorfologia de girinos vém aumentando com o tempo e
trazendo contribuigdes valiosas para a compreensdo da evolucdo da variagdo
morfoldgica entre girinos. Porém, como uma érea de estudo relativamente nova na
ciéncia, ainda ha muitas questdes que precisam ser testadas para preencher grandes
lacunas no conhecimento. Mesmo assim, € uma area que tende a crescer, com pesquisas
inovadoras que poderdo nos ajudar a entender melhor a biodiversidade, contribuir com
dados para a conservacdo de espécies e ainda servir de base para estudos com outros

grupos de animais com ciclo de vida complexo como os anuros.
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MATERIAL SUPLEMENTAR

29 ¢

Exemplo de busca dos termos “ecomorphology”, “tadpoles” e “anuran larvae” no

mecanismo de busca avangada,

ts = ecomorph * AND ts = (anur * NEAR/2 larv = OR tadpole *) NOT ts = (shrimp * OR crustac *)
onde TS: topico (campo de busca mais abrangente); *: variagdes na terminacao
da palavra buscada (e.g. plural); AND: adiciona os termos da busca; OR: alternativas
para os termos da busca; NEAR/2: busca pelos dois termos em qualquer ordem, desde
que estejam a 2 palavras de distancia (e.g. larvae of anurans); paréntesis sdo necessarios

quando ha mais de um termo a ser buscado.
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ABSTRACT

In nature, tadpoles encounter food on substrates oriented at different angles (e.g.
vertically along stems, horizontally on the bottom). We manipulated the orientation of
food-covered surfaces to test how different orientations of surfaces affect tadpoles’
feeding efficiency. We studied taxa that differed in the oral morphology of their larvae
and position in the water column. We hypothesized that species would differ in their
ability to graze upon surfaces at different orientations and that differences in the
tadpoles’ feeding ability would result in different growth rates for the species.

The orientation of food-covered surfaces did not affect the growth rate of species
with bottom-dwelling tadpoles (whose growth rate varied only between species). Among
species with midwater tadpoles, some appear to have a generalist strategy and
experienced a high relative growth rate on numerous substrate orientations whereas
others achieved high growth rates only on flat substrates (i.e. at 0° and 180°).

We conclude that oral morphology constrains tadpoles’ ability to feed at different
substrate orientations, and this could lead to niche partitioning in structurally complex
aquatic environments. Because physical parameters of the environment can affect
tadpoles’ growth rate, characterizing these features might help us better understanding

how competition structures tadpole assemblages.

Key words: ecomorphology, substrate angle, anuran larvae, feeding behavior, niche

partitioning, oral morphology.
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INTRODUCTION

The external oral apparatus of most anuran larvae is comprised of a soft,
marginally papillated, oral disc that surrounds keratinized jaw sheaths and rows of
keratinized labial teeth (McDiarmid & Altig 1999). The function of the marginal
papillae is not well established, but some studies suggest that they can facilitate certain
tadpoles’ ability to adhere to substrates in lotic environments (e.g. Altig and Johnston,
1989). However, the keratinized structures of tadpoles are well described because of
their use in anuran systematics (e.g. Orton, 1953; Starrett, 1973; Vera Candioti, 2007).
The keratinized jaw sheaths and labial tooth rows lie anterior and posterior to the oral
opening. Those keratinized structures are used by tadpoles to scrape or bite organic
material off the substrate as food (Wassersug & Yamashita 2001). The keratinized and
soft structures vary substantially in complexity among species as both labial tooth rows
and marginal papillae can vary in size, arrangement, and configuration (McDiarmid and
Altig, 1999; Altig, 2007).

Morphological variation in oral structures of vertebrates usually reflect the
resources that are consumed (e.g. bird beaks reflect the type of food they eat (Darwin,
1859; MacArthur, 1958)). Consequently, morphological variation in oral structures
typically correlates with dietary niche (Begon et al. 2006). However, this is not the case
for many tadpoles. Tadpoles of different species, each with diverse oral structures, can
coexist in a single pond during the same season, yet individuals of each species have
similar gut contents (Rossa-Feres et al., 2004; Prado et al., 2009). This finding suggests
that tadpoles are dietary generalists, and it raises questions related to resource
partitioning in diverse community assemblages of tadpoles. Are tadpoles of many
species able to use the same resources in the same place and at the same time without

one species outcompeting the other?
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Our working hypothesis is that anuran larvae divide up the environment not
necessarily in terms of the food that they feed on, but in their efficiency for grazing
upon various surfaces, each of which have different intrinsic physical properties. These
substrate properties could include orientation, firmness, and texture. Here we explore
the first of these properties and ask, "how does the orientation of substrates affect
tadpoles feeding efficiency?" When anuran larvae differ in their efficiency to feed on a
particular surface, those efficiency differences might affect growth and development. If
so, less efficient species may explore other microhabitats to avoid competition with
more efficient species (Alford 1986).

Morphological characteristics related to locomotion and feeding are key to a
species ability to exploit the physical dimensions of a microhabitat (Higham 2007). For
example, the morphology of lizard digits is associated with climbing ability and thereby
determines where they are able to feed (e.g. on the side of rocks or the underside of
branches while upside down (Irschick et al., 1996; Higham and Jayne, 2004)). This
relationship between locomotor morphology and substrate utilization can apply to
aquatic vertebrates as well. Aquatic salamanders are able to adjust the elevation of their
heads to capture prey in the water in different orientations (Shaffer & Lauder 1985).
Similarly, cichlid fish have the ability to swim in different positions and to adjust the
orientation of their bodies and oral apparatus to acquire food from substrates oriented at
different angles (Rupp and Hulsey, 2014). Among tadpoles, differences in feeding
efficiency exist even for species that have similar feeding behavior. When feeding upon
suspended particles, species differ in rates of particle capture and also in efficiency at
gathering particles of different sizes (Seale and Wassersug 1979; Seale et al., 1982).
Thus, it is possible that variation in the keratinized oral structures of tadpoles either

limits or facilitates their ability to remove food from substrates at different orientations.
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If so, differences in feeding efficiencies on various substrates may thus both force and
enable tadpoles to partition the environment even when the food matter growing on the
surfaces may be abundant and the same.

We manipulated the angle at which food was offered to tadpoles and tested how
this angle (i.e. orientation) affected the feeding efficiency of tadpoles from several
species that differ in their oral morphology. We hypothesized that species (1) differ in
their ability to graze in surfaces at different orientations and (2) partition their habitat
use based on the orientation of the surfaces on which they graze most efficiently. We
predicted that bottom-dwelling species would be more efficient removing food from
horizontal surfaces, as these tadpoles are usually negatively buoyant and typically forage
on the bottom of ponds (Altig & Johnston 1989, McDiarmid & Altig 1999). Conversely,
we expected that tadpoles that are more commonly found in the water column would be
better able to acquire food from vertical and sloping surfaces, as they usually graze upon
stems and leaves above the bottom surface. We also predicted that tadpoles that share
the same microhabitat, but have different oral morphologies, would differ in their
feeding efficiency in relation to substrate orientation. Species, for example, with smaller
oral discs and fewer keratinized structures may have more flexible oral discs (Altig
2006b). These more flexible disks may permit them to feed more efficiently upon more
contoured surfaces, such as the vertical stems of aquatic plants. Conversely, species with
a higher number of keratinized structures usually have a larger oral apparatus, which is
in general ventrally oriented, so they may be more efficient feeding on horizontally
oriented substrates. Finally, because species that occur at the same depth of the water
column and have similar oral morphologies usually share the same resources, we
predicted that these species would feed on the same orientations with a similar

efficiency.
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MATERIALS AND METHODS

Species

We tested our hypotheses using tadpoles of five anuran species: Physalaemus
cuvieri Fitzinger, 1826, Leptodactylus fuscus (Schneider, 1799), Scinax fuscovarius
(Lutz, 1925), Dendropsophus minutus (Peters, 1872) and Trachycephalus typhonius
(Linnaeus, 1758). These species are usually classified in two guilds—benthic (P. cuvieri
and L. fuscus) and nektonic (S. fuscovarius, D. minutus and T. typhonius) (Rossa-Feres
and Nomura, 2006; Marques and Nomura, 2015). This classification is based primarily
on the position where tadpoles are found in the water body (benthic = bottom; nektonic
= midwater) and on their external morphology. Benthic tadpoles typically have
dorsoventrally compressed bodies, shallow fins, and dorsal eyes. Nektonic tadpoles
have more laterally compressed bodies, deep fins, the presence of a flagellum at the tip
of the tail, and lateral eyes (McDiarmid & Altig 1999).

We selected these species based on the morphology of their external oral
structures (Fig. 1). We used their labial tooth row formula (LTRF) to characterize
variation in keratinized structures among species because the number and the
arrangement of the rows in the oral disc is species specific (McDiarmid & Altig 1999).
All these species use their keratinized oral structures to free organic materials from
substrates when they feed. Thus, variation in LTRF configuration likely influences
tadpole’s grazing ability. Tadpoles of D. minutus have one ventral and two lateral
marginal papillae rows and a LTRF = 0/1 (Fig. 1). The oral disc of this species is small
(in comparison to the following species) and terminal positioned (i.e. at the tip of the
snout). Tadpoles of 7. typhonius present two marginal papillaec rows, LTRF =
4(1,2,4)/6(1,6) and the oral disc anteroventrally positioned (Fig. 1). Tadpoles of S.

fuscovarius have one marginal papillae row, LTRF = 2(2)/3(1), and an anteroventrally
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positioned oral disc (Fig. 1). The oral morphology of bottom-dwelling tadpoles (L.
fuscus and P. cuvieri) is similar to S. fuscovarius in LTRF and the number of marginal
papillae (Fig. 1). Similar to S. fuscovarius, tadpoles of L. fuscus have their oral disc
anteroventrally positioned. However the oral disc of P. cuvieri tadpoles is more
ventrally positioned and its third posterior tooth row is one third smaller than the other
posterior tooth rows (Rossa-Feres & Nomura 2006).

The microhabitats where tadpoles of these species most frequently occur also
differ (Fig. 2A). The larvae of all these species live in lentic environments, but L. fuscus
and P. cuvieri are bottom-dwelling and occur in shallow microhabitats such as puddles
or the margins of ponds (Eterovick & Sazima 2000, Schulze et al. 2015, Queiroz et al.
2015). Tadpoles of L. fuscus are usually observed grazing on organic materials that fell
into the water or scraping stems and leaves of aquatic plants (Schulze et al. 2015).
Tadpoles of P. cuvieri can also be found close to macrophytic aquatic vegetation
(Eterovick & Sazima 2000). Tadpoles of S. fuscovarius, D. minutus and T. typhonius
usually occur in the midwater of deeper water bodies, commonly close to vegetation
(Vasconcelos and Rossa-Feres, 2005; Vasconcelos et al., 2011; Schulze et al., 2015).
Tadpoles of T. typhonius can also be found in shallow water (Schulze et al. 2015).
Importantly, the tadpoles of these five species can be temporarily and spatially
sympatric (Vasconcelos and Rossa-Feres, 2005; Rossa-Feres and Nomura, 2006; dos

Santos et al., 2007; Vasconcelos et al., 2011).
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T. typhonius s Dl - 1 LTRF = 4(1,2,4)/6(1,6)

=.

D. minutus 3 LTRF = 0/1

S. fuscovarius

P._cuvieri LTRF = 2(2)i3(1)

Fig. 1. The species tested in the study (left), the oral apparatus of tadpoles (center) and a schematic illustrating
(right) of the tadpoles’ keratinized structures base the labial tooth row formula (LTRF). Besides differences in
LTRF (indicated in the figure), midwater tadpoles also differ in marginal papillae row configuration: 7. typhonius
with two marginal papillae rows; D. minutus with one ventral and two lateral marginal papillae rows; and S.
fuscovarius with one marginal papillae row. Also, the oral disc of D. minutus tadpoles is terminal positioned. The oral
morphology of bottom-dwelling tadpoles (L. fuscus and P. cuvieri) is similar to S. fuscovarius. However tadpoles of
P. cuvieri have a more ventrally positioned oral disc and their third posterior tooth row is one third smaller than the
other posterior tooth rows (in Rossa-Feres and Nomura, 2006). Photographs are on the same scale and were provided
by K.O.R. Picheli.
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Fig. 2. Schematic drawing of the tadpoles’ microhabitats. (A) The illustration (not drawn to scale) indicates where the tadpoles
of the different species are usually found in natural ponds whether temporary or permanent. Tadpoles close to the bottom—~P.
cuvieri (1), which can also be found close to aquatic vegetation (Eterovick and Sazima, 2000) and L. fuscus (2). Tadpoles in the
water column—S. fuscovarius (3), D. minutus (4) and T. typhonius (5). Tadpoles of the three species are generally found close to
vegetation. Tadpoles of 7. typhonius are also found in shallow water (Schulze et al. 2015). (B) Schematic for our predictions. From
the left to the right, we expect (1) differences in feeding efficiency between species that inhabit different depths of the water
column, with higher growth rates on horizontal surfaces for bottom-dwelling tadpoles, and on vertical surfaces for midwater
tadpoles. We also expected (2) different foraging abilities depending on the angle where tadpoles forage, among species that inhabit
the same microhabitat, but differ substantially in oral morphology. Next we expected (3) similar ability to remove food from
substrates for species that inhabit the same microhabitat and have similar oral morphology, with higher growth rates when grazing
on horizontal surfaces. Our predictions (B) were based on the microhabitats where the tadpoles occur naturally (A).

