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RESUMO 

 

A TOLERÂNCIA TÉRMICA COMO FERRAMENTA PARA AVALIAÇÃO DA 

VULNERABILIDADE DE ANFÍBIOS AO AUMENTO DA TEMPERATURA 

 

AUTORA: THAÍS CIBELE ANDRÉ 

ORIENTADOR: TIAGO GOMES DOS SANTOS 

 

As mudanças climáticas podem gerar grandes efeitos sobre a biodiversidade, forçando as 

espécies a se adaptarem ou gerando grandes extinções para aquelas que não conseguem lidar 

com os efeitos diretos e indiretos do aumento da temperatura. Em especial, as larvas dos 

anfíbios são extremamente dependentes da água e possuem baixa capacidade de 

termorregulação, sendo consideradas isotérmicas em relação ao meio. Por isso, medidas da 

fisiologia térmica dos anfíbios, associadas com as temperaturas atuais e ótimas em que elas se 

encontram, são uma ferramenta bastante útil para avaliação da vulnerabilidade das espécies, 

bem como podem servir nas análises de modelagem climática e respectivas estratégias de 

conservação. No presente estudo, nós utilizamos larvas de três espécies de anfíbios anuros 

filogeneticamente próximas (Physalaemus cuvieri, P. gracilis e P. henselii), mas com 

fenologias reprodutivas diferentes, para determinar as curvas de performance térmica e indicar 

se elas já enfrentam temperaturas que podem ocasionar algum dano à sua performance. Nós 

utilizamos o crescimento das larvas ao longo de seis aclimatações térmicas representando 

temperaturas em que as espécies já vivenciam na natureza (15ºC, 20ºC 23.5ºC, 29ºC, 31ºC e 

35ºC), para determinar a temperatura ótima e para construir curvas de performance térmica. 

Utilizamos dados microclimáticos registrados na natureza para calcular a Margem de Segurança 

Térmica (TSM), a Tolerância ao Aquecimento (WT) e a Tolerância ao Resfriamento (CT), bem 

como projetamos nesses dados um cenário de futuro aumento da temperatura (+4ºC). 

Utilizamos dados macroclimáticos para avaliar a relação da temperatura do ar com a 

temperatura da água. A temperatura ótima de Physalaemus cuvieri foi 31ºC, P. gracilis foi 29ºC 

e P. henselii foi 20ºC. Physalaemus gracilis e P. henselii já vivenciam temperaturas acima da 

ótima registrada. Physalaemus henselii apresentou a TSM mais preocupante em comparação às 

demais espécies, pois apresentou a temperatura ótima mais baixa e foi sensível às aclimatações 

mais quentes. Physalaemus gracilis apresentou baixa WT, especialmente quando incluímos o 

cenário de aquecimento global. Physalaemus cuvieri foi a espécie mais suscetível ao 

resfriamento. Com estes resultados, podemos entender como a curva de performance dessas 

espécies funciona e saber quais estão mais vulneráveis aos potenciais aumentos das 

temperaturas e futuramente tentar projetar dados macro e microclimáticos aliados a fisiológicos 

como ferramentas para formular estratégias de conservação.  

 

Palavras-chave: Physalaemus. Mudanças climáticas. Temperatura ótima. Curvas de 

performance térmica. 

 



 
 

ABSTRACT 

 

THERMAL TOLERANCE AS A TOOL FOR ASSESSING AMPHIBIAN 

VULNERABILITY TO TEMPERATURE INCREASE  

 

AUTHOR: THAÍS CIBELE ANDRÉ 

ADVISER: TIAGO GOMES DOS SANTOS 

 

Climate change can have major effects on biodiversity, forcing species to adapt or generating 

large extinctions for those that cannot cope with the direct and indirect effects of rising 

temperatures. In particular, larvae of amphibians are extremely dependent on water and have 

low thermoregulation capacity, being considered isothermal in relation to the medium. 

Therefore, measures of the thermal physiology of amphibians, associated with the present and 

optimal temperatures in which they are found, are a very useful tool to evaluate the vulnerability 

of the species, as well as they can be useful in the analysis of climate modeling and conservation 

strategies. In the present study, we used larvae of three species of phylogenetically close anuran 

amphibians (Physalaemus cuvieri, P. gracilis and P. henselii), but with different reproductive 

phenologies, to determine the thermal performance curves and indicate if they already face 

temperatures that may damage your performance. We used the growth of the larvae along six 

thermal acclimations representing temperatures in which the species already live in nature 

(15ºC, 20ºC 23.5ºC, 29ºC, 31ºC and 35ºC), to determine the optimum temperature and to 

construct thermal performance curves. We use microclimatic data recorded in nature to 

calculate the Thermal Safety Margin (TSM), Warming Tolerance (WT) and Cooling Tolerance 

(CT), as well as projecting a future temperature increase scenario (+4ºC). We used 

macroclimatic data to evaluate the relationship between air temperature and water temperature. 

The optimum temperature of Physalaemus cuvieri was 31°C, P. gracilis was 29 °C and P. 

henselii was 20 °C. Physalaemus gracilis and P. henselii already experience temperatures 

above the optimum recorded. Physalaemus henselii presented TSM more worrying in 

comparison to the other species, because it presented the lowest optimum temperature and was 

sensitive to the hotter acclimations. Physalaemus gracilis presented low WT, especially when 

we included the global warming scenario. Physalaemus cuvieri was the species most 

susceptible to cooling. With these results, we can understand how the performance curve of 

these species works and know which ones are most vulnerable to potential temperature 

increases and, in the future, try to design macro and microclimatic data together with 

physiological as tools to formulate conservation strategies. 

 

Keywords: Physalaemus. Climate change. Optimal temperature. Thermal performance 

curves.  
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1. INTRODUÇÃO GERAL 

1.1 MUDANÇAS CLIMÁTICAS E IMPLICAÇÕES SOBRE A BIODIVERSIDADE 

As alterações climáticas estão presentes no planeta Terra desde o seu princípio 

(ZACHOS et al., 2001), já que na história geológica houve períodos extensos de aquecimento 

e resfriamento que foram desencadeados por mudanças na orientação e órbita do planeta 

(ANGILETTA, 2009). No entanto, na história recente, devido às intensas atividades antrópicas 

que perturbaram a atmosfera, fenômeno conhecido como efeito estufa, a Terra entrou em um 

período de aquecimento (ANGILETTA, 2009). O efeito estufa é causado quando gases como 

metano (CH4), dióxido de carbono (CO2) e clorofluorcarbonos (CFCs) retêm calor na 

atmosfera, e um dos principais efeitos do aumento das emissões de gases de efeito estufa é o 

aquecimento global. O aumento na emissão desses gases se deve ao crescimento das atividades 

humanas, como a queima de combustíveis fósseis, os novos processos industriais, o 

desmatamento e a expansão da agricultura (SANKAR et al., 2018). Embora a influência da 

concentração atmosférica de dióxido de carbono no clima global já tivesse sido identificada no 

final do século XIX (ARRHENIUS, 1896), foi apenas no final dos anos 1970 que a preocupação 

com os impactos humanos sobre o sistema climático realmente começou a crescer (FODEN et 

al., 2018). Apesar disso, ainda existe uma parcela de leigos, representantes políticos e da mídia 

que continua a questionar as causas do recente aquecimento global e até mesmo a sua existência. 

Porém, é inegável que a temperatura do planeta está aumentando de maneira acelerada e 

atualmente poucos cientistas duvidam da influência das atividades humanas nesse processo 

(ANGILETTA, 2009). Desde os meados do século 20 a influência humana no clima tem sido 

causa dominante do aquecimento observado (IPCC, 2018), com um registro de aumento da 

temperatura média do planeta de aproximadamente 0.85°C entre os anos de 1880 a 2012 

(PACHAURI et al., 2014). E, de acordo com dados mais recentes, é previsto um cenário ainda 

mais preocupante, com aumento de 6ºC até 2100 (IPCC, 2014; 2018).  