Sampling and experiment design

All tadpoles were collected from ponds in the northwest region of Sao Paulo
state, Brazil (Fig. 3) between October 2015 and February 2016. Tadpoles were
acclimatized in the laboratory in polyethylene aquaria for three days before the

beginning of the experiments. During the acclimation period, we maintained tadpoles in
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dechlorinated water, at a 12:12 light:dark photoperiod, with air temperature between

27°C and 28°C and at a water temperature of approximately 25.5°C. Tadpoles also

received a powdered commercial algal based food that contains Spirulina and sea algal

meal (Sera Micron®) ad libitum.
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Fig. 3. Sampling area. The black dots
represent the ponds where tadpoles
were collected in each municipality
(orange, yellow and green areas) of
Sdo Paulo state (highlighted in dark
grey on the smaller map of Brazil).
The cross on the Sdo Paulo state map
represents the northwest region where
these municipalities are located.
Credit: Alba Navarro Lozano.

Experiments were conducted under the same conditions of luminosity and

temperature that the tadpoles experienced during acclimation. However, during the

experiment, tadpoles were individually housed in glass aquaria (15 x 10 x 13 cm) with

the containers’ sides covered with a blue adhesive to prohibit visual contact between

tadpoles in neighboring aquaria, and to reduce stress that other colors may cause (based
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on fishes; Maia and Volpato, 2013). The aquaria were filled with dechlorinated water
that was gently aerated.

We used tadpoles in similar developmental stage (26 — 29; Gosner, 1960) during
the experiments because tadpoles in this period grow in size (trunk and tail), but do not
have well developed limbs. Also during this period there is little differentiation of other
anatomical structures, such as oral structures (McDiarmid & Altig 1999). Within
species, we selected tadpoles of similar overall total length.

To standardize food availability, we followed the protocol used by Venesky et
al. (2013). We diluted Sera Micron® in water at a concentration of 40 mg/ml™'; then
brushed the suspension on one side of a standard glass microscope slide (surface area
19.8 cm?). We repeated the brushing procedure three times for each slide, then allowed
the slides to dry for 24 h. We fit the slides in plastic supports, which were then placed
on a metal screen at the bottom of each aquaria—this allowed us to orient the slides
with food at different angles. Specifically, we placed one slide with food at one of the
following five treatment angles per aquarium: 0°, 45°, 90°, 135° and 180° (Fig. 4). We
individually tested from 10 to 12 tadpoles of each species at each of the five angles
(Table S1). The tadpoles remained in the aquaria for seven days during testing. The
experiments were conducted using two species at a time which resulted in 110 different
aquaria during a trial (55 aquaria for each species). During the experiments, the test
aquaria were placed side by side in four lines and the order of treatments was
randomized. We changed the microscope slides containing food twice per day in each

test aquarium to assure food was readily available.
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Fig. 4. Experiment design. Schematic drawing (not to scale) for tadpole feeding during the experiments. Each treatment is
represented by one tadpole in a glass aquarium. The green bar represents the food on a microscope slide, oriented by the
plastic supports (in white) on a metal screen at the bottom of the aquarium. The spot in the green bar represents the mark that

tadpoles leave on the slide after removing food.

We used an analytical balance with readability of 0.1 mg to measure the tadpoles
mass before and after the experiments. At the time they were weighed, we photographed
each tadpole to estimate its length with Image]®™ software (https://imagej.nih.gov/ij/).
We used body length rather than total length to assess tadpole growth because tails,
especially fins and flagella, could be easily injured. By taking measurements from
photographs instead of directly from the tadpoles, we reduced the amount of time we
handled tadpoles and kept them out of the water.

Mass and body length before and after the experiments were used to calculate

(Egn 1) the tadpole’s relative growth (RG):

(Xfinal — Xinitial)
Xinitial

RG(x) =

where X represents either the mass or body length measurement (Table S1).
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We estimated food consumption with pictures taken from each slide after
tadpoles feed on them. Using the GIMP® software (https://www.gimp.org/), we overlaid
the picture with a grid (2 x 2 mm?) and counted the number of squares filled and not
filled with food to calculate the percentage of food consumption (consumption = not
filled squares/total of squares).

Tadpoles gain mass directly by consuming food, but also experience energetic
costs associated with searching for and removing food from the substrate. As such, we
consider feeding efficiency as the growth rate (RG) of individuals, rather than food
consumed, to account for differences in energetic costs of removing food from different

substrate angles.

Ethics statement

We collected the tadpoles with approval from the Institute of Environment and
Natural Renewable Resources (IBAMA) and Chico Mendes Institute for Biodiversity
Conservation (ICMBio)—Authorization and Information System on Biodiversity
(SISBio) permit number: 18163-1 to Denise de Cerqueira Rossa-Feres. Maintenance of
tadpoles and the experiments were in accordance with the Ethics Commission on the
Use of Animals (CEUA - 121/2015).

After the experiment, tadpoles were immersed in an anesthetic solution of 2%
lidocaine. The tadpoles were then placed in a preservative solution made up of 70%
ethanol and 15% formalin. This procedure was important to confirm species
identification and also to make the tadpole specimens available for future studies.
Preserved specimens were deposited in the Scientific Collection of Universidade

Federal de Goias (UFQG).
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Statistical analyses

We first tested whether species with similar oral configuration, but different
microhabitat use, differ in efficiency when removing food from substrates at different
orientations (Prediction 1, Fig. 2B). For this prediction, we used a two-way ANCOVA
to test how relative body mass (response variable) was affected by treatment angle
(predictor variable, five levels: 0°, 45°, 90°, 135°and 180°) and by species identity
(predictor variable, two levels: S. fuscovarius—midwater, and L. fuscus—bottom-
dwelling), using food consumption as the covariate. We also used a two-way ANOVA
to test how relative body size (as the response variable) was affected by the same
treatments (predictor variable, five levels—angle of substrates) and the same species
(predictor variable, two levels) as factors.

We next tested whether species that usually occur at the same depth within the
water column, but differ in oral morphology, vary in efficiency when grazing upon
substrates at different orientations (Prediction 2, Fig. 2B). We used the same statistical
model as above to test this prediction: two-way ANCOVA with relative body mass as
the response variable, with angles (five levels: 0°, 45°, 90°, 135°and 180°) and species
identity (three levels: D. minutus, S. fuscovarius, T. typhonius) as predictor variables
and food consumption as the covariate. When relative size was the response variable,
we used a two-way ANOVA with angles (five levels—same as before) and species
(three levels—as before) as predictor variables.

Finally, we tested whether species that commonly occur in the same depth
within the water column and present similar oral morphologies have similar efficiencies
feeding at the same substrate orientations (Prediction 3, Fig. 2B). We used the same
statistical model to test this prediction: two-way ANCOVA with relative body mass as
the response variable, with angles (five levels: 0°, 45°, 90°, 135°and 180°) and species

identity (two levels: P. cuvieri, L. fuscus) as predictor variables and food consumption
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as the covariate. When relative size was the response variable, we used a two-way
ANOVA with angles (five levels—same as above) and species (two levels—same as
above) as predictor variables.

We considered the amount of food consumed as a covariate for relative mass
only, once we confirmed that mass was a more direct correlate with food consumed than
linear measurements of size (Leips and Travis, 1994; Alvarez and Nicieza, 2002).

When the analyses of variance and covariance identified significant effects of
factors on the response variable, we used the post hoc Fisher’s test (Least Significant
Difference, LSD) to identify specific differences among groups. It was necessary to log
transform the relative mass data of species tested in the first and second predictions in
order to meet the assumptions of the analyses. We performed all analyses with R

software (version 1.0.143, R Development Core Team, 2017).

RESULTS

Food consumption rate was a positive predictor of tadpole mass (all prediction
tests: p < 0.05, Table 1). The substrate orientation influenced the feeding efficiency of
tadpoles that have similar external oral morphology, but differ in where they are found
within a pond. For example, tadpoles of L. fuscus and S. fuscovarius (benthic and
nektonic, respectively) have similar oral morphology, but their relative mass gain
depended on the substrate orientation. However, substrate orientation did not affect the
relative mass gain of species that occur within the same microhabitat (e.g. bottom-
dwelling tadpoles). Among tadpoles that differ in their oral morphology, but occur in
the same microhabitat, we found a species by treatment interaction. This indicates that
some species had similar growth rates regardless the orientation of substrates, but others

were more efficient when feeding in specific orientations.

69



CAPITULO 2

Table 1. Effect of the orientation of the substrate upon which tadpoles could graze

(treatments) on growth rate (relative mass and body size) of species.

Species Prediction Response variable Source df F p
Consumption rate 1 35.88 <0.001
Species 1 1.07  0.30
Relative mass* Treatments 4 5.07  0.001
. fuscovarius 1. Midwater a.nd Spef:ies*Treatments 4 046 0.75
L. fuscus bottom-dwelling Residuals 83
tadpoles
Species 1 0.74  0.39
Relative body size** Treatments 4 3.06 0.02
Species*Treatments 4 1.13 034
Residuals 84
Consumption rate 1 39.14 < 0.001
Species 2 308.43 <0.001
Relative mass* Treatments 4 11.56 <0.001
S. fuscovarius Species*Treatments 8 3.71  <0.001
T. typhonius 2. Midwater tadpoles Residuals 132
D. minutus
Species 2 2841 <0.001
Relative body size** Treatments 4 3.74  0.006
Species*Treatments 8 .13 0.34
Residuals 133
Consumption rate 1 155.72 <0.001
Species 1 12.60 <0.001
Relative mass* Treatments 4 1.43  0.22
Species*Treatments 4 221 0.07
L. fuscus 3.Bottom-dwelling Residuals 95
P. cuvieri tadpoles
Species 1 88.85 < 0.001
Relative body size** Treatments 4 0.53 0.71
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Species*Treatments 4 1.33  0.26
Residuals 96

*ANCOVA two-way; **ANOVA two-way. df, degrees of freedom; F, F-ratio (observed F statistic value); p,
probability value.

Bottom-dwelling vs midwater tadpoles with similar oral morphology

When comparing L. fuscus and S. fuscovarius, substrate orientation significantly
affected tadpole relative mass (F = 5.07, p = 0.001). Neither species nor the interaction
between species and treatment affected relative mass change (Table 1). Tadpoles of
both species experienced the greatest change in mass when feeding on horizontal angles
(i.e. 0° and 180°; Fig. 5A). Specifically, tadpoles gained 30% more mass when feeding
on substrates at 0° compared to tadpoles that fed on substrates at 135° (Fischer test, p =
0.002).

We found differences in tadpole’s relative body length among substrate
orientations (F = 3.05, p = 0.02, Fig. 5B, Table 1), but not between species (Table 1).
Tadpoles feeding upon both substrates at 0° and 180° increased 7% more than tadpoles
grazing on substrates at 45° (Fischer test, p = 0.02), 90° (Fischer test, p=0.01) and 135°

(Fischer test, p = 0.04).
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Fig. 5. Effect of substrate orientation on growth rate of bottom-dwelling (L. fuscus) and midwater (S. fuscovarius)
tadpoles that have similar external oral morphology. The legend identifies the species for both graphs. (A) Relative
mass vs percentage of food consumed by orientation of the substrates (two-way ANCOVA). Solid and dashed lines
represent significant regression lines between relative mass and food consumption by treatment. The probability values
(p) for this relationship and the number of tadpoles tested (n) are presented in respective colors to each species in the
panels. Symbols (circles and squares) represent each individual. (B) Relative body size vs percentage of food consumed
by orientation of the substrates (two-way ANOVA). Symbols represent mean values and bars indicate standard error.
Species had similar growth rates (A, B, p > 0.05), but performed better feeding on horizontal substrates (A, B, p < 0.05).

Similar microhabitat (midwater) but different oral morphology

The interaction between substrate angles and species significantly accounted for

the variation in tadpoles’ mass (F = 3.71, p < 0.001, Fig. 6A, Table 1). Tadpoles of T.

typhonius and S. fuscovarius did not differ in their relative mass feeding on substrates at

all the angles tested. Tadpoles of D. minutus had the poorest performance when grazing

on substrates at 45° (i.e. half the mass of tadpoles feeding at horizontal angles, Table

72



CAPITULO 2

S1). These tadpoles, which have the simplest oral disc, gained more mass than the other
two species.

When we analyzed the relative lengths of tadpoles, we found variation among
species (F = 28.41, p < 0.001, Fig. 6B, Table 1) and among treatments (F = 3.74, p =
0.006), but not their interaction. Among species, tadpoles of D. minutus had the least
increase in size compared to 7. typhonius (Fischer test, p < 0.001) and S. fuscovarius
tadpoles (Fischer test, p < 0.001). We did not find differences in relative growth
between T. typhonius and S. fuscovarius (Fischer test, p = 0.84). Among orientations,
tadpoles feeding at 0° increased 8% more than those at 90° (Fischer test, p < 0.001) and
5% more than those at 135° (Fischer test, p = 0.03). Also tadpoles feeding at 180°
increased 6% more than tadpoles feeding at 90° (Fischer test, p = 0.006).

Due to this intriguing result for D. minutus (i.e. the highest mass gain and the
lowest body growth among species), we investigated whether the low increase in body
size was compensated for by an increase in tail lengths (using Eqnl). We only used tail
measurements from individuals whose tail was not folded behind their body in the
pictures; (n = 43). Indeed, we verified that their tails increased around 30% in length

and was 20% greater than the increase in body size.
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Fig. 6. Effect of substrate orientation on growth rate of midwater tadpoles with different oral configurations. The
legend for species applies to both graphs. (A) Relative mass vs percentage of food consumed by substrate angles (two-way
ANCOVA). Solid and dashed lines represent significant regression lines between relative mass and food consumption by
treatment. The probability values (p) of this relationship and the number of tadpoles tested (n) are presented in respective
colors to each species in the panels. Symbols (circles, triangles and squares) represent each individual. (B) Relative size vs
percentage of food consumed by orientation of the surfaces (two-way ANOVA). Symbols represent mean values and bars
indicate standard error. The orientation of the substrates affects not only the ability of tadpoles to feed, but also their growth
rates. Note that some species were more specialists and had higher growth rates depending on the substrate orientation.
Tadpoles of D. minutus were generalists and presented a higher increase in relative mass despite the angle of substrate (A,
interaction effect between species and substrate orientations, two-way ANCOVA, p < 0.001). However, this species had the
least increase in body size (but a high increase in tail length).

Similar microhabitat (bottom) and oral morphology

The relative mass gained by bottom-dwelling tadpoles with similar oral
morphology showed no effect of treatments (F = 1.43, p = 0.22, Fig. 7A, Table 1).

Between species, tadpoles of L. fuscus doubled their mass, while the mass gain for
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tadpoles of P. cuvieri was only half that of L. fuscus tadpoles (F = 12.60, p < 0.001,

Table S1).

Also, treatments had no effect on tadpole’s relative body size (F = 0.53, p =

0.71), but tadpoles of L. fuscus increased 10% than those of P. cuvieri (F = 88.84, p <

00.1, Fig. 7B, Table 1).
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same orientations (A, B, p > 0.05), with differences in growth rate only between species (A, B, p <0.001).

75



CAPITULO 2

Other behavioral observations
Tadpoles moved their tails much less frequently when feeding at the angles of 0°
and 180°, floating while grazing. In contrast, at 45°, 90° and 135° tadpoles swam up and

down while grazing.

DISCUSSION

Theory suggests that morphologically similar species who use the same
resources have the highest competitive potential (MacArthur and Levins 1967) and may
fail to coexist (Gause 1934). Among tadpoles, competition for nutritional resources has
controversially been considered weak (e.g. Heyer 1976) or of secondary importance in
natural settings (Skelly and Kiesecker, 2001; Schiesari et al., 2009). That is because of a
general perception that tadpoles are not particularly selective in terms of when and
where they acquire food, feeding in a rather continuously and non-discriminatory
fashion on the most available resources (Lajmanovich 2000). This perception is
endorsed by the fact that despite diversity in oral morphology, much of what is found in
tadpole alimentary tracts are the same common and abundant food items (Rossa-Feres et
al., 2004). This suggests that food is not below a limiting threshold to force competition
(Heyer 1976).

There is evidence, however, that tadpoles can select and compete for resources
based on the nutritional properties of the food and/or by the characteristics of the
substrates where they graze (e.g. Kupferberg, 1997; Pfennig et al., 2007; Ramamonjisoa
et al., 2017). In our study we provide new insights on niche partitioning among tadpoles
as we show that the orientation of substrates can affect tadpole’s growth rates.
Regardless of whether food type is a limiting resource for tadpoles or not, the physical
properties of the substrates where they forage can be. Although we used an

experimental approach to control for the substrate orientation, food can be found on the
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surfaces of macrophytes, rocks, or even suspended in the water column and thus
oriented in all sorts of directions. Our data indicate that tadpoles may thus partition the
habitat in terms of the surface orientations upon which they most efficiently graze.
Overall, all tadpoles were able to feed and grow on substrates at all orientations,
however some species (e.g. T. typhonius and S. fuscovarius) showed the best feeding
efficiencies when foraging on horizontal substrates (i.e. at the angles of 0° and 180°).
Although we did not measure any functional morphological traits, it is plausible that
tadpoles of these species can make kinematic adjustments of their oral apparatus at
these substrate angles to provide the best contact with the substrate (McDiarmid & Altig
1999). Furthermore tadpoles appear to be able to feed at these angles with little active
swimming, because they exhibited little tail movement while grazing. The size of their
lungs and the adjustment of their center of buoyancy may provide more stability and
reduce energy costs (Alexander 1966), influencing tadpoles’ efforts to get the optimal
position for grazing. In contrast, tadpoles had lower growth rates when feeding on
substrates at 45°, 90°, and 135°. In these treatments, tadpoles swam more while grazing.
The lower growth rates may thus reflect an increased energetic cost for tadpoles feeding

at these angles and not kinematic adjustments.

Bottom-dwelling vs midwater tadpoles with similar oral morphology

Body shape commonly reflect tadpoles’ preferred microhabitat (Marques and
Nomura, 2015; Queiroz et al., 2015), but this may not correlate closely with the
substrate orientations upon which tadpoles feed most efficiently. Tadpoles of S.
fuscovarius are usually found close to leaves and aquatic plants in midwater (Schulze et
al. 2015). Yet, contrary to our prediction, they exhibited the least efficiency on

substrates positioned at 90° angle. In fact, bottom-dwelling and midwater tadpoles had
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similar growth rates when feeding on horizontal substrates (similar relative mass at 0°
and relative body size at 0° and 180°). In contrast, tadpoles of L. fuscus have higher
feeding efficiencies grazing at all the substrate orientations—tadpoles doubled mass at
all the angles tested. This reflects a large niche breadth in terms of orientation of
substrates.

These species differ in overall external morphology, but have similar oral
morphology. Besides, their oral discs are in the anteroventral position (Rossa-Feres &
Nomura 2006). This suggests that the tadpoles’ overall morphology is of secondary
importance in influencing their ability to feed at different orientations. Differences in
external body morphologies may be important in helping the larvae to orient to surfaces
upon which they graze—specifically maintaining an optimal body position while
grazing. Body shape may also reflect adaptions to factors other than feeding behavior.
For example, midwater tadpoles usually have deep tails with high fins and a flagellum
at the tip. This design may aid maneuverability for the tadpole when under predator

attack (Wassersug 1989).

Similar microhabitat (midwater) but different oral morphology

We found statistically significant differences in feeding efficiency among
tadpoles that live in the same microhabitat but have different oral morphology when
allowed to graze on substrates at different orientations. This suggests that interspecific
variation in mouthparts influences the ability of tadpoles of different species to forage,
depending on characteristics of the physical habitat. This in turn, reflects niche
partitioning among species.

Tadpoles of T. typhonius and S. fuscovarius were equally able to gain mass

feeding at all orientations of substrates, but they had higher body lengths in specific
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angles. In particular, the increase in body size of both species was higher for tadpoles
feeding on horizontal surfaces and for tadpoles of 7. typhonius on substrates at 45°. This
indicates that these tadpoles can be more restricted in their microhabitats, feeding
preferentially on surfaces where they benefit both by gaining mass and growing more.
Tadpoles of D. minutus, which have the simplest oral morphology, were more
generalists in terms of their effectiveness in graze on substrates at different orientations,
with similar growth rates at all angles of substrates (despite reduced relative mass gain at
45°). These tadpoles achieved higher relative mass than the other species, but, inversely,
had smaller body lengths. That was compensated for by greater investment in tail
growth, which was greater than body growth. Thus, tadpoles of D. minutus differed from
the other midwater species in their strategy to invest in growth of different parts of their
body.

Although these species co-occur in close proximity to each other in ponds (Prado
et al., 2009), they can forage for the same nutritional resources in functionally different
ways (e.g. Rupp and Hulsey, 2014). As such, our results challenge the presumption that
competition is low for tadpoles (Heyer 1976). Even if tadpoles do not partition the
environment in terms of what they ingest, our data demonstrate that they may differ in
terms of where they can most effectively acquire food and grow well. When tadpoles
explore the same alimentary resources, variation in performance is the most likely factor
to producing shifts in the microhabitats used by tadpoles for foraging and consequently
their feeding niche (e.g. Pfennig and Murphy, 2002; Pfennig et al., 2007). Contrary to
Heyer (1976) then, we suggest that competition may be a factor driving the evolution of
diversity in tadpole mouthparts and thus lead to species segregation among anuran

larvae.
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Similar microhabitat (bottom) and oral morphology
As the bottom-dwelling species that we examined are morphologically similar in
body shape and oral morphology, we predicted that tadpoles would be equally efficient
in feeding on the variously oriented substrates. This was corroborated. Both species (P.
cuvieri and L. fuscus) were grazing generalists in terms of the orientations of substrates.
This ability to graze and grow successfully upon substrates despite their orientation
might represent an additional and important factor for these tadpoles to survive in a
variety of habitats where they are found. These habitats include marginal areas of deep
water ponds, shallow ponds (Queiroz et al. 2015, Schulze et al. 2015) and even in
puddles close to streams (e.g. P. cuvieri in 1cm-deep puddles, Eterovick and Sazima,
2000; and in the very shallow margins of rivulets, D. C. Rossa-Feres, unpublished
observation).
We did observe some differences in feeding efficiency between the tadpoles of
L. fuscus and those of P. cuvieri. Tadpoles of L. fuscus consumed more food and also
had higher growth rates than the P. cuvieri larvae. Possibly other factors contribute to
differences in feeding efficiency between these species, such as behavior—e.g. levels of
activity can have a straightforward relationship with consumption of food (Anholt &
Werner 1995). Other variables might also be important for these species in defining
their preferred feeding niche (e.g. vegetation, Waringer-Loschenkohl, 1988; pH, Devi et

al., 2016; ontogeny, Glos et al., 2017).

Conclusions and future directions

In our study, tadpoles were able to feed on substrates at all angles tested,
however, with different efficiency. Differences in feeding efficiency and morphological

specializations can play an important role in nutritional acquisition in structurally
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complex environments (Higham 2007). Morphological variation in the tadpole oral
apparatus can be key to their feeding efficiency. The differences that we found in the
tadpoles’ feeding performance when foraging on substrates at different angles may thus
be an important aspect of niche partitioning for the species.

In summary, this study advances our understanding of the ecology of neotropical
tadpoles, which are poorly studied despite their high taxonomic diversity (especially in
Brazil; Rossa-Feres et al., 2015). Our experiments demonstrate that the orientation of
substrates influences tadpoles feeding efficiency, which is fundamental for tadpole
survival. Whereas some species (e.g. bottom-dwelling tadpoles and larvae of D.
minutus) are more generalists in terms of the orientation of the substrate upon which
they feed efficiently, other species are more specialists and perform better feeding on
substrates at specific orientations. This indicates that species are not only segregated by
preferred position in the water column (e.g. bottom/midwater/surface), but also by the
orientation of substrates upon which they graze.