O aumento da temperatura até o momento resultou em profundas alterações nos sistemas 

naturais, incluindo aumentos dos períodos de estiagem, enchentes, fenômenos climáticos 

extremos, elevação do nível do mar e perda de biodiversidade (IPCC, 2018). Estudos já relatam 

os danos das mudanças climáticas sobre uma gama de organismos, como plantas (DUSENGE 

et al., 2018 ), invertebrados (RANK & DAHLHOFF, 2002; STILLMAN, 2003; NORSTRÖM 

et al., 2016) e vertebrados (POESCH et al., 2016; ARCHIS et al., 2018; NEWBOLD, 2018; 

VASCONCELOS et al., 2018; SCHIVO et al., 2019), bem como sobre relações tróficas e 

mutualísticas (LISTER & GARCIA, 2018; BLANCHARD et al., 2019). Dessa maneira, 
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podemos caracterizar as mudanças climáticas como uma grande ameaça em múltiplos biomas 

e escalas organizacionais (PARMESAN & YOHE, 2003), com um papel decisivo na 

reestruturação das comunidades ecológicas (NEWBOLD, 2018). De acordo com o mais recente 

relatório do IPCC (2018), as consequências dos aumentos da temperatura serão desastrosas, 

com riscos que podem ser duradouros e irreversíveis, acarretando a perda de alguns 

ecossistemas. No entanto, os aumentos da temperatura não afetarão todos os organismos 

igualmente, nem o mesmo organismo igualmente em todas as fases do ciclo de vida 

(ANGILETTA, 2009; PACIFICI et al., 2018). Assim, o entendimento das consequências do 

futuro aumento na temperatura sobre a história de vida dos organismos é ainda mais complexo. 

A temperatura é considerada um componente abiótico fundamental (ANGILETTA, 2009), uma 

vez que afeta todos os processos fisiológicos, as taxas de reações químicas (HOCHACHKA & 

SOMERO 2002) e muitas interações ecológicas (DUNSON & TRAVIS 1991). É através do 

entendimento da fisiologia térmica dos organismos que poderemos entender as reais 

consequências dessas mudanças. Isso é importante para organismos endotérmicos e, 

especialmente para os ectotérmicos, devido à forte dependência das temperaturas ambientais 

(DEUSCH et al., 2008; KINGSOLVER, 2009), que os torna vulneráveis às mudanças 

climáticas. Dessa forma, prever o que irá ocorrer com as espécies diante de um cenário de 

aquecimento global é um dos grandes desafios do momento e tem sido evidenciado por parte 

da comunidade científica (KATZENBERGER et al., 2012).  

 

1.2 FISIOLOGIA TÉRMICA: UMA FERRAMENTA PARA PREVER AS RESPOSTAS 

CAUSADAS PELO AUMENTO DA TEMPERATURA 

A fisiologia térmica teve seu início no século passado (COWLES & BOGERT, 1944, 

BRETT, 1956; JANZEN, 1967; BRATTSTROM, 1968), com maior destaque para organismos 

ectotérmicos, devido a dependência da temperatura (ANGILETTA, 2009). Nos ectotérmicos, a 

maioria dos processos fisiológicos respondem a variação de temperaturas, definindo uma curva 

de desempenho térmico ou TPC (HUEY & STEVENSON, 1979). A curva de desenvolvimento 

fisisiológico térmico sobe gradualmente de uma temperatura crítica mínima (CTmin), atinge uma 

temperatura ótima (Topt) e depois decai rapidamente para uma temperatura máxima crítica 

(CTmax) (Fig. 1). Limites térmicos críticos definem a faixa de tolerância térmica de um 

organismo, temperaturas abaixo ou acima desta faixa de tolerância resultam em 

comprometimento da função fisiológica (HILLMAN et al. 2009), como a locomoção, 

crescimento, desenvolvimento e reprodução (ANGILLETTA et al., 2002) e por fim, até mesmo 

na morte do organismo (KATZENBERGER et al., 2012). Deutsh et al. (2008) propuseram duas 
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métricas baseadas na interação entre a fisiologia e o ambiente, com a finalidade de avaliar o 

risco das espécies aos eventos extremos de temperatura. A primeira métrica é a Tolerância ao 

Aquecimento (WT), que representa a diferença entre o CTmax e a temperatura ambiental 

máxima absoluta (Thab). A segunda métrica é a Margem de Segurança Térmica (TSM), 

definida como a diferença entre a temperatura ótima (Topt) da espécie e a temperatura média 

ambiental vivenciada pela mesma.  

A estimativa da WT e da TSM nos permite uma compreensão de como as mudanças na 

temperatura ambiental podem afetar as espécies (KATZENBERGER et al., 2018).  A 

sensibilidade de organismos, como a tolerância térmica dos limites fisiológicos (CTmax e CTmin), 

bem como a quantidade e variação de exposição a fatores ambientais como temperaturas 

extremas (DEUTSCH et al, 2008; DUARTE et al, 2012), irão nos dar a probabilidade de uma 

espécie sobreviver ou se adaptar ao ser afetada pelos aumentos futuros. Portanto, determinar 

quão próximos os organismos estão dos seus limites térmicos na natureza e saber como eles são 

capazes de ajustar ou aclimatar sua sensibilidade térmica (STILLMAN 2003; GILMAN et al., 

2006) fornecerá informações sobre quais serão potencialmente afetados pelas mudanças 

climáticas (SINCLAIR et al., 2016). Para avaliar os limites térmicos de tolerância, existem dois 

métodos: o estático e o dinâmico. O método estático se baseia na determinação da temperatura 

letal (LT50), seja pela exposição de organismos a uma série constante de temperaturas 

experimentais ou em um tratamento de temperatura constante extrema e danosa que avalia o 

tempo do indivíduo até a morte. Já o método dinâmico, é realizado experimentalmente em taxas 

de mudanças constantes e graduais até alcançar o ponto fisiológico crítico, detectado pela 

imobilidade e perda de equilíbrio do organismo (LUTTERSCHMIDT & HUTCHISON, 1997).  

No entanto, existem diferenças entre métodos estático e dinâmico e o que realmente 

acontece na natureza, mas dentre esses dois métodos, o dinâmico é o que mais se aproxima da 

realidade pois simula o aquecimento ou resfriamento natural (MITCHELL & HOFFMANN, 

2010), ao contrário do método estático, que lida com mudanças rápidas e extremas e lida com 

temperaturas letais (ANGILLETTA, 2009). 
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Figura 1 – Curva de atividade hipotética de um ectotérmico em função da temperatura corporal 

(Adaptado de Huey e Stevenson, 1979): CT min (círculo azul), CT max (círculo vermelho) e Top (círculo preto). 

 

1.3 TOLERÂNCIA E SENSIBILIDADE TÉRMICA APLICADA AOS ANFÍBIOS 

Os primeiros trabalhos envolvendo a variação dos limites térmicos em anfíbios foram 

desenvolvidos com salamandras por Hutchinson (1961) e com anuros por Brattstrom (1968). 

Atualmente o interesse de trabalhos com o grupo dos anfíbios tem aumentado, devido às 

especificidades desses organismos às mudanças ambientais (KATZENBERGER et al., 2012). 

Os anfíbios são considerados o grupo de vertebrados mais ameaçado do mundo (WAKE & 

VREDENBURG, 2008), já que cerca de 41% das espécies estão sob alguma categoria de 

ameaça (HOFFMANN et al., 2010). Entre as principais causas do seu declínio estão a 

destruição e fragmentação dos habitats, o aumento da radiação ultravioleta, a poluição da água, 

a introdução de espécies exóticas, e o aumento da temperatura (BEEBEE & GRIFFITHS, 2005; 

BROOK et al., 2008; HALLIDAY, 2008). Aspectos importantes da biologia dos anfíbios, como 

crescimento, desenvolvimento, forrageamento e tempo de hibernação e reprodução, 

provavelmente serão afetados pelo clima (LI et a., 2013). Os anfíbios, além de serem 

organismos ectotérmicos, possuem uma gama de características de história de vida que os 

tornam ainda mais sensíveis às mudanças ambientais quando comparados a outros grupos: a 

alta permeabilidade da pele e a necessidade de inúmeros tipos de habitats (e.g. corpos d’água, 

remanescentes florestais) para completar seu complexo ciclo de vida bifásico (fase aquática e 

terrestre), a baixa capacidade de dispersão e uma grande sensibilidade hídrica (WELLS, 2007; 

KATZENBERGER et al., 2012; FARALLO et al., 2018). Na fase larval, o crescimento e o 
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desenvolvimento de um indivíduo dependem intimamente da temperatura (TEJEDO et al., 

2010). Dessa forma, o tamanho e o tempo para metamorfose podem refletir o fitness de uma 

espécie por estarem relacionados à sobrevivência na fase terrestre (e.g. evitar predação) e ao 

escape de uma situação de stress (e.g. poças temporárias), respectivamente (REQUES & 

TEJEDO, 1997; TEJEDO et al., 2010). Consequentemente, o crescimento e desenvolvimento 

podem gerar padrões intra/interespecíficos sobre as respostas fisiológicas frente à pressão 

seletiva do ambiente (KATZENBERGER et al., 2012; TEJEDO et al., 2010). Além disso, os 

girinos estão restritos ao ambiente aquático, são isotérmicos em relação ao ambiente 

circundante devido ao seu pequeno tamanho, resultando em temperatura corporal igual ao do 

ambiente (SPOTILA et al. 1992; LUTTERSCHMIDT & HUTCHISON, 1997; WU & KAM, 

2005). Ou seja, os girinos praticamente não conseguem regular a temperatura do corpo de 

maneira ideal para seu próprio organismo, principalmente nas flutuações das temperaturas 

(PUTNAN & BENNET, 1981). Com isso, o que os girinos podem fazer é procurar 

microambientes mais quentes ou mais frios nas poças, mas dependendo das temperaturas pode 

haver problemas sérios com suas demandas respiratórias e osmorregulatórias (BRATTSTROM, 

1979), em função das limitações ambientais. Por isso, a fase larval dos anfíbios é um modelo 

interessante e eficiente no estudo de tolerâncias térmicas em ectotérmicos (BURGGREN & 

WARBURTON, 2007).  

Estudos ecofisiológicos visam entender como os animais funcionam e respondem aos seus 

ambientes naturais, em todos os estágios dos ciclos de vida (WILLMER et al., 2005). Ademais, 

a fisiologia da conservação busca compreender as respostas fisiológicas dos organismos ao 

ambiente alterado, com a finalidade de avaliar as consequências e futuras ações para as espécies 

(WIKELSKI & COOKE, 2006).  Dessa maneira, utilizar a ecofisiologia como uma ferramenta 

nos estudos com os anfíbios anuros, nos permite o entendimento e previsões de como as 

espécies diante das mudanças no clima - tanto naturais como antropogênicas – e assim 

desenvolver estratégias eficazes de conservação para as espécies (WILLIAMS & BLOIS, 

2018). Com isso, definir parâmetros como CTmax, CTmin, Topt, taxas de desenvolvimento e 

crescimento, bem como alterações da fenologia das espécies, serão essenciais para fornecer 

informações de quais espécies serão capazes de amortecer o impacto das alterações climáticas, 

e quais poderão enfrentar a extinção durante o próximo século (KATZENBERGER et al., 

2012).  
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1.4 FENOLOGIA REPRODUTIVA DOS ANUROS  

A reprodução dos anfíbios é altamente afetada pela distribuição das chuvas e pelo 

hidroperíodo das poças (SEMLITSCH et al., 1996). Como muitas espécies geralmente se 

reproduzem na mesma poça, uma estratégia usada pelos anfíbios para evitar a competição e a 

pressão de predação é segregação temporal no uso de lagoas (BLAIR, 1961). Porém, com o 

aumento da temperatura, o hidroperíodo das poças e a quantidade de precipitação podem ser 

extremamente afetados. As mudanças na fenologia reprodutiva já foram identificadas como 

uma importante consequência ecológica da mudança climática, (WALPOLE et al., 2012; 

KLAUS & LOUGHEED, 2013; FICETOLA & MAIORANO, 2016; SHERIDAN et al., 2017), 

e essas alterações podem modificar profundamente a estrutura das populações (BLAUSTEIN 

et al., 2001). Os anfíbios estão entre os táxons que apresentam a mais forte responsividade 

fenológica ao aquecimento das temperaturas (FICETOLA & MAIORANO, 2016). E estudos já 

demonstram claramente que as populações de anfíbios antecipam consistentemente períodos de 

reprodução, e que essa mudança é fortemente determinada pelas tendências do aquecimento 

global, particularmente latitudes (WHILE & ULLER 2014).  Uma vez que, a fenologia das 

espécies em altas latitudes responde mais fortemente à temperatura, enquanto as espécies em 

latitudes mais baixas respondem igualmente à temperatura e à precipitação (Cohen et al., 2018). 

Prevê-se que o aquecimento global acelere o início da reprodução da primavera, por 

anfíbios anuros em ambientes sazonais (GREEN et al., 2017), e a medida que a mudança 

climática se intensifica no próximo século, nossos resultados sugerem que os avanços na 

fenologia tendem a se tornar mais exagerados (COHEN et al., 2018). Como consequências 

dessas alterações, essas mudanças teriam o potencial para influenciar os níveis de sobreposição 

de nicho entre as espécies (TODD et al. 2011), trazer assincronia em interações mutualísticas, 

predador-presa e hospedeiro-parasita (COHEN et al., 2018) e afetar o sucesso reprodutivo e a 

persistência local (BEEBEE, 2002).Com isso, algumas espécies poderão ser mais afetadas que 

outras (HADDAD et al., 2007; LI et a., 2013), levando até o desaparecimento maior de espécies 

especialistas do que as generalistas (VAN ROOY & STUMPEL, 1995). 

Por isso, entender como as espécies respondem às mudanças climáticas, é uma das 

questões mais importantes enfrentadas pelos ecologistas e biólogos evolucionistas hoje 

(SHERIDAN et al., 2017). Uma abordagem que pode ser útil é a implementação de modelos 

mais funcionais e fisiológicos, combinados com dados de campo sobre clima (LI et a., 2013). 

Uma vez que, ainda são limitadas as informações sobre as tolerâncias e preferências térmicas 

dos anfíbios (LI et a., 2013). Dessa forma, estudos com girinos, especialmente no bioma Pampa, 

que atualmente possui atualmente apenas 41% da cobertura original (excluindo florestas 
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nativas), sendo que 11% foram perdidos nos últimos 32 anos (sensu MAPBIOMAS, 2018). 

Dessa maneira, com estudos ecofisiológicos poderemos detectar o quão vulneráveis as espécies 

podem estar diante das mudanças climáticas, especialmente em um bioma que vem 

desaparecendo de forma assustadora.  