We suggest that competition has been underappreciated in studies with anuran
larvae. Even if food type is not a limiting resource for tadpoles, their efficiency to
capture food depends on physical properties of substrates, as we have demonstrated
with orientations of surfaces in our experiments. Competition can be reduced for
tadpoles by using different portions of the same substrate (e.g. the stems versus the
underside of a leaf) and at the same depth of the water column. Thus, tadpoles may
partition aquatic habitats more than previously presumed—e.g. not only in terms of their
depths in the water column, but also due to the orientations of substrates upon which
they feed.

In our study we were not able to elucidate intrinsic differences in nutrient

assimilation among the species. Together with how much food the larvae are able to
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remove from the substrates and ingest, nutrient assimilation may influence their growth
rates. Such basic data about tadpoles’ biology would fill major gaps in our knowledge
of anuran larval ecology and evolution. Similarly, kinematic data on how tadpoles
position their oral disc, body and tail while grazing on different substrates would further
advance our understanding of what behavioral factors influence tadpole feeding
efficiency. Future studies should test more species and explore other physical properties
of the microhabitat that may be relevant to tadpole resource partitioning. These could
include, for example, time of day, surface stiffness, and surface roughness. Such
research would greatly advance our understanding of how tadpoles of different species

coexist.
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SUPPLEMENTARY INFORMATION

Table 1. Mean + standard deviation (s.d.) of measurements, relative and absolute growth of species.

CAPITULO 2

Measurements Relative (%) Absolute

Body size (mm) Mass (mg) Body size Mass Body size (mm) Mass (mg)

Species Treatment n Initial Final Initial Final Mean £s.d. Mean £s.d Mean +s.d Mean +s.d
0° 11 12.03+£0.63 1531+1.15 286.76 +40.51 644.89+£88.85 0.27+0.10 1.26+0.28 3.30+1.20 358.10 +74.30
45° 9 1224+1.03 15.06+1.23 276.61+£52.05 601.58+111.27 0.23+0.10 1.20+0.42 2.80+1.20 324.90 +£93.50
T. typhonius 90° 11 1230+1.12 14.16+0.97 284.89+63.06 565.10+110.62 0.15+0.07 1.00+0.26 1.90 £0.80 280.20 = 70.60
135° 11 11.84+1.03 1438+0.77 268.82+54.32 53476 £87.19 0.21+0.07 1.02+0.32 2.50+0.70 265.90 +76.20
180° 11 11.99+0.57 14.68+1.29 268.99+43.23 564.85+130.58 0.22+£0.09 1.09+0.38 2.70+1.10 295.90 + 106.40
12.08 = 0.88 14.72 +£1.08 277.21 +£50.63 582.24 +105.70 0.22+0.09 1.11+0.33 2.60 £1.00 305.00 + 84.20
0° 11 1077096 11.80+0.69 64.65+11.73 356.03+45.14 0.10+£0.08 4.75+1.64 1.00 £0.70 291.30 +51.20
45° 10 10.09+0.77 11.22+1.08 89.39+14.81 26890+68.43 0.11£0.05 2.03+0.62 1.10£0.60 179.50 £ 62.10
D. minutus 90° 11 1031+1.11 11.35+1.22 70.88+17.08 287.67+61.30 0.10£0.07 3.22+1.21 1.00+0.70 216.80 +57.80
135° 11 11.05+0.82 12.06+0.99 73.90+14.50 320.15+64.49 0.09+0.08 3.48+1.33 1.00 £0.80 246.20 £+ 65.50
180° 11 10.16 096 11.37+0.94 61.68+17.17 293.06+66.84 0.12+£0.06 4.02+ 1.68 1.20 +0.60 231.40 £ 65.40
10.48+0.92 11.56+0.98 72.10+15.06 305.16+61.24 0.10+0.07 3.50=+1.30 1.00 = 0.70 233.00 + 60.40
0° 9 7.71+£0.61 993+0.80 124.83+37.93 241.63+41.12 0.29+0.08 1.00+0.37 2.20 +0.60 116.80 £ 28.70
45° 10 8.56+0.51 10.35+0.90 162.94+28.57 308.00+79.81 0.20+0.07 0.88+0.32 1.80+0.70 145.00 £ 61.10
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8.73+£0.63 10.20+0.99 149.39+38.57 270.63+86.79 0.16+0.07 0.79+0.21 1.40 £ 0.70 121.20 +51.40
8.07+0.52 953+1.05 139.03+20.32 228.04+58.05 0.18+0.11 0.64+0.32 1.40 +0.90 89.00 + 48.80
7.56+0.53 9.53+0.82 115.71+11.99 224.02+4592 0.26+0.12 0.93+0.30 1.90 = 0.90 108.30 +=39.90
813+0.56 9.91+091 138.38+27.48 254.46+62.34 0.22+0.09 0.85+0.30 1.70 £0.70 116.00 + 45.90
937+0.53 11.41+£0.63 134.11+19.22 293.41+61.36 0.21+0.33 1.18+0.07 2.00 +0.60 159.30 = 50.10
9.62+043 11.32+0.73 152.75+21.84 29890+33.57 0.17+0.19 0.97+0.05 1.70 £ 0.50 146.10 +22.70
9.55+0.81 11.36+0.58 144.48 £34.53 291.24+61.02 0.19+0.57 1.08+0.08 1.80+0.70 146.80 + 53.30
935+£0.57 11.32+£0.58 145.15+27.38 285.54+4598 0.21+0.16 0.98+0.06 1.90 £ 0.60 140.40 + 25.50
9.58+0.48 11.92+0.52 143.18+15.00 324.16+4090 0.24+0.35 1.28+0.07 2.30+0.60 180.90 + 40.40
9.49+£0.56 11.47+0.61 143.93+23.59 298.65+48.57 0.20+0.32 1.10=+0.07 1.90 £ 0.60 154.90 + 38.40
793+£0.73 8.62+0.77 103.93+2291 156.53+32.22 0.09+0.06 0.53+0.29 0.70 = 0.40 52.60 +21.50
7.62+0.49 827+0.39 100.55+19.95 14836+22.33 0.08+0.04 0.49+0.17 0.60 = 0.30 47.80 + 14.90
7.86+0.76 8.66+0.71 10594+21.32 165.11+£28.49 0.10+0.06 0.58+0.19 0.80 +0.60 59.10 + 14.70
742+0.65 796+0.35 9294+19.17 123.56+14.08 0.07+0.05 0.36+0.18 0.50 = 0.30 30.60 = 11.50
738+045 7.93+0.51 9087+17.64 120.23+26.68 0.07+0.06 0.32+0.16 0.50 = 0.50 29.30 £ 15.60
7.64 £0.62 829+0.55 98.84+20.20 142.76+24.76 0.08 £0.05 0.46 +0.20 0.60 = 0.40 43.80 £ 15.60

Measures of mass and body size were taken on the first day of the experiment before releasing the tadpoles into the aquaria (Initial), and on the seventh day, at the end of the experiment
(Final). Relative growth was calculated as Eqnl. Absolute growth was calculated as the difference between the initial and final measures of tadpoles. Values in bold represent mean and s.d.
for the species, considering all orientations. n: number of tadpoles by treatment.
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ABSTRACT

Tadpoles graze food upon a variety of substrates that differ in surface texture
(e.g. smooth leaves, rough rocks). We tested how interspecific variation in the external
oral morphology of nine species influenced tadpoles’ performance when feeding on
smooth, striated or rough substrates. We looked into: differences in (1) the number of
labial tooth rows, (2) number of gaps in the labial tooth rows and (3) emarginations and
number of gaps in the marginal papillae rows among species.

Tadpoles with a higher number of labial tooth rows were generalists in terms of
substrate surface textures, whereas those with few keratinized structures were specialists
on smooth surfaces. Tadpoles with the same number of labial tooth rows, but different
number of gaps in these structures were able to grow well regardless the texture of
substrates. However, tadpoles with the generalized oral configuration (i.e., LTRF:
2(2)/3(1)] had higher growth rates than the other species. Among these tadpoles, the
species with a single marginal papillae row with no gaps and emargination performed
well grazing upon all the substrates tested. Tadpoles with the same marginal papillae
row configuration have the same ability to acquire food from the same substrates;
tadpoles with more gaps in this soft tissue performed well only when grazing on rough
substrates.

We demonstrated that variation in oral morphology influences tadpoles’ ability
to acquire food from substrates with different textures, with consequences to growth
rate. We provide insights about specializations in feeding behavior and the adaptive

significance of variation in external oral morphology.

Key words: Feeding behavior, foraging surfaces, anuran larvae, niche breadth,

ecomorphology.

&9



CAPITULO 3

INTRODUCTION

Compared to other vertebrates tadpoles have a simple body form. In contrast they
have exceptionally complex oral structures used for feeding — mainly grazing upon
substrates (Orton, 1953; Wassersug, 1975). For most tadpoles, the oral apparatus is
comprised of an oral disc with keratinized jaw sheaths and rows of labial teeth, surrounded
by a soft tissue and marginal papillae (McDiarmid and Altig, 1999). When a tadpole
closes its mouth during a gape cycle, the jaws can bite organic material off the substrate
(Venesky et al., 2010a). The labial teeth help to anchor the oral disc to the substrate and
can also cyclically rake organic material from the substrate to optimizing grazing
(Wassersug and Yamashita, 2001; Venesky et al., 2010a). The soft tissue of the oral disc
can help holding the keratinized structures on the substrate, and marginal papillac may
also have a sensory role (Altig and Brodie, 1972; Van Dijk, 1981; Wassersug and
Yamashita, 2001). Tadpoles can adjust to these structures to achieve the best contact with
the substrate to remove food efficiently (McDiarmid and Altig, 1999; Venesky et al.,
2010a; Wassersug and Yamashita, 2001).

Physical characteristics of substrates are known to influence feeding for many
grazing animals. That is because these substrates vary in physical properties — i.e., in
their toughness, texture, orientation, temperature, composition, color (e.g. Ximenez et al.,
2012; Hanlon et al., 2015; Ramamonjisoa et al., 2017). Among herbivorous insect species,
for example, as surface toughness increases, less food is removed from the substrates
(Clissold et al., 2009). As such, the content ingestion becomes slower and the assimilation
of nutrients in the gut decreases. Among tadpoles, as toughness of substrates increases,
tadpoles choose softer materials, regardless the nutritious content (Ramamonjisoa et al.,
2017). There appears to be a trade-off between the nutritional gain and the effort to

remove and ingest food from the substrates (Ramamonjisoa et al., 2017). As tadpoles
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forage on diverse substrates, from smooth leaves to irregular rocky surfaces (Duellman
and Trueb, 1994), many other physical properties may influence tadpoles feeding as well.
Differences in substrate surface texture, for example, may be a major constraint on
nutrient acquisition by tadpoles, because they determine the friction between the oral
structures of animals and the surface upon which they graze. When tadpoles feed on
relatively smooth surfaces, the labial tooth rows can have a large area of contact with the
substrate and can aid the jaw sheaths in removing food material. However, the ability of
the teeth to anchor the oral disc to the surface may be ineffective on very smooth surfaces
because of low friction (Wassersug and Yamashita, 2001). Conversely, when tadpoles
feed on rough and irregular surfaces, their adherence to the surface may be higher. The
labial teeth may have a better contact with rougher surfaces, holding the oral disc to the
surface and allowing the jaws to bite off food more effectively. The marginal papillae may
possibly interdigitate with crevices on irregular surfaces, increasing friction and thus,
further helping hold tadpole mouths against the surface (based on fish, Wainwright et al.,
2013; Ditsche et al., 2014). However, rugose substrates provide refuge for macroalgae as
they diminish the ability of grazing animals like tadpoles to reach food within recesses
(Dudley and D’Antonio, 1991). This ability to acquire food from substrates may differ
among species as tadpoles’ oral structures vary in many features, as shape and flexibility
of oral structures (Altig, 2006). Jaws vary in size, curvature, thickness and size of
serrations (McDiarmid and Altig, 1999). The labial teeth vary among species in shape;
e.g., in curvature, size, and presence of cusps on their heads (Vera Candioti and Altig,
2010). The rows of labial teeth and marginal papillae also vary in number and
configuration; e.g., in number and position of gaps, and in emarginations (McDiarmid and
Altig, 1999). Variation in oral structures may thus affect the ability of tadpoles to adjust

their mouths to different shapes and textures of substrates.
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As substrate surface texture influences tadpole feeding mechanics (Wassersug and
Yamashita, 2001) that is likely to influence tadpole performance measured by their growth
rate. Differences in tadpoles’ performance based on substrate surface texture could lead to
niche partitioning among species. If species differ in their ability to capture nutrients off of
surfaces that vary in texture that could explain why one can find multi-species tadpole
assemblages where gut contents suggest that there is little variation in diet.