 

1.5 ESPÉCIES DO ESTUDO E HIPÓTESES  

Nesse trabalho, utilizamos girinos de três espécies de anuros filogeneticamente 

próximas (Leptodactylidae: Leiuperinae) como modelo em nosso estudo: Physalaemus cuvieri, 

Physalaemus gracilis e Physalaemus henselii. Essas espécies apresentam padrões distintos em 

fenologias de reprodução e distribuições geográficas: Physalemus cuvieri possui reprodução na 

primavera / verão, com ampla distribuição geográfica que abrange o sul, sudeste, centro e 

nordeste do Brasil, leste do Paraguai e Argentina (Missiones, Corrientes e Entre Rios), norte do 

Uruguai. e nos departamentos de Beni e Santa Cruz, na Bolívia (Kwet et al., 2010, Frost, 2018). 

Physalemus gracilis é também possui reprodução na de primavera / verão, com distribuição 

geográfica no estado brasileiro do Rio Grande do Sul e Uruguai (Maneyro e Carreira, 2012; 

Frost, 2018), enquanto as populações ocorrem no Paraná, Santa Catarina e no norte do Rio 

Grande do Sul pode ser P. carrizorum (Cardoso e Pereyra, 2018). Já Physalaemus henselii se 

reproduz nas estações mais frias de outono / inverno, com distribuição geográfica nos estados 

brasileiros do Rio Grande do Sul e Santa Catarina, em todo o Uruguai e nas províncias 

argentinas de Entre Rios e Buenos Aires (Maneyro e Carreira, 2012; Frost, 2018).  

Para anfíbios, existem fortes evidências de que em uma mesma zona climática ou bioma, 

espécies podem apresentar padrões ecofisiológicos distintos. Duarte et al. (2012), observaram 

diferenças relevantes entre duas comunidades de anfíbios subtropicais, onde as espécies da 

comunidade de área aberta, expostas a temperaturas extremas altas, possuíram maiores limites 

máximos críticos (CTmax) e menor tolerância térmica (WT) que a comunidade da Mata 

Atlântica, com maior cobertura vegetal. Em escalas ainda menores, Katzenberger (2009) 

verificou em uma mesma comunidade de região temperada a existência de maiores 

temperaturas ótimas de performance fisiológica e limites térmicos críticos em espécies que se 

reproduzem na primavera/verão (estação quente) quando comparadas com espécies de 

outono/inverno (estação fria). Além disso, os autores observaram que, independente da 

comunidade de origem, existe uma forte influência da sazonalidade, tanto na CTmax quanto na 

temperatura ótima, o que pode indicar uma adaptação no nicho térmico das espécies de acordo 

com as condições ambientais locais (ANGILLETTA, 2009; RICHTER-BOIX et al., 2015). 

Portanto, ambientes que naturalmente vivenciam uma sazonalidade climática maior podem 
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contar com espécies em diferentes níveis de vulnerabilidade e performance biológica em uma 

mesma comunidade, dependendo da adaptação ecofisiológica das espécies para cada estação. 

Como é o caso das nossas espécies de estudo, que apesar de serem filogeneticamente próximas, 

podem apresentar padrões ecofisológicos distintos. Dessa maneira, esperamos que 

Physalaemus cuvieri tenha maior tolerância a temperaturas mais altas, assim como 

Physalaemus gracilis, por serem expostas a temperaturas maiores devido a sua fenologia 

reprodutiva. Ao contrário de Physalaemus henselii que possivelmente é a espécie mais sensível 

em relação a temperatura, principalmente por que espécies especializadas em temperaturas mais 

baixas e com uma menor capacidade de aclimatazação (Stillman, 2003), são as espécies que 

podem estar mais ameaçadas com o aumento das temperaturas. Testar tais hipóteses permite 

compreender a adaptação evolutiva do nicho fundamental atual das espécies ao caracterizar as 

relações do organismo com o ambiente e, consequentemente, sua vulnerabilidade frente às 

mudanças extremas de temperatura. Principalmente na fase larval, que possui muito poucos 

estudos (KATZENBERGER et al., 2012). 

 

2. OBJETIVOS 

2.1 OBJETIVO GERAL 

Investigar a performance biológica de três espécies de anfíbios anuros filogeneticamente 

próximas, as quais apresentam distintas fenologias reprodutivas, e analisar sua potencial 

vulnerabilidade ao aquecimento global. 

 

2.2 OBJETIVOS ESPECÍFICOS 

• Estimar as curvas de sensibilidade térmica de três espécies de anuros que 

possuem diferentes estações reprodutivas; 

• Comparar a performance biológica de espécies próximas filogeneticamente em 

diferentes tratamentos de aclimatação à temperatura; 

• Analisar a vulnerabilidade ao aquecimento global utilizando estimativas da TSM 

(margem de segurança térmica) e WT (tolerância térmica), com base em suas TPC (curvas de 

sensibilidade térmica) e os valores de temperatura dos habitats aquáticos em diferentes escalas. 

Esta Dissertação segue as normas da MDT (Manual de Dissertações e Teses) da UFSM. 

No entanto, o capítulo está organizado de acordo com as normas do periódico Journal of 

Thermal Biology, ao qual pretendemos submeter após a defesa.  
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3.1 Abstract  

Climate change is closely related to the loss of biodiversity, and temperature increases influence 

upon survival, growth, breeding phenology, dispersal, and especially the variation of the 

species' thermal niche. The temperature also strongly influences the thermal profile of the 

aquatic habitats used by organisms. Ectotherms will potentially be the first to be affected by 

predicted temperature increases, which will include changes in thermal performance and 

impairment of vital processes. Among the ectotherms, amphibians are the most endangered 

vertebrates on the planet, due to their complex biphasic life cycle and other physiological and 

behavioural peculiarities. Thus, we used the larval phase of three species of phylogenetically 

close anurans (Physalaemus cuvieri, P. gracilis and P. henselii) that co-occur in the Pampa 

biome of southern Brazil in order to investigate the thermal physiological performance. 

Tadpoles were collected using a long-handled metal mesh (mash of 2mm²). We monitored the 

thermal profile of three breeding sites (ponds) using aquatic data loggers (HOBO pendant®). 

Temperature sensitivity curves of the tadpoles were estimated using six temperature treatments 

selected within the thermal range recorded in the monitored ponds. Each treatment consisted a 

total of 15 randomly selected tadpoles (n = 90 individuals of each species). The thermal 

sensitivity of tadpoles was estimated by the growth rate, defined as: GR = (Final Weight - Initial 

Weight) / number of days. We tested possible differences among species regarding survival 

time, as well as intra specific response in growth rate to the thermal acclimations. Next, we also 

calculate Thermal Safety Margin (TSM), Warming Tolerance (WT) and Cooling Tolerance 

(CT), adding a possible scenario of a +4ºC increase in these parameters. The species with 

highest optimum temperature was Physalaemus cuvieri (31ºC), followed by Physalaemus 

gracilis (29ºC), and Physalaemus henselii (20ºC). Physalaemus cuvieri and P. gracilis showed 

significant increase in growth rate at high temperatures, and Physalaemus henselii showed high 

growth rates in low temperatures. Currently, Physalaemus gracilis and P. henselii already 
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experience temperatures in the ponds above the optimum. Physalaemus henselii presented the 

most worrying results regarding the TSM, since in all the habitats presented negative values 

because they already experienced temperatures above the optimum in these environments. 

Concerning WT, Physalaemus gracilis showed the most worrisome results, due to the 

difference in ambient temperature and maximum critical temperature (CTmax) being only 

1.79ºC. Physalaemus cuvieri and Physalaemus henselii showed the lowest CT results and 

possibly more are susceptible to stress at lower temperatures than Physalaemus gracilis. Studies 

like this are important in elucidating which species are the most sensitive, as well, as 

understanding the adaptive capacity to potential temperature increases in a climate change 

scenario. 