We designed experiments to test whether tadpole grazing on surfaces with
different textures — smooth, rough and striated — affected their growth rates as a measure
of performance. We included in our experiments species with different oral configuration.
The tadpoles varied in the number of labial tooth rows, the number and disposition of gaps
in their labial tooth rows and in their marginal papillae rows, and lastly emarginations of
the rows of marginal papillac. We predicted that tadpoles’ performance would vary due to
differences in (1) the number of labial tooth rows, (2) number of gaps in the labial tooth
rows and (3) emarginations and number of gaps in the marginal papillae rows. Species
with fewer labial tooth rows (e.g., a single row) would have higher growth rates grazing
upon a broader range of surface textures. A low number of keratinized structures is
supposed to add flexibility to the oral disc allowing tadpoles to graze efficiently even in
crevices on rough substrates (Venesky et al., 2010b; Venesky et al., 2011). Thus, this type
of oral disc may be better adjustable to more types of surfaces. Species with more gaps in
labial tooth and marginal papillae rows, and with more emarginations in the marginal
papillae rows, would perform better feeding on striated and rough substrates. We based
this prediction on the idea that more gaps may facilitate mobility of oral structures
(Gradwell, 1975; McDiarmid and Altig, 1999) allowing them to conform better to

irregular surfaces. Finally, species with more rows and less gaps may not be as efficient in
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accessing recesses on the surface of rough substrates. We thus predicted that they would

perform better feeding on smooth surfaces.

MATERIALS AND METHODS

Species

We selected pond dwelling tadpoles from nine anuran species. The tadpoles varied
in the number of: 1) labial tooth rows, 2) gaps in the labial tooth rows, and 3) gaps and
emarginations in the marginal papillaec rows (Table 1, Fig. 1). These species are commonly
found in the same habitats and often consume the same resources; e.g., tadpoles of
Physalaemus cuvieri, P. nattereri, and Leptodactylus fuscus can be found together on the

bottom of the same pond; Vasconcelos et al., 2011).

Table 1 Oral configuration of tadpoles of the species tested.

Marginal Papillae Configuration

Species n  Labial tooth
row formula
Row number Emarginations Gaps
Dendropsophus minutus * 36 0/1 1(V)/2(L) - D
Pseudopaludicola mystacalis ' 21 2(2)/2 1 L DV
Leptodactylus podicipinus *? 33 2(2)/3 2(V)/3(L) A% D
Leptodactylus fuscus 23 45 2(2)/3(1) 1 - D
Physalaemus cuvieri >3 35 2(2)/3(1) 1 L DVL
Physalaemus nattereri 23 45 2(2)/3(1) 1 L D
Scinax fuscovarius 23 36 2(2)/3(1) 1 L D
Hypsiboas raniceps ? 21 2(1,2) /7 3(1) 1 \Y D
Hypsiboas albopunctatus * 36 2(1,2) / 3(1) 1 \Y D

The number beside the species name represents the prediction in which the species was tested. That is, variation in: (1) the number of
labial tooth rows, (2) number of gaps in the labial tooth rows and (3) emarginations and number of gaps in the marginal papillae rows of
species influences tadpoles’ performance when feeding on substrates with different surface textures. V: ventral; L: lateral; DV: dorsal and
ventral; DVL: dorsal, ventral and lateral.
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Fig. 1 Lateral view (left) and external
oral morphology (right) of the species
tested in the three predictions.
Prediction 1: tadpoles with 1 to 3
posterior labial tooth rows (D. minutus,
P. mystacalis and L. podicipinus,
respectively). Prediction 2: tadpoles with
the same number of labial tooth rows,
but with 1 to 3 gaps in these structures
[L. podicipinus (1); L. fuscus, P. cuvieri,
P. nattereri and S. fuscovarius (2); H.
albopunctatus and H. raniceps (3)].
Prediction 3: tadpoles with the same
labial tooth row configuration, but
different  marginal  papillae  row
configuration. That is a marginal papillae
row: complete (L. fuscus), with a lateral
emargination (P. nattereri and S.
fuscovarius), with a lateral emargination
and gaps (P. cuvieri). Credit: Katiuce O.
R. Picheli.
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Collection and acclimation of tadpoles

Tadpoles were collected between January and April 2017 from ponds located in
open areas on the northwestern region of Sao Paulo state, Brazil (Fig. 2). They were housed
in polyethylene aquaria containing dechlorinated water, which was gently and constantly
aerated. We used a 12:12 light:dark photoperiod and air room temperature circa 28°C,
which maintained water at ~25.5°C. We fed tadpoles ad libitum with a commercial algae-
based powdered food, containing Spirulina and sea meal (Sera Micron®). Tadpoles were
acclimatized in these conditions for at least three days before the experiment.
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Fig. 2 Sampling area. Tadpoles were collected in lentic water bodies (black dots) in
three municipalities (blue, green and yellow areas) in the northwestern region (red cross)
of Sao Paulo state (dark gray area in the map of Brazil). Credit: Alba Navarro Lozano.
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Experiment

During the experiments, temperature and photoperiod were maintained the same as
in the acclimation period. The experimental design was based on Annibale et al. (2019). We
used glass aquaria (15x10x13cm) filled with dechlorinated water and one tadpole per
aquaria. The water in each aquarium was continuously aerated, and it was not changed
during the experiment to avoid stressing the animals. We covered the aquaria walls with a
blue adhesive to reduce stress that other background colors and movement outside the
aquaria might cause to tadpoles (based on fishes, Maia and Volpato, 2013). We arranged the
aquaria in rows on the laboratory bench and randomized the order of treatment that each
aquarium would represent.

We offered the food to the tadpoles on plates (3.2 x 17.5 cm) made of a moldable
plastic (TermoMorph®™). The surfaces of the plates were either 1) smooth, with no recesses
or any other irregularities on their surfaces (Fig. 3A), 2) grooved to give a striated surface
with a clear pattern to their roughness (Fig. 3B) or 3) abraded in such a way that they were
irregularly rough (Fig. 3C). These plates represented three treatments in an increasing order
of complexity in the substrate surface texture: smooth, striated and rough, respectively. The
three surface textures reflect stylized surface contours that can be found in nature ponds —
certain aquatic plants have smooth leaves but striated stems; rocky surfaces are rougher and

irregularly textured.
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Fig. 3 Experiment treatments. Images A-C shows a tadpole grazing on a plastic plate coated with Sera Micron (in green). Images D-F
shows details of the plastic plate textures. These images correspond to the following surface textures tested: (A and D) smooth, (B and E)
striated, and (C and F) rough. As tadpoles graze, they scour the substrate, so it is possible to see the marks left on the surface where food was
removed. The species in the images are: (A) S. fuscovarius, (B) L. podicipinus and (C) L. fuscus.

On each plate, we spread 03 ml of a liquid mixture of water and Sera Micron®

(concentration of 80 mg.ml™"). We allowed the plates to air dry for at least 6 hours so the
mixture would be firmly attached to the surfaces (adapted from Venesky et al., 2013). Next,
we placed one plate per aquarium (respective to each treatment), horizontally and at the
bottom of the aquaria. Our previous research established that tadpoles will feed on Sera
Micron presented to them in this fashion (see Annibale et al., 2019). We changed the plates
twice a day to guarantee that food would be available ad libitum throughout the experiment.

Each tadpole received food on plates with the same type of texture during the whole
experiment. The experiment lasted five days for all species. We tested from 10 to 15
tadpoles of each species per treatment (ni = 308). Within species, we selected tadpoles
with similar total length (Table S1) and Gosner stages (between 28 to 32, Gosner, 1960).
Some species had a lower sampling as tadpoles did not attend to the requirements of similar

size and developmental stage (Table S1).
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In order to estimate the tadpole’s relative growth during the experimental period, we
weighed and photographed each tadpole at the beginning and at the end of the experiment.
We used an analytical balance (A&D, GR-200) with readability of 0.1 mg to weigh the
tadpoles, and used a digital camera (Sony Cyber Shot DCS TX 10 and TX20) to photograph
the larvae in lateral view. The photographs were analyzed with the software Image]®
(https://imagej.nih.gov/ij/) to obtain measures of tadpole’s body and total length (i.e., body
+ tail length). By doing so, we obtained respectively the initial and final measures of

tadpole mass and size. We inferred the tadpoles’ relative growth, using the formula:

rg(x) ==

-
where A = difference between the final and initial measures, X = mass or size measures,
and i = initial measure.

We captured digital images of all the plastic plates offered to the tadpoles using a
scanner (HP, LaserJet M1132). We used the particle analysis tool in the software ImageJ® to
quantify the percentage of food removed from each plate. In total, we analyzed 10 plates by
tadpoles (two plates by day during five days of experiment). We calculated the mean
percentage of food removed from these 10 plates as a measure of food consumption by

tadpole for the following analyses.

Statistical analyses

We tested the hypothesis that tadpoles with different oral morphologies differ in
performance when feeding on substrates with different surface textures. Because all tested
tadpoles feed by rasping organic material from surfaces (e.g. Venesky et al., 2013; Annibale
et al., 2019; F.S. Annibale, pers. obs.), we considered differences in external oral
morphology as the main factor to produce variation in the tadpoles’ ability to feed on

substrates with different textures. We used the taxonomic name of species as a surrogate for
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the variation in number of labial tooth rows and in configuration of the rows of labial tooth
and marginal papillae among them for all analyses.

We analyzed separately the relative mass and size (body and total length) of
tadpoles to verify the effect of the different substrates on different parameters of growth.
We used the growth rates of the tadpoles as a measure of their efficiency to graze and
consume food from surfaces, and then invest it in growth. However tadpoles that consumed
more food did not necessarily gain more mass. Presumably, such differences in tadpoles
mass are due to intrinsic differences in digesting the food and in nutrient assimilation.
Because we were not able to distinguish these effects, we used the relative growth (not the
absolute values) to reduce the effects inherent to the species (i.e., the initial and final
measures of tadpoles). We also used food consumption as a covariate to control its effect on
the relative mass gained by tadpoles when testing our predictions. We did not use food
consumption as the covariate in the analyses of tadpoles’ size (body and total size) because
the amount of food that animals consume is more directly related to the increase in mass
than length (Leips and Travis 1994; Alvarez and Nicieza 2002).

In order to meet the analyses assumptions we log transformed the relative mass for
every analyses performed with this variable and the total size of species with a different
number of gaps in labial tooth rows (Prediction 2). We used the post hoc Tukey’s test
(Honestly Significant Difference, HSD) to identify differences among groups when the
analyses of variance and covariance found the effect of an explanatory variable on the
response variable. When the interaction between factors was significant, we analyzed the
results by interpreting the graphs. All analyses were performed in R software version

1.0.143 (R Development Core Team 2017).
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Prediction 1: variation in the number of labial tooth rows influences differently the

growth rate of species grazing upon substrates with different textures

We used a two-way ANCOVA to test the effect of different types of substrates on
the relative mass of species with different number of tooth rows. We selected only three
species for this prediction because they represented an increasing order in the number of
posterior labial tooth rows (i.e. from 1 to 3, Fig. 4). Also, only these species have complete
posterior labial tooth rows in our pool of tadpoles, so selecting them removed the effect of
gaps in these structures for the analysis. The tadpole’s relative mass was the response
variable in our statistical model, which also included species and substrate texture as
explanatory variables, and the percentage of food consumed by tadpoles as a covariate.
Each of our explanatory variables had three levels (species: D. minutus, L. podicipinus, and

P. mystacalis; substrate texture: smooth, striated, and rough).
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Fig.4. Schematic illustration (not to scale) for variation in the number of labial tooth rows among the
species tested in Prediction 1. The schemes represent tadpoles of (A) D. minutus, (B) P. mystacalis and
(C) L. podicipinus, and the increasing order in the number of labial tooth rows among species. Note that all
the species have complete posterior tooth rows.