 

Keywords: amphibian, Physalaemus, Topt, TSM, climate change  
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4. Introduction 

Habitat loss, introduction of invasive species, temperatures close to thermal 

physiological limits, exposition to UV-B radiation, and contact with infectious disease are the 

main factors that can affect species vulnerability (Brook et al., 2008; Halliday, 2008; Rezende 

et al., 2011; Katzenberger et al., 2018; Spencer et al., 2018). Many studies have tried to identify 

the species and communities currently living close to their upper thermal physiological limits, 

and that are exposed to higher risk of suffering physiological stress (Somero, 2005; Helmuth et 

al., 2010). The study on thermal sensitivity allows to identify species and/or communities most 

vulnerable to global warming, particularly for organisms extremely dependent on temperature, 

such as the amphibian group, which correspond to an important part of the world's biodiversity 

(Katzenberger et al., 2012) and currently presents at least 41% of species as threatened of 

extinction (IUCN, 2019). Thus, in the era of rapid anthropogenic climate change, understand 

these threats has become ever more important (Sunday et al., 2010; Rezende et al., 2011). 

The increase in temperature and climate change has already been pointed out in several 

studies (Pachauri et al., 2014; IPCC, 2014), as well as its consequences for many organisms 

including amphibians (Tejedo et al., 2010; Duarte et al., 2012; Katzenberger et al., 2012; 

Richter-Boix et al., 2015; Gutiérrez-Pesquera et al., 2016; Oyamaguchi et al., 2017; 

Katzenberger et al., 2018; Vasconcelos et al., 2018). It was anticipated that changes in climate 

by 2070th could be the major factor for declines of amphibian populations along the world 

(Newbold, 2018), resulting in displacement of species geographical distribution (Zank et al., 

2014; Vasconcelos and Nascimento, 2016; Vasconcelos et al., 2017), changes in the breeding 

phenology (Beebee, 2002; Walpole et al., 2012; Klaus and Lougheed, 2013; Li et al., 2013; 

Ficetola and Maiorano, 2016; Green, 2017; Cohen et al., 2018; Sheridan et al., 2017), and 

mainly variation in the thermal niche (Parmesan, 2006; Tejedo et al., 2012). These large effects 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Klaus%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=23610628
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lougheed%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=23610628
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sheridan%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=29375800
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of global warming on species lifespan occur since temperature is a fundamental abiotic 

component influencing on the survival, growth and dispersion of organisms (Angilletta, 2009).  

Negative effects on the increase in temperature have been reported for amphibians 

(Katzenberger et al., 2018; von May et al., 2019) and there is currently no quantification and 

extent of impacts, not even for the better studied groups such as birds and mammals (Pacifici 

et al., 2018). 

Amphibians have a set of physiological, ecological and life history characteristics that 

make them quite susceptible to changes in the environment (Katzenberger et al., 2012), such as 

skin permeability, the need for numerous types of habitats (e.g., waterbodies, terrestrial 

shelters) to complete their complex two-phase life cycle (aquatic and terrestrial phase), as well 

as low dispersion capacity (Wells, 2007; Katzenberger et al., 2012). In amphibians, most 

physiological processes change rapidly over a range of body temperatures (Katzenberger et al., 

2018) determining the thermal performance curve (TPC) (Huey and Stevenson, 1979). The 

curve gradually increases from a critical minimum temperature (CTmin), reaches an optimum 

(Topt), and decreases rapidly to a critical maximum (CTmax). Temperatures above or below these 

limits (CTmax and CTmin, respectively) may affect the survival and performance of organisms 

through impairment of vital physiological systems, such as locomotion, growth, development, 

reproduction (Angilletta et al., 2002), and may lead to the organism death (Katzenberger et al., 

2012). Information on the species performance and how changes in environmental temperatures 

affect physiologically species (Katzenberger et al., 2018) can be obtained through estimates of 

TPC, using the Thermal Safety Margin (TSM), Warming Tolerance (WT), Cooling Tolerance 

(CT), and Optimum Temperature (Topt). This approach is used to describe the thermal state of 

a species (Deutsch et al. 2008), as well as to represent how much that species supports under 

the increase or decrease of temperatures, and where occurs the best physiological performance 

of species.  
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In the past, there are indications that the Brazilian southern region in lower quaternary, 

had a cold and dry climate with predominance of grasslands (Behling et al., 2004). Currently, 

the subtropical state of Rio Grande do Sul State (RS), in Southern South America, is a 

transitional zone between tropical and temperate climates with clear seasonality defining cold 

(autumn/winter) and heat (spring/summer) seasons, with rainfall evenly distributed throughout 

the year (Overbeck et al., 2007). This temporal heterogeneity in subtropical/temperate ones 

(along seasons) may determine thermal adaptation of species (Sunday et al., 2014; Madalozzo, 

2018). There is evidence that anuran species co-distributed in the same climatic zone or biome 

can present distinct ecophysiological patterns, behaving sometimes as tropical or sometimes 

temperate species (Duarte et al., 2012). Being seasonality a factor that can influence both, CTmax 

and Topt, which may indicate an adaptation in the thermal niche of species according to the local 

environmental conditions (Angilletta, 2009; Richter-Boix et al., 2015). Therefore, 

environments that naturally experience high climatic seasonality can count on species at 

different levels of vulnerability and biological performance in the same community, depending 

on the species’ ecophysiological adaptations to each season (Katzenberger, 2014). 

The temperature is the main determinant of the phenological change (Beever et al., 

2017) in environments that exhibit greater environmental seasonality, and this temporal 

heterogeneity stimulate sympatric species to be active in different periods (Kearney et al., 2009; 

Huey et al., 2012). The increase of temperatures in open areas such as grasslands means the 

increase in evapotranspiration, which accompanied by the reduction of rainfall result in shorter 

hydroperiod of waterbodies (Katzenberger et al., 2012). Consequently, a decrease or even 

cessation of water flow in the ponds can result in increase of water temperature and modify 

thermal performance or increase mortality of tadpoles. And even if species could adjust rapidly 

to these shorter hydroperiods, and change their breeding phenology, overlapping breeding 

periods of several species can increase the density of tadpoles in the ponds, resulting in 
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competitive exclusion (Katzenberger et al., 2012). In this way, open areas and intense 

seasonality can present species with different thermal adaptations in order to adapt to different 

sources of environmental variation, and this is reflected in the observed interspecific divergence 

of the physiological limits within the microhabitats (Madalozzo, 2018). Being that, grasslands 

are quite susceptible to temperature increases due to their open areas with vegetation herb, shrub 

and treelet species co-occurring within the grass matrix, characteristic of the Pampa biome 

(Overbeck et al., 2007). And this susceptibility to temperature increases can affect species 

making them experience temperatures that can damage their performance. Therefore, 

understanding how the performance curves of these species work will enable us to know what 

are the vulnerabilities. In this way, the objective of the present study was to investigate the 

biological performance of phylogenetically close anuran species with different breeding 

phenologies and to analyze their potential vulnerability to the global warming scenario. 

 

5. Material and methods  

5.1. Sampling and studied species 

Tadpoles are restricted to the aquatic environment, isothermal to the surrounding 

environment because of their small size and have limited potential for thermoregulation 

(Lutterschmidt and Hutchinson 1997; Wu and Kam 2005). Hence, intuitively, terrestrial stages 

are more likely to encounter more extreme temperatures than aquatic larvae, but they have also 

a greater opportunity for behavioural thermoregulation (Enriquez‑Urzelai et al., 2019). Due to 

these conditions, aquatic larval amphibians are ideal models to analyse thermal adaptations 

(Gutiérrez- Pesquera et al., 2016). Here, we used tadpoles of three phylogenetically closed 

anuran species in order to demonstrate that patterns currently found (e.g. thermal limits patterns, 

optimum temperature) may be more closely related to responses to environmental changes of 

the microclimate experienced by species than their evolutionary history of phylogenetically 
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close species (according (Madalozzo, 2018). We choice as biological model in our study 

Leiuperinae dwarf frogs (Leptodactylidae): Physalaemus cuvieri, Physalaemus gracilis, and 

Physalaemus henselii. These species present distinct patterns in both breeding phenologies and 

geographical distributions (Fig. 1): Physalemus cuvieri is a spring/summer breeder, with wide 

geographical distribution encompassing south, southeast, central and northeast Brazil, eastern 

Paraguay and Argentina (Missiones, Corrientes and Entre Rios), northern Uruguay and in the 

Departments of Beni and Santa Cruz in Bolivia (Kwet et al., 2010, Frost, 2019). Physalemus 

gracilis is a spring/summer breeder, with geographical distribution in the Brazilian state of Rio 

Grande do Sul and Uruguay (Maneyro and Carreira, 2012; Frost, 2019); populations occurring 

in Brazilian states of Paraná, Santa Catarina and northern Rio Grande do Sul probably are P. 

carrizorum (Cardoso and Pereyra, 2018). Physalaemus henselii is autumn/winter breeder, and 

belongs to the Physalaemus species group with the most austral distribution known (Lourenço 

et al., 2015), encompassing the Brazilian states of Rio Grande do Sul and Santa Catarina, 

Uruguay, as well as the Argentine provinces of Entre Rios and Buenos Aires (Maneyro and 

Carreira, 2012; Frost, 2019).  

Tadpoles were collected (in the years 2017-2018) using a long-handled metal mesh 

(mash of 2mm²) in the edges of natural ponds at the municipalities of São Sepé and Santa 

Margarida do Sul, in the Pampa biome of the Rio Grande do Sul state, southern Brazil (Fig. 1). 

The climate of this region is classified as temperate humid (TE UM) (Maluf, 2000), with 

seasonality mainly related to variation in temperature and photoperiod. Rainfall is evenly 

distributed throughout the year (Overbeck et al., 2007), but can occurs superficial water deficit 

during the summer months due to the high rates of water evaporation in this season (Radin, 

2017; Wrege et al., 2012).  Tadpoles were previously identified in field using the experience of 

one of the authors, it was stored in thermal plastic boxes containing pond’s water and 

transported to the Laboratory of Herpetology of the Universidade Federal de Santa Maria 
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(UFSM), Santa Maria municipality, Brazil. In the lab, tadpoles were identification confirmed 

according to the original descriptions (Langone, 1989; Kolenc et al., 2006) and selected only 

those with developmental stages between 25–30 (Gosner, 1960) to compose the thermal 

acclimation treatments, avoiding possible changes in thermal resistance related to the 

metamorphosis climax (Floyd, 1983). Next, tadpoles were placed in plastic containers with 

similar densities (2 L) and maintained at 20°C under natural 12 L: 12 D photoperiod, and fed 

ad libitum for a minimum of 3–4 days’ - time enough to allow a stabilization in thermal limits 

determination (Brattstrom, 1968).  

 

5.2. Pond thermal predictors and regional thermal predictors  

We monitored the thermal profile of three breeding sites (ponds) commonly used as 

reproduction sites of the three species in the municipalities of São Sepé (habitats 1 and 2) and 

Santa Margarida do Sul (habitat 3, Table 1), using aquatic data loggers recording (HOBO 

pendant®). Each data logger was installed in the deepest region of the breeding ponds and 

recorded water temperature every 15 minutes during the larval season (sampling days ranging 

from 30 to 497 days). The deepest region of ponds represents the microhabitat with the lowest 

temperatures (Newman, 1989) and is considered as the last refuge that the tadpoles could 

eventually occupy in events of extreme environmental temperatures (Duarte et al., 2012). We 

analysed the following microenvironmental climatic predictors for the months with species 

tadpole’s presence (in lower case and italic to distinguish for analogous large climatic 

predictors): maximum (tmax), minimum (tmin) and mean daily temperatures (tmean). Also, we 

used historical data of Instituto Nacional de Meteorologia (INMET) from meteorological 

stations (Bom Jesus, Bagé and Santa Maria) closer to cities where we had microclimatic data, 

in order to verify the relations of the temperature of the air and the water. Of these data, we use 

maximum, minimum, average compensated temperature and average wind speed. In addition, 
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we analysed the thermal profiles of ponds available in the municipalities of Pedras Altas (habitat 

4) and Vacaria (habitat 5), in order to expand the range of thermal profiles available as breeding 

sites to the species used in the present study (Table 1). 

 

5.3. Thermal acclimation treatments 

Temperature sensitivity curves of the tadpoles were estimated using six temperature 

treatments selected within the thermal range recorded in the monitored ponds (15ºC, 20ºC, 

23,5ºC, 27ºC, 31ºC, and 35ºC), which a priori allow some growth level. Each treatment 

consisted of a total of 15 randomly selected tadpoles (n = 90 individuals of each species), one 

tadpole for each plastic containers (containing 350 ml of water). The plastic containers in each 

treatment were arranged in plastic boxes containing water (baths) where the water level in the 

containers was below the level of the bath water, thus allowing the bath temperature to be the 

same as for the plastic containers. The temperature inside the baths was controlled with 

aquarium heaters connected to thermostats. In each bath, care was taken to avoid possible 

thermal gradients, temperature variations, or photoperiod (12 L: 12 D) using water circulators 

in each bath, artificially controlled photoperiod, and dataloggers inside the baths to monitor the 

temperature. The plastic containers with the tadpoles had an individual oxygenation system 

(aerator), avoiding oxygen drop due to the decomposition of food and faeces (Fig. 2). All baths 

were checked daily for oxygenation and water level, and each vessel was manually monitored 

for temperature using a fast reading thermometer Miller & Weber (accuracy of 0.1°C). The 

water in the containers was changed every two days, while food (rabbit feed) was daily 

administered (0.15 g) for each specimen. The experiments lasted for 11 days, and the tadpoles 

were weighed before starting the experiment, every two days during the experiment and at the 

end of the experiment. The tadpoles used in the experiments were anesthetized with 10% 
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lidocaine, preserved in 10% formalin, and housed in the Herpetological Collection of UFSM 

(ZUFSM). 

 

5.4. Statistical analyses 

The thermal profile of the breeding ponds was determined by inspection of data obtained 

from data loggers using the HOBOware® software (Onset Computer Corporation, 2019). We 

used only the temperatures of the months in which tadpoles of each species occurred in the 

habitat (i.e. the phenological period of each species). Thus, the natural variation of temperature 

in the ponds was determined by histograms of frequencies of the thermal data recorded in those 

specific months. The thermal sensitivity of tadpoles was estimated by the growth rate, defined 

as: GR = (Final Weight - Initial Weight) / number of days; expressed in g / days of growth 

through analysis of variance (two-way ANOVA). To calculate the survival difference in 

acclimations between species we use one-way ANOVA followed by Tukey's test. For each 

species, the performance amplitude was calculated (B80, temperature amplitude in which the 

performance values exceeded 80% of the maximum, Huey and Stevenson, 1979). Additionally, 

we calculate the performance range B50%. Growth curve adjustments were performed in the 

Statistica 10 software (Statsoft, 1984-2011). We calculate the Thermal Safety Margin (TSM), 

Warming Tolerance (WT) and Cooling Tolerance (CT) to evaluate species vulnerability. TSM 

as characterized as the difference between the optimum temperature of a species and the body's 

current environmental temperature (Katzenberger et al., 2012), that describes the state of a 

species (Deutsch et al., 2008), through the calculation TSM = Topt (average temperature) - Tamb 

(mean of ambient temperature). To estimated WT of species, we followed the proposal of 

Deutsch et al. (2008), where: WT = CTmax -Tamb max (maximum local ambient temperature), 

and to estimate CT as (tmin – CTmin) (sensu Gutiérrez- Pesquera et al., 2016). In addition, we 

added a scenario with a +4º C increase in TSM, WT and CT calculations with the intention of 
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understanding whether species may be vulnerable with the temperature increases predicted by 

the IPCC (2014) and in some climate models (Winter et al. 2016). To calculate the relations of 

the INMET data and the dataloggers we did a regression using R software (R development Core 

Team, 2016). 