We used an ANOVA-two-way to test whether irregularities on substrate surfaces
affect tadpole’s increase in body size. In this case we used the species identity and the
treatments as explanatory variables, and tadpoles’ body size as response variable. We used

the same statistical model with tadpoles’ total size as response variable.
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Prediction 2: variation in the number of gaps in the labial tooth rows influences
differently the growth rate of species grazing upon substrate with different textures

For this prediction, we selected only species with the same number of labial tooth
rows: two anterior and three posterior. They varied in the number of gaps in these structures
(i.e. from 1 to 3, considering both anterior and posterior tooth rows, Fig. 5). Thus, we tested

seven species.
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Fig. 5 Schematic illustration (not to scale) for variation in the number of gaps in the labial tooth rows
among the species tested in Prediction 2. All tadpoles tested in this prediction have the same number of
labial tooth rows (i.e. 2 anterior and 3 posterior), but they differ in the number of gaps in these keratinized
structures. Tadpoles of (A) L. podicipinus have one gap, (B) L. fuscus, P. cuvieri, P. nattereri and S.
fuscovarius have 2 gaps, and (C) H. albopunctatus and H. raniceps have 3 gaps.

We used a two-way ANCOVA to test the effect of different types of substrates on
the gained mass of species with different number of gaps in labial tooth rows. We used
tadpoles’ relative mass as the response variable, and the percentage of food consumed by
tadpoles as a covariate. In this case, we used as explanatory variables the species (seven
levels: P. nattereri, P. cuvieri, L. fuscus, S. fuscovarius, L. podicipinus, H. albopunctatus
and H. raniceps), and the substrate type (three levels — smooth, striated and rough).

We also tested the effect of the different substrates on tadpole’s body size among the
same species using a two-way ANOVA. We used the relative body size as a response
variable and the species identity and the substrate textures as the explanatory variables. We

used the same statistical model with tadpoles’ total size as response variable.
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Prediction 3: variation in marginal papillae configuration influences differently the food
consumption of species grazing upon substrates with different textures

To this test, we selected only species with the same oral configuration: the same
number of labial tooth rows and the same number and position of gaps in these structures —
i.e. LTRF = 2(2)/3(1). Tadpoles varied only in the marginal papillae configuration,
representing an increasing order of complexity in morphology — i.e. a marginal papillae
row: complete, emarginated with no gaps, emarginated with gaps, respectively (Fig. 6).
Thus, we tested four species.

A B C

Fig.6 Schematic illustration (not to scale) for variation in the marginal papillae configuration. The schemes
represent tadpoles of (A) L. fuscus, (B) P. nattereri and S. fuscovarius, and (C) P. cuvieri. All these tadpoles
have the same number of labial tooth rows and the same number if gaps in these structures [LTRF = 2(2)/3(1)].
They also have a single marginal papillae row, but this structure is complete in tadpoles of L. fuscus, laterally
emarginated in tadpoles of P. nattereri and S. fuscovarius, and is laterally emarginated and interrupted by lateral
and ventral gaps in P. cuvieri.

When testing the effect of the different substrate textures on species with different
marginal papillae row configuration, we used food consumption as a response variable.
Differences in growth rate among them were already known, as these tadpoles were part of
the group of species tested in Prediction 2.

We used a two-way ANOVA to test the effect of different surface textures on the
food consumed by species with differences in marginal papillae row configuration. We used
the percentage of food consumed by tadpoles as the response variable. Species identity (four
levels: L. fuscus, P. cuvieri, P. nattereri and S. fuscovarius), and the substrate texture (three

levels — smooth, striated and rough) were used as explanatory variables.
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RESULTS

In our experiments, tadpoles were able to feed upon all types of surfaces but with
different performances as measured by their growth rates. In general, tadpoles feeding on
striated surfaces had lower growth rates in contrast to those feeding on smooth and rough

substrates.

Prediction 1: variation in the number of labial tooth rows influences differently the

growth rate of species grazing upon substrates with different textures

Despite the different number of tooth rows on the oral disc among the species,
tadpoles had a similar increase in body size regardless the substrate upon which they
grazed (Table 2, Fig. 7A).

However, the interaction between species and the surface texture produced
variation in the relative total size of tadpoles (Table 2, Fig. 7B). Both tadpoles with a
low and an intermediate number of labial tooth rows (D. minutus and P. mystacalis,
respectively) had the greatest increase in total size when grazing on smooth surfaces.
However, these tadpoles showed less change in total sizes grazing on substrates with
more recesses. Tadpoles with more labial tooth rows (L. podicipinus) had the opposite
response: the rougher the surfaces, the higher the increase in total size. For example,
feeding on rough substrates, tadpoles of L. podicipinus increased 6% more than D.
minutus and 8% more than P. mystacalis.

Interaction between species and treatments also explained variation in the
relative mass of the tadpoles (Table 2, Fig. 7C). Tadpoles with more labial tooth rows
(L. podicipinus) gained mass regardless the substrate texture on which they grazed.

Tadpoles with an intermediate number of labial tooth rows (P. mystacalis) performed
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well on both smooth and rough substrates. On striated surfaces though, tadpoles with
fewer labial tooth rows (D. minutus) gained 26% more mass than P. mystacalis. When
surface was smooth, tadpoles of D. minutus gained more mass.

Considering the three growth measures, tadpoles of L. podicipinus had good
performances feeding on the three types of surfaces. Tadpoles of P. mystacalis perform
well (e.g. in terms of relative body size and mass gain) when grazing on both smooth
and rough substrates. Tadpoles of D. minutus appear to have a specialized feeding
behavior as they had higher performances feeding on smooth substrates. Overall the
increase in number of labial tooth rows allowed tadpoles to acquire food effectively

from a broader range of surface textures.

Table 2 Effect of the different types of substrate textures (smooth, striated and rough) on the

growth rates of species® with different number of tooth rows.

Response variable Source Df F P
Species 2 0.53 0.59
Surfaces 2 1.46 0.23
Relative body size** )
Species*Surfaces 4 1.01 0.4
Residuals 79
Species 2 11.76 <0.001
] Surfaces 2 0.78 0.46
Relative total size** )
Species*Surfaces 4 4.24 0.003
Residuals 79
Food consumption 1 1.12 0.29
Species 2 2.11 0.12
Surfaces 2 3.23 0.04
Relative mass™**
Species*Surfaces 4 3.03 0.02
Residuals 80

* D. minutus, L. podicipinus and P. mystacalis;, ** ANOVA test; *** ANCOVA test.
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Fig. 7 Textures and number of labial
tooth rows. The effect of substrate textures
is shown on the (A) relative body size, (B)
total size, and (C) mass of species with
different number of labial tooth rows. (A)
Tadpoles had the same increase in body size
among all treatments. The interaction
between species and substrates affected
tadpoles’ (B) relative total size (two-way
ANOVA, F =4.24, p =0.003) and (C) mass
gain (two-way ANCOVA, F = 3.03, p =
0.02). Tadpoles with fewer keratinized
structures (D. minutus) were specialists on
smooth surfaces (B and C). Tadpoles with
more labial tooth rows (P. mystacalis and L.
podicipinus) were grazing generalists.
Schematic illustrations of keratinized
structures of tadpoles’ oral disc are provided
beside the species names in the graph
legend. Structures in red represent the
variation in the posterior labial tooth rows
among species.
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Prediction 2: variation in the number of gaps in the labial tooth rows influences

differently the growth rate of species grazing upon substrates with different textures

We found tadpoles to be overall more efficient grazing on smooth and rough
substrates than on striated ones, regardless their oral morphology (Table 3, Figs. 8A and
C). In comparison to the other substrates, tadpoles feeding off of striated surfaces
increased 3% less in body size and 15% less in mass. Tadpoles’ relative total size was
similar among species and treatments (Fig. 8B).

Differences in oral morphology were important in explaining variation in
tadpoles’ growth rates. Note that all these species tested here had the same number of
labial tooth rows—two anterior and three posterior. They differed only in the number of
gaps in labial tooth rows. As such, our results can be interpreted regarding three types of
oral configuration, representing an increasing order for the number of gaps in the labial
tooth rows. That is, tadpoles with: one gap (LTRF = 2(2)/3 — L. podicipinus), two gaps
(LTRF = 2(2)/3(1) — L. fuscus, P. cuvieri, P. nattereri and S. fuscovarius); and three
gaps (LTRF = 2(1,2)/3(1) — H. albopunctatus and H. raniceps) in the labial tooth rows.
Tadpoles with the generalized LTRF [2(2)/3(1)] had the best performances in the three
tests. Together, they grew 2 times larger in body length (Figs. 8A and S1A), and 3 times
longer in total length (Figs. 8B and S1B) than the other species. Their mass, at
minimum, doubled (Figs. 8C and S1C) compared to both Hypsiboas tadpoles and L.
podicipinus. Tadpoles either with one more or one less gap in the labial tooth rows (both
Hypsiboas and L. podicipinus, respectively) had a similar increase in body size and
mass gain. They only differed in relative total length, where tadpoles with fewer gaps

(L. podicipinus) grew almost three times larger than the Hypsiboas tadpoles.
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Table 3. Effect of different types of substrate textures (smooth, striated and rough) on
the gained mass of species™ with different oral configuration — i.e., different number of

gaps in labial tooth rows.
Response variable Source Df F P
Species 6 123.26 <0.001
Surfaces 2 3.65 0.02
Relative body size **
Species*Surfaces 12 0.97 0.47
Residuals 230
Species 6 100.94 <0.001
Surfaces 2 0.74 0.47
Relative total size **
Species*Surfaces 12 0.54 0.88
Residuals 227
Food consumption | 74.94 <0.001
Species 6 283.81 <0.001
Relative mass ***
Surfaces 2 4.04 0.019
Species*Surfaces 12 0.57 0.86
Residuals 229

* H. albopunctatus, H. raniceps, L. fuscus, L. podicipinus, P. cuvieri, P. nattereri and S.

fuscovarius; ** ANOVA test; *** ANCOVA test.
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Fig. 8 Textures and gaps in the labial tooth
rows. The effect of substrate textures is shown
on the (A) relative body size, (B) total size, and
(C) mass of species with variation in the
number of gaps in the labial tooth row formula
2/3. (A)Tadpoles had a lower increase in body
length (two-way ANOVA) and (C) gained less
mass (two-way ANCOVA) feeding on striated
surfaces (both tests: p < 0.05). (B) Substrate
textures did not affect tadpoles’ relative total
size (two-way ANOVA, F = 0.74, p = 0.47).
Species with the most common LTRF
[2(2)/3(1)] had the best performances compared
to the other species (two-way ANCOVA, F =
283.81, p < 0.001). Schematic illustrations of
keratinized structures of tadpoles’ oral disc are
provided beside the species names in the graph
legend. Structures in red represent the variation
in the number and position of gaps in tadpoles’
labial tooth rows among species.
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Prediction 3: variation in marginal papillae configuration influences differently the food

consumption of species grazing upon substrates with different textures

The interaction between the substrate textures and species produced variation in the
percentage of food consumed by tadpoles (Table 4, Fig. 9). All species with LTRF 2(2)/3(1)
were able to graze effectively on rough surfaces. They consumed from 80 to 90% of the food
from this surface. It is important to note that 1) L. fuscus tadpoles were able to feed equally
well on both smooth and rough surfaces, and that 2) P. cuvieri consumed less than 50% of the
food available on smooth and striated surfaces.

Species with exactly the same oral disc configuration (P. nattereri and S. fuscovarius)
showed the same response to the experiment. They were able to acquire food effectively from
a relatively wide range of surface textures (Fig. 9). The simpler oral configuration of L. fuscus
tadpoles (i.e., a largely continuous marginal papillae row with only one dorsal gap) allowed
tadpoles to be more effective on acquiring food regardless of surface textures (Fig. 9).
Comparatively, tadpoles of P. cuvieri, which have more complex mouths (i.e., with
emargination and more gaps on the marginal papillae) were able to feed effectively on a
narrower range of surface textures. These tadpoles did not perform well under the striated

treatment (Fig. 9).

Table 4. Effect of different types of substrate textures (smooth, striated and rough) on the
percentage of food consumed by tadpoles of species* with different marginal papillae
configuration — i.e., different number of gaps and emarginations in this soft tissue.

Response variable Source Df F p
Species 3 108.32 <0.001
Food consumption ** Surfaces 2 180.97 <0.001
Species*Surfaces 12 26.12 <0.001
Residuals 149

* L. fuscus, P. cuvieri, P. nattereri and S. fuscovarius; ** ANOVA test.
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Fig. 9 Textures and marginal papillae row configuration. Variation in food consumption among treatments of
species with the same labial tooth row formula [2(2)/3(1)], but different marginal papillae configuration (i.e.,
gaps and emarginations). The interaction between substrates and species produced variation in the percentage of
food consumed by the tadpoles (two-way ANOVA, F =26.12, p <0.001). All tadpoles consumed more food on
rough substrates. Tadpoles with more gaps in the marginal papillaec (P. cuvieri) were specialists on rough
substrates. The other species were grazing generalists despite differences in the configuration of their marginal
papillae. Schematic illustrations of tadpoles’ oral disc are provided beside the species names in the graph legend.
Colored structures represent variation in tadpoles’ marginal papillac row among species — red: number and
position of gaps; blue: emarginations.

DISCUSSION

Gut content can reveal much about what tadpoles ingest (e.g., Rossa-Feres et al., 2004;
Prado et al., 2009; Santos et al., 2016; Kloh et al., 2019), but fail to reveal where they acquire
food most efficiently and any specialization they have to acquire food from different
substrates. Consequently the role of variation in tadpole oral morphology to niche partitioning
is not as clear as it is for other groups of animals such as birds (Grant and Grant, 2002) or
mammals (Evans and Pineda-Munoz, 2018). Physical properties of substrates upon which
tadpoles graze can influence their survivorship (Hanlon et al., 2015), feeding preference
(Ramamonjisoa et al., 2016; 2017) and feeding efficiency (Annibale et al., 2019). Thus, the

substrate characteristics may be more significant than diet in revealing how species’ use and
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partition the environment. Our study is in line with these previous investigations, as we
demonstrate that the growth rate of tadpoles with different oral morphologies varies when
they graze on substrates with different textures. Such finding adds to our understanding of
how tadpoles use the environment.

Overall, all tadpoles tested here were able to feed and grow at all treatments. In the
aquatic habitat, tadpoles encounter food in a variety of substrates, with different surface
textures. Even a single substrate may have more than one type of texture. For example, a
rough rock can present smooth areas due to the development of biofilm. This changes the
frictional properties of the substrates (Ditsche et al., 2014) leading tadpoles to deal with
different resistances while grazing on substrates. However, the overall growth rate of tadpoles
grazing food from striated substrates was lower than on other surface textures. This may be
because we grooved the plastic plates to produce striated surfaces regularly spaced and with
equal topography (i.e., width between crevices: 01 mm, depth: 0.5 mm). In natural
environment this pattern may not be so common (but part of substrates as stems of leaves) or
be more subtle, so tadpoles may not be familiar to this type of surface texture. Even so, other
scales of irregularities can be tested in the future, so we can understand how tadpoles are

adapted to substrate surfaces textures.

Prediction 1: variation in the number of labial tooth rows influences differently the growth

rate of species grazing upon substrates with different textures

Tadpoles with a different number of labial tooth rows differ in their growth rates when
feeding on surfaces with different textures. Tadpoles with the oral disc terminally positioned
usually have small oral discs, with few keratinized structures (McDiarmid and Altig, 1999).
The low number in keratinized structures is considered a factor that increases flexibility of the

oral disc. As such, these tadpoles have been presumed to extract food effectively from

111



CAPITULO 3

crevices in rough surfaces (Venesky et al., 2010b; Venesky et al., 2011). Likewise, an
increased flexibility could also mean that these tadpoles would be able to graze upon a
broader range of substrates. We observed, though, the opposite. Tadpoles with the lowest
number of labial tooth rows (D. minutus) were specialists on smooth surfaces, but on surface
textures with a higher complexity, tadpoles’ performance decreased. As such, the low number
of labial tooth rows in tadpoles of D. minutus may have constrained their ability to access
food on substrates with irregularities. In contrast, a greater number of keratinized structures in
the oral disc is supposed to reduce flexibility of the oral disc. As such, tadpoles with more
labial tooth rows could be specialists in grazing specific substrates, mainly the smooth ones.
However, we found that tadpoles with more labial tooth rows (P. mystacalis and L.
podicipinus) performed better grazing on substrates with different surface textures. Tadpoles
of P. mystacalis only had a lower performance when feeding on striated surfaces. Tadpoles of
L. podicipinus were generalists and performed well in all treatments. Thus, contrary to
previous suppositions a higher number of labial tooth rows do not constrain tadpoles’
performance on substrates with complex textures.

A higher number of labial tooth rows in the oral disc, implies a higher number of
labial teeth. In turn, the number of labial teeth influences tadpoles’ efficiency to acquire food
(Venesky et al., 2010a). That is because tadpoles with more labial teeth are able to consume a
higher amount of food with fewer gape cycles. In our study, tadpoles with more labial tooth
rows (P. mystacalis and L. podicipinus) had higher growth rates than tadpoles of D. minutus
(except for mass gain). Thus, it is possible that variation in the number of labial tooth rows
may also influence tadpoles’ growth rates by producing differences in the effort to remove
food from substrates with different textures.

Differences in efficiency to obtain resources can reflect the fundamental niche of

species (Wainwright, 1991; Peres-Neto, 1999). Higher growth rates on substrates with
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specific surface textures may indicate some level of specialization of species feeding
behavior. Tadpoles of D. minutus usually forage on aquatic vegetation away from the bottom
of ponds (Schulze et al. 2015). As such, they probably forage more often on smoother (e.g.,
leaves of aquatic vegetation) than rough surfaces (e.g., rocks and sticks which lie in the
bottom of the water body). Furthermore these tadpoles also feed by filtering planktonic
organisms in the water (Rossa-Feres et al. 2004). This feeding behavior is usually related to
species with small oral discs with few keratinized structures (Vera Candioti, 2007).

Tadpoles of P. mystacalis and L. podicipinus in contrast are both bottom-dwelling, but
differ in microhabitat selection. Tadpoles of L. podicipinus are found in bustling schools in
shallow areas of ponds (Schulze et al. 2015). These ponds are usually structurally complex
and present a broader range of substrates, which vary in surface texture—e.g., rocks, leaves,
muds and fallen tree branches (FSA, personal observation). Tadpoles of P. mystacalis, in
contrast, are commonly found in small puddles and cow hoof prints close to ponds or
swamps, or in very shallow areas on the margins of ponds (Schulze et al., 2015; Pelinson et
al., 2016). These habits clearly have less diversity in substrate surface texture.

It should be pointed out that the irregularities that we produced were smaller than
tadpoles’ oral discs. It is possible that species with few keratinized structures are capable of
grazing a broader range of substrate textures if crevices are still narrow, but wider than those
that we produced. On substrates with narrow crevices tadpoles with few keratinized structures
may be able to poke their whole oral discs into the crevices and reach the food, whereas
tadpoles with more keratinized structures may not be able to do the same. If the size of
crevices is closer to the size of tadpoles’ oral discs, they may depend on the efficiency of their
keratinized structures to obtain the food. In this case, a high number of labial tooth rows can
be advantageous for tadpoles to graze substrates with more complex textures, as we observed

in this study.
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Prediction 2: variation in the number of gaps in the labial tooth rows influences differently

the growth rate of species grazing upon substrates with different textures

Tadpoles with a different number of gaps in the labial tooth rows (but the same
number of tooth rows) are generalists in terms of the efficiency to feed off of surfaces with
different surface textures. Despite a general lower performance on striated substrates, tadpoles
gained mass and grew well grazing on all the types of surface textures tested. Thus, specific
configurations of gaps do not favor tadpoles to feed on specific substrate surface textures, at
least for the range of variation that we tested.

All the species selected to test this prediction have the same number of labial tooth
rows, are dietary generalists (Rossa-Feres et al., 2004; Prado et al., 2009) and occur in a
variety of structurally complex habitats (Prado et al., 2009; Vasconcelos et al., 2011; Schulze
et al., 2015). Thus, it is likely that these tadpoles graze on organic material that grows on a
diversity of substrates that vary in texture.

We found, though, interesting differences in growth rate among the species. Tadpoles
with the most common oral configuration [i.e. LTRF = 2(2)/3(1) seen in L. fuscus, P. nattereri
and P. cuvieri, S. fuscovarius in our study] performed better than the other species. Such high
performances of tadpoles with this particular LTRF suggest a general selective advantage for
this type of oral configuration. This can help to explain why this oral configuration is
widespread among anuran families, and is found in tadpoles from a wide range of habitats,
either lentic and lotic (Orton, 1953; Altig and Johnston, 1989; McDiarmid and Altig, 1999).
Other configurations, with either more or less gaps in the labial tooth rows may represent
adaptations to other feeding contexts. This includes: specialization in substrates that differ in
shape (contoured versus flat), firmness (compact versus the particulate matter at the bottom of

ponds), surface orientation (e.g. great performances of L. fuscus tadpoles feeding upon a
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variety of surface angles, Annibale et al., 2019). These studies, though, remain to be tested.
We also encourage future studies to investigate the function of these structures. Whether gaps
in labial tooth rows influence the performance of tadpoles on other feeding contexts,
understanding the function of these gaps will be enlightening to answer how — e.g. adding
mobility to the labial tooth rows while grazing, enabling the jaws to reach larger gapes,

modifying the oral disc shape.

Prediction 3: variation in marginal papillae configuration influences differently the food

consumption of species grazing upon substrates with different textures

Different hypotheses regarding the function of marginal papillae have been raised
through the years. For example, during air-breathing they can prevent water from entering the
tadpoles’ mouths (Wassersug and Yamashita, 2001). Gradwell (1975) suggested that they
help modify the oral disc shape and increase flexibility of oral structures when tadpoles feed
on irregular substrates. They have also been hypothesized to increase adherence of the oral
disc to the substrate (Altig and Johnston, 1989). We did not test specifically the function of
such structures, but we show that variation in marginal papillae configuration can explain
differences in tadpoles’ ability to acquire food. Tadpoles with more gaps (i.e. ventral and
dorsal) in the marginal papillae perform better grazing upon rough substrates whereas the
tadpoles with less interrupted rows of marginal papillae consume food with similar
efficiencies regardless the substrate texture.

Contrary to our prediction, tadpoles of L. fuscus consume as much food on rough as
on smooth surfaces. As for lotic species, a marginal papillae row with no emargination and
with less gaps can be effective in helping tadpoles adhere to irregular substrates, such as rocks
(Altig and Johnston, 1989). Their marginal papillaec row, with no indentations and only one

dorsal gap, may aid suction to the oral disc on both smooth and rough surfaces.
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Emarginations in the marginal papillac are widely used in taxonomy to describe
species and differentiate them (e.g. Altig, 1970; Rossa-Feres and Nomura, 2006; Schulze et
al., 2015). However, the function of such structure has never been even explored. In our
study, emarginations in the marginal papillae were not a good predictor of efficiency in
acquiring food. Whether tadpoles have the oral disc emarginated or not, that does not seem to
cause differences in feeding performance on substrates with different surface textures; e.g.,
tadpoles of L. fuscus, P. nattereri and S. fuscovarius consumed the same amount of food on
both striated and rough surfaces (Fig. 4).

A higher number of gaps in the marginal papillae seems to restrict the ability of P.
cuvieri tadpoles to acquire food from smooth and striated surfaces, but improves feeding on
rough surfaces. Gaps in marginal papillae row probably reduce the adherence of the oral disc
to smooth substrates. However when feeding on substrates with more recesses, gaps may
modify the oral disc shape to conform to the irregular substrate (McDiarmid and Altig, 1999;
Gradwell, 1975). As such, adherence and adjustment of the oral disc may be improved,
increasing the ability of keratinized structures to rake organic material from the substrates.

Tadpoles of P. cuvieri however were not able to consume as much food on striated as
on smooth surfaces, contrary to our expectations. Also, tadpoles with fewer gaps in the
marginal papillae (L. fuscus, P. nattereri and S. fuscovarius) are as able as P. cuvieri to
consume food on rough substrates. Thus the functional implications of variation in gaps in the
marginal papillae rows and of the marginal papillae themselves remain unresolved. More
effort is needed to understand the adaptive significance of the variation in the marginal

papillae configuration.
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Final considerations

The role of morphology on animals ecology is a long standing issue (e.g., since
Darwin, 1859) that we pursue for understanding the adaptive significance of variation in
anatomical structures among species. Among anuran larvae, variation in oral morphology has
been extensively investigated throughout the years. Due to the efforts on functional and
adaptive morphology studies, we now have a better understanding about the feeding behavior
(Wassersug and Yamashita 2001) of different species (Venesky et al., 2011; 2013) and in
different ecological contexts (e.g., different temperatures, de Sousa et al., 2015). In our study,
we demonstrated how variation in oral morphology influences the efficiency of tadpoles to
remove food from substrates with different surface textures and assimilate that food into
growth. We also provide insights about the outcomes of the interaction between oral
morphology and substrate surface textures, such as possible specializations in feeding
behavior.