 

6. Results  

6.1. Tadpole growth and tadpole survival  

Tadpoles of Physalaemus cuvieri not showed significant growth between acclimations 

(F = 4.37; p = 0.1656), but showed little growth in colder temperatures, dying during 15ºC 

acclimation (Table 2). The Topt for this species was 31ºC. According to the environmental 

predictors collected, Physalaemus cuvieri does not experience temperatures above the optimum 

in any of the three studied habitats (Fig. 3). Topt of Physalaemus gracilis was 29ºC, and currently 

it is already experiencing two temperatures above the optimum temperature (6% in habitat 1 

and 30% habitat 2; Fig. 3 - d, f). In comparison with Physalaemus cuvieri and Physalaemus 

henselii, P. gracilis showed intermediate growth in relation to high and low temperatures (F= 

4,52; p<0.001). Physalaemus henselii presented the highest growth rates in relation to the other 

two species, with Topt in the acclimation of 20ºC. Physalaemus henselii showed lower growth 

in higher temperatures (F= 3.34; p<0.001), and above 31ºC the tadpoles died. Currently, 

Physalaemus henselii experiences temperatures above the optimum in two habitats (10% in 

habitat 1 and 25% habitat 2; Figure 3 - g, h). We found that the tadpole’ survival time differed 

significantly among species and thermal acclimations: Physalaemus cuvieri (p= 0.001), P. 

gracilis (p=<0.001), and P. henselii (p=<0.001). For both Physalaemus gracilis and P. henselii 

there were differences in survival time mainly in hot acclimatization (35ºC). Contrary, 

Physalaemus cuvieri there was a difference in the colder acclimatization (15ºC) (see Table 2; 

Fig. 5).  
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6.2. Thermal Safety Margin (TSM), Warming Tolerance (WT) and Cooling Tolerance (CT) 

Physalaemus henselii was the most vulnerable species, since tadpoles experienced 

temperatures above-optimal in all habitats monitored, resulting in negative values of TSM 

(Table 2). Physalaemus gracilis currently presents narrow TSM (i.e., optimal temperatures very 

close to ambient temperatures), especially in habitat 1 where the TSM was only 0.29. 

Physalaemus cuvieri is less vulnerable regarding to TSM since provided there is no increase in 

temperature. All species increased vulnerability (i.e. decreases in TSM) when considered a 

more unfavorable climatic scenario (with the increase of 4ºC) (Table 3). Regarding WT, 

Physalaemus gracilis showed the most worrying results, since the difference between 

maximum environmental temperature and CTmax was very low (just 1.79ºC). Contrary to TSM 

results, Physalaemus henselii presented the better results than other two species to WT. All 

species presented significant decreases of WT when considering a climatic scenario with 

increase of 4ºC (Table 4). Physalaemus cuvieri showed the lowest CT results and possibly more 

are susceptible to stress at lower temperatures than Physalaemus gracilis and P. henselii (Table 

5). 

 

6.3. Microclimatic and macroclimatic data 

We find a positive relation between the air temperature and pond water temperatures 

(Fig. 5). However, water temperature of ponds located in Pedras Altas and Santa Margarida do 

Sul presented stronger co-variation with air temperature (i.e. a straight correlation) than those 

reported for ponds in Vacaria and São Sepé (Fig. 6).  
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7. Discussion 

We reported here that water temperature affected growth rate and survival of tadpoles, 

but that species differed in optimal temperatures, as well as in current and future susceptibility 

to thermic stress. The increases in water temperature negatively affect the three species, mainly 

Physalaemus henselii that not tolerated temperatures above 29ºC. Increases in temperature will 

also affect aquatic habitats by shifting the thermal profiles of ponds, and possibly damaging the 

growth of tadpoles. Growth rates are one of the factors that determine the success of populations 

(Savage et al., 2004), because a larger size is associated with better physical conditioning, 

besides avoid predation in the case of tadpoles (Heyer et al., 1975; Richards and Bull, 1990).  

Still, size is largely related to the rates of growth throughout the life stages of individuals to 

adulthood (Kingsolver et al., 2004). The higher growth rate in hotter acclimations for tadpoles 

of Physalaemus cuvieri and higher growth rate in colder acclimations for both P. gracilis and 

P. henselii tadpoles is related to the thermal sensitivity of the species and, consequently, to 

breeding phenology. The environmental variation in the habitat of aquatic larvae also promotes 

changes in growth rates (Tejedo et al., 2010), which explains that species monitored in the same 

environment differed in growth along acclimations. Thus, species adapted to warmer 

environments with high heat tolerances (i.e. P. cuvieri and P. gracilis), present higher growth 

in high temperatures, while species adapted to cold (i.e. P. henselii) (Maneyro and Carreira, 

2012; Nowakowski et al., 2017, Madalozzo, 2018) presented higher rates in colder 

temperatures. 

In any monitored habitat Physalaemus cuvieri experiences higher temperatures than its 

Topt, since ectotherms generally tend to select and occupy environments with temperatures 

below those at which fitness is highest (Martin and Huey, 2008). We found two species that 

already experience temperatures above the Topt in three monitored habitats for Physalaemus 

gracilis and P. henselii, differently found in the work of Pérez (2013). Even at lower 
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frequencies, we cannot eliminate possibility of temperatures above the Topt in ponds, can cause 

damages on species physiological performance since a range of processes such as reproductive 

success and individual physical fitness are affected by physiology (Seebacher and Franklin, 

2012). 

TSM’s have been used to predict the variation of species vulnerability to climate 

warming (Gunderson and Stillman 2015) and may provide useful metrics for modelling 

vulnerability to new thermal environments resulting from habitat modification (Nowakowski 

et al. al., 2017). This metric measures the interaction between tolerance and exposure to high 

temperatures while explaining the ability of ectotherms to reduce body temperatures through 

microhabitat selection and evaporative cooling (Nowakowski et al. 2017). Physalaemus 

henselii may be vulnerable, similar to reported for some species of temperate climate (Duarte 

et al., 2012), since it is already experiencing temperatures above the optimum and any increases 

in these habitats can lead to performance damage. Since, lower the thermal safety margin in a 

given environment, the more likely an organism to overheat (and possibly die) with climate 

warming (Sinclair et al., 2016). Physalaemus henselii presented in habitat 1 (Figure 2a) a TSM 

narrower than Physalaemus cuvieri, because it already lives in habitats that exceed its Topt. 

Here, we showed that an increase greater than 0.29ºC in habitat 1 could possibly cause damage 

to this species. Physalaemus cuvieri is the least vulnerable species when we compare the TSM 

values of the other monitored species. Since Physalaemus cuvieri is widely distributed and 

frequently founded in hot and dry climates, the tendency is to persist or thrive locally in 

disturbed habitats (Frishkoff et al., 2016), although there is no detailed work evaluating this 

species as generalist in terms of thermal physiology.  

It is expected that width of species thermal tolerance at the seasonal equatorial region 

present minimal variation, if compared to species at higher latitudes where the seasonality is 

more intense (Sunday et al., 2014), as in the case of the studied area. According to the increase 



33 

in temperature their warming tolerances may be relatively small (Duarte et al., 2012). 