Differences in feeding performance can be determinant to influence how species select
and partition resources (Pfennig and Murphy, 2002; Higham 2007; Pfennig et al., 2007). That
is because there is likely a trade-off between the effort to remove food from substrates and its
nutritional gain (Ramamonjisoa et al., 2016; 2017). As such, tadpoles may select substrates by
textures upon which they graze with better performances. This, in turn, may lead to
specializations in feeding behavior. Differences in feeding efficiency can also lead to shifts in
microhabitat use (Pfennig and Murphy, 2002; Pfennig et al., 2007). When tadpoles differ in
competitive ability, those that perform better can deplete resources, use chemical interference
or even be aggressive towards an inferior competitor (Miller, 1967; Faragher and Jaeger,
1998). As such, tadpoles may forage on other substrates (Pfennig and Murphy, 2002; Pfennig

et al.,, 2007), regardless of whether they perform well or not. Furthermore, variation in
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performance to acquire food can also provide evidences to support the adaptive significance
of variation in oral morphology (e.g. Losos, 1990; Betz, 2002).

Future studies may find different results by producing other patterns of micro-
abrasions on substrates — e.g. a gradient in size of crevices, other types of textures. Also, the
number of species tested here corresponded to the possible options given the period in which
tadpoles occur and the time dedicated to the experiments. Thus, future studies could invest in
testing more species to increase the sampling types of external oral morphology, and testing
other types of surface textures to represent a higher range of substrates that tadpoles usually
graze upon. In our study, we were not able to discuss extensively how tadpoles use their oral
structures when grazing the different textures of substrates. This could have helped us explain
why species differ in feeding performance. Thus, we encourage future studies to test the
function of gaps in labial tooth rows, gaps and emarginations in the marginal papillae row,
and the marginal papillae themselves. There is a need as well to elucidate other factors that
may limit tadpoles’ ability to access nutrients. These include additional features of the
substrate texture and topography, physical obstacles that modify access to food, the addition
of other tadpoles to the system (hetero- or con-specifics), and tadpoles’ feeding kinematics
when grazing on different types of textures. Finally, more classic natural history would help
us understand where and how tadpoles live (Wainwright, 1991; Peres-Neto, 1999; Wassersug,

2000).
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SUPPLEMENTARY INFORMATION

Table 1. Mean and standard deviation of measurements, absolute and relative growth of tadpoles.

CAPITULO 3

Measurements Absolute * Relative (%)
Species n Treatment Body size (mm) Total size (mm) Mass (mg) Body size Total size Mass Body size Total size Mass
Initial Final Initial Final Initial Final Mean + sd Mean =+ sd Mean + sd Mean + sd Mean = sd Mean = sd
12 Smooth 9.0+0.8 10.0+0.5 25.742.0 31.1£1.8 167.8+38.4 253.8435 0.9+0.6 5.4+1.2 86.0+20.4 0.11+0.08 0.21+0.06 0.55+0.21
D. minutus 12 Striated 8.4+0.9 9.5+1.0 25.0£3.2 29.4+3.0 153+47.8 221.34+62.8 1.1+0.5 4.4+1.7 68.4+19.7 0.13+0.06 0.18+0.08 0.47+0.12
12 Rough 9.0+1.4 10.2+1.3 26.9+3.7 30.5+3.8 180+62.1 238.4£75.7 1.2+0.6 3.5+1.5 58.5+27.4 0.15+0.09 0.14+0.06 0.35+0.17
12 Smooth 9.0+0.8 10.2+0.4 25.6+2.0 32.9+3.0 191.1£38.5 369.1+45.9 1.3+0.7 7.3£2.8 178.0+£20.6 0.15+0.09 0.29+0.12 0.96+0.22
S. fuscovarius 12 Striated 8.3+0.4 9.94+0.7 25.742.5 32.7£2.4 175.1£26.2 340.2+48.4 1.6+0.7 6.7+2.0 165.2426.8 0.19+0.08 0.28+0.10 0.95+0.13
12 Rough 8.4+0.8 9.9+0.8 25.3+2.7 32.6+3.0 167.2+41.3 333.7£70.7 1.5+0.3 7.3£1.6 166.5£36.4 0.18+0.05 0.29+0.07 1.02+0.22
12 Smooth 8.9+0.8 10.5+0.6 29.0+£2.5 33.7+2.2 155.0+£33.3 244.0+42.9 1.5+0.6 4.7+1.5 88.9+30.0 0.18+0.07 0.16+0.06 0.60+0.24
H. albopunctatus 12 Striated 8.8+0.4 10.0+0.8 28.4+2.0 32.542.1 151.9+24.0 217.8431.2 1.1+0.9 4.1+1.8 65.8+27.7 0.13+0.10 0.15+0.07 0.45+0.22
12 Rough 8.0+0.7 9.3+0.7 26.0+2.7 30.8+2.2 128.6+32.1 197.6+36.6 1.3+0.7 4.7+2.3 72.44+27.8 0.17+0.10 0.19+0.10 0.58+0.21
8 Smooth 14.1+1.3 15.9+1.6 54.246.6 58.7+4.5 769.8+205.0 939.0+205.6 1.841.0 4.6+2.8 169.2494.1 0.13£0.08 0.09+0.07 0.25+0.18
H. raniceps 7 Striated 143£1.6  16.5£1.6 58.7£6.2 62.1£5.3 906.1+293.6 991.8+279.1 2.2+1.1 3.4+1.3 85.7£38.0 0.16+0.09 0.06+0.02 0.114+0.06
7 Rough 16.2+1.0  17.6£1.1 61.3£3.1 64.0+£2.0 1060.1+179.0 1193.2+171.0 1.4+0.7 2.6+1.3 133.2429.8 0.09+0.04 0.05+0.02 0.13+0.04
15 Smooth 6.6+0.4 10.9+0.7 18.8£1.6 33.0£1.9 59.62+10.1 328.3+40.2 4.3+0.7 142422 268.7+40.2 0.64+0.13 0.77+0.16 4.64+1.10
L. fuscus 15 Striated 6.3+0.4 9.840.6 17.0+2.4 30.0+£2.3 50.66+8.6 248.3+49.3 3.5+0.7 12.9+3.4 197.7445.8 0.55+0.13 0.80+0.35 3.96+0.85
15 Rough 6.5+0.4 10.4+0.5 18.7£1.9 32.6£2.6 57.0+11.0 297.84+38.6 4.0+0.4 13.9£1.9 240.9433.7 0.62+0.09 0.75+0.14 4.36+0.97
11 Smooth 8.7+0.5 10.0£0.6 22.8+1.2 27.9+1.4 127.3+13.5 188.24+20.8 1.3+0.7 5.1+1.4 60.9+13.8 0.15+0.09 0.22+0.06 0.48+0.11
L. podicipinus 11 Striated 9.0+0.5 10.1+0.8 23.0+1.4 28.7+1.4 147.9+16.4 202.1+23.1 1.1+0.8 5.7£0.6 54.2423.9 0.13£0.10 0.25+0.03 0.38+0.19
11 Rough 8.6+0.4 10.0£0.7 21.242.0 274423 125.0+24.4 184.24+45.4 1.4+0.6 6.3+1.3 59.2430.6 0.16+0.08 0.30+0.07 0.48+0.25
12 Smooth 6.4+0.4 8.3+0.4 18.5£2.9 25.6+1.9 69.9+14.6 161.0+28.5 1.9+0.4 7.0£2.5 91.2+20.4 0.30+0.09 0.41£0.28 1.34+0.38
P. cuvieri 11 Striated 6.5+0.5 7.9+0.8 18.9+1.2 24.3+1.6 65.4+12.0 133.9+£32.0 1.4+0.6 5.5+¢1.4 68.5+25.2 0.21£0.09 0.29+0.08 1.05+0.39
12 Rough 6.4+0.4 7.9+0.5 17.8+1.1 24.242.0 62.6+12.7 137.9429.3 1.5+0.4 6.3+1.3 75.2420.5 0.23£0.06 0.36+0.07 1.21+0.28
15 Smooth 7.6+0.9 10.7£1.2 20.8+2.3 31.0£3.6 88.0+21.7 284.94+87.0 3.1+0.8 10.3£2.8 196.9+£73.1 0.41+0.12 0.50+0.15 2.2440.71
P. nattereri 15 Striated 7.5+0.6 10.1£1.1 20.5+2.6 29.743.5 84.9+19.12 258.3+82.5 2.6+0.9 9.243.7 173.4+74.9 0.34+0.12 0.47+0.25 2.09+0.86
15 Rough 7.5+0.6 10.3+1.0 20.6+2.0 30.2+3.9 85.0+20.6 269.1+83.1 2.8+0.9 9.6£3.7 184.0+80.7 0.38+0.13 0.47+0.19 2.25+1.00
6 Smooth 7.1£0.5 8.5+0.6 20.24+2.6 25.0+1.9 88.2+20 124.5+18.2 1.3+0.2 4.8+1.3 36.3+10.1 0.19+0.04 0.25+0.08 0.43£0.15
P. mystacalis 6 Striated 7.3+0.8 8.0+0.7 20.3+2.8 23.6+2.4 85.44+22.4 102+25.2 0.7+0.4 3.2+1.4 16.5+11.1 0.09+0.06 0.17+0.09 0.20+0.14
9 Rough 6.9+1.1 8.0+1.0 20.0+3.0 23.1+2.4 87.7+36.4 123.14£55.7 1.1+0.4 3.1+1.7 35.4428.0 0.17+0.07 0.16+0.10 0.43£0.25

n: sampling number of tadpoles;
* Absolute measure: difference between final and initial measures.
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Fig. 1 Textures and gaps in the labial tooth
rows. The effect of substrate textures is shown on
the (A) relative body size, (B) total size, and (C)
mass of species with variations in the number of
gaps in the labial tooth row formula 2/3.
(A)Tadpoles had a lower increase in body length
(two-way ANOVA) and (C) gained less mass
(two-way ANCOVA) feeding on striated surfaces
(both tests: p < 0.05). (B) Substrates textures did
not affect tadpoles’ relative total size (two-way
ANOVA, F = 0.74, p = 0.47). Species with the
most common LTRF [2(2)/3(1)] had the best
performances than the other species (two-way
ANCOVA, F = 283.81, p < 0.001). Schematic
illustrations of keratinized structures of tadpoles’
oral disc are provided beside the species names in
the graph legend. Structures in red represent the
variation in the number and position of gaps in
tadpoles’ labial tooth rows among species.
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CONCLUSOES GERAIS

Estudos descritivos e experimentais vém contribuindo com o conhecimento
sobre as relagdes entre a morfologia e a ecologia de girinos. Através desses estudos,
uma série de mudancas em terminologias e métodos vem sendo propostas e
incorporadas para melhorar as pesquisas nessa area. Com isso, a producdo cientifica
sobre a ecomorfologia de girinos vem aumentando ao longo do tempo, com estudos
publicados em revistas de alta visibilidade e influéncia, e majoritariamente em um
idioma. Autores de paises em desenvolvimento estdo entre os que mais produzem
estudos nessa area, porém o impacto desses trabalhos ainda ndo ¢ tdo alto. Existem
ainda diversas lacunas no conhecimento que precisam ser consideradas em estudos
futuros, principalmente em regides neotropicais, onde a diversidade das larvas ¢ alta.

Em nossos estudos experimentais nds concluimos que a orientagdo e a textura
dos substratos onde girinos removem alimento podem influenciar o desempenho da
alimentacdo das larvas. Além disso, diferencas no desempenho dos girinos sdo
influenciadas pela variacdo interespecifica na morfologia oral externa. Girinos com
morfologias semelhantes possuem também desempenhos semelhantes.

Quando girinos se alimentam em substratos onde o alimento ¢ disposto em
diferentes orientagdes, a natagdo e a flutuagdo dos girinos também podem influenciar o
desempenho das espécies.

A variagdo no desempenho dos girinos que se alimentam em substratos com
diferentes texturas ¢ influenciada pelas diferencas no ntimero de fileiras de dentes
labiais e na configuragdo das papilas marginais entre as espécies, mas ndo pelo nimero

de gaps em fileiras de dentes labiais.
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