Physalaemus henselii was the species that presented a small difference of WT in the scenario 

of increase of 4ºC; this will generate great reductions in the physiological performance 

(Seebacher and Franklin, 2012), and even a large potential for greater local extinction risk 

(Duarte et al., 2012), a result that has been observed for other temperate species (Duarte et al., 

2012; Gutiérrez-Pesquera et al., 2016). According to Gutiérrez-Pesquera (2016), tadpoles in 

temperate-zone had broader thermal tolerances than tropical ones due to its resistance to cold 

caused by falls in minimum temperatures. Species that acquire more cold resistance had an 

association cost in heat resistance, due to the physiological compensations between the thermal 

limits (Janzen, 1967). Since, the winter breeder’s may have enhanced physiological cold 

resistance through the decrease of your optima thermal performance, as Physalaemus henselii, 

to occupy empty temporal niches in cold seasons (Madalozzo, 2018). 

Our study was important because optimum temperature mapping provides an intuitive 

heuristic model in relation to temperature impacts or climate changes on the ecology and 

physiology of organisms (Sinclair et al., 2016). Mainly to understand the physiological 

plasticity capacity of organisms, and understand the limits to compensate for this environmental 

change (Evans and Hoffman, 2012), since studies (McCaffery and Maxell, 2010) assume that 

behavioural adaptation will be minimal. Thus, the conservation physiology can make a 

significant contribution because the understanding of the plasticity of the physiological 

responses of the species will allow the modelling of ecological responses (Moritz et al., 2012, 

Steffensen et al., 2008) and predictions of the impact of future environmental changes. Since 

TPC´s offer us at least an opportunity to explore broad-based climate change (Sinclair et al., 

2016), especially when considering micro-climatic data scales. Studies have already 

highlighted the importance of local data and their influence on the thermal adaptation of the 

species (Navas et al., 2013; Gutiérrez-Pesquera et al., 2016; Madalozzo, 2018; Katzenberger et 
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al., 2018). Microclimate and life history details (e.g. phenological adjustments and phylogenetic 

history) can provide more realistic data on which species experience for traditional macro-

scaling research (Scheffers et al., 2014; Gutiérrez-Pesquera et al., 2016). We can observe that 

the air temperature had a greater influence on the shallower ponds (Pedras Altas and Santa 

Margarida do Sul) than on the deeper ponds (Vacaria and São Sepé; Fig. 6). Therefore, habitat 

heterogeneity should be taken in account when metrics of anuran breeding sites are incorporated 

in these analyses. In fact, microclimates can mitigate extreme temperatures caused by heat or 

dry waves (i.e. warming of the atmosphere) by substantially altering the thermal amplitude on 

a local scale (Potter et al., 2013). Environments with high heterogeneity of thermal 

microhabitats can enable species with high thermal plasticity (behavioural thermoregulation or 

acclimatization) to maintain body temperature close to optimum performance, avoiding the 

selection force (Huey et al., 2012). In addition, extreme temperatures of microhabitats in aquatic 

habitats play an important role in the adjustment of physiological resistance through thermal 

selection (Angilletta, 2009). However, predicting an organism's response to climate change can 

be challenging due to the interactions among extrinsic and intrinsic factors (Oyamaguch et al., 

2017), but analysis of thermal performance curves of the species is an important component in 

understanding species vulnerability. Specially, if used as tool in modelling niche to anticipate 

the climate change species distribution of a wide range of taxa and also to generate conservation 

strategies (Vasconcelos et al., 2018) in face of the climate change.  
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Fig. 1. Map of the distribution of the species of study (Physalaemus cuvieri, P. gracilis and P. henselii) in South America. And microhabitats where the species were 

collected for the present work (grey triangle), and temperature data local (black circle). 
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Fig. 2. Model simulating the experiments used to perform tadpole acclimation.  
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Fig. 3. Representation of growth rate (g/day) for tadpoles of Physalaemus cuvieri (a, b, c), P. gracilis (d, e, f), and P. henselii (g, h, i) (middle black line ± confidence intervals 

95%). The blue bars represent the histogram of frequency for occurrence of temperatures (ºC) in three aquatic habitats for each specie. The two horizontal lines represent the 

performance amplitude that exceeded 80% of the maximum (green line), and 50% of the maximum (orange line). Arrows represent the thermal limits of the species according 

to Madalozzo (2018): CTmin (blue arrow), and CTmax (red arrow). 
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Table 1. Environmental and climatic characteristics of the habitats used in the analyzes. (Tmax = maximum 

temperature, Tmin = minimum temperature, reached in these habitats according to dataloggers). 

 

Ponds Depth Tmax ºC Tmin ºC 

Vacaria (habitat 5) 150 cm 22.42 13.07 

Pedras Altas (habitat 4) 35 cm 33.22 10.74 

São Sepé (habitat 1) 150 cm 29.25 6.87 

São Sepé (habitat 2) 50 cm 26.87 6.87 

Santa Margarida do Sul 

(habitat 3) 

90 cm 25.51 13.07 
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Table 2. One-way ANOVA followed by Tukey's test comparing differences in survival time for tadpoles of 

Physalaemus cuvieri, P. gracilis, and P. henselii raised in six thermal acclimations. P < 0.01 Significant values in 

bold; P partially significant values underlined (0.05 < P < 0.06). 

 

Species Acclimation P 

Physalaemus cuvieri  20 ºC – 15 ºC     <0.001  

23.5 ºC – 15 ºC   0.186 

29 ºC – 15 ºC     0.029 

31 ºC – 15 ºC    0.025 

35 ºC – 15 ºC    0.060 

 23.5 ºC – 20 ºC 0.309 

 29 ºC – 20 ºC  0.778 

 31 ºC – 20 ºC  0.807 

 35 ºC – 20 ºC 0.610 

 29 ºC – 23.5 ºC 0.972 

 31 ºC – 23.5 ºC 0.963 

 35 ºC – 23.5 ºC 0.996 

 31 ºC – 29 ºC 0.999 

 35 ºC – 29 ºC 0.999 

 35 ºC – 31 ºC 0.999 

Physalaemus gracilis 20 ºC – 15 ºC   0.996 

 23.5 ºC – 15 ºC 0.999 

 29 ºC – 15 ºC 0.999 

 31 ºC – 15 ºC 0.919 

 35 ºC – 15 ºC <0.001 

 23.5 ºC – 20 ºC 0.956 

 29 ºC – 20 ºC 0.998 

 31 ºC – 20 ºC 0.672 

 35 ºC – 20 ºC <0.001 

 29 ºC – 23.5 ºC 0.998 

 31ºC – 23.5 ºC 0.987 

 35ºC – 23.5 ºC <0.001 

 31 ºC – 29 ºC 0.894 

 35 ºC – 29 ºC <0.001 

 35ºC – 31ºC <0.001 

Physalaemus henselii 20 ºC – 15 ºC 0.999 

23.5 ºC – 15 ºC 0.961 

29 ºC – 15 ºC 0.961 

31 ºC – 15 ºC <0.001 

35 ºC – 15 ºC <0.001 

23.5 ºC – 20 ºC 0.905 

29 ºC – 20 ºC 0.989 

31 ºC – 20 ºC <0.001 

 35 ºC – 20 ºC <0.001 

 29 ºC – 23.5 ºC 0.565 

 31 ºC – 23.5 ºC <0.001 

 35 ºC – 23.5 ºC <0.001 

 31 ºC – 29 ºC <0.001 

 35 ºC – 29 ºC <0.001 

 35 ºC – 31 ºC 0.068 
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Fig. 4.  Boxplot representing the survival time (number of days) for tadpoles of Physalaemus cuvieri, P. gracilis, 

and P. henselii raised in six thermal acclimations. Central squares represent mean, and lines represent standard 

deviation.  
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Table 3. Thermal Safety Margin (TSM) for tadpoles of Physalaemus cuvieri, P. gracilis, and P. henselii in three 

aquatic habitats monitored in the Brazilian Pampa biome, considering current temperatures (i.e. temperatures that 

species already experience) and according to the heating forecast (temperatures that species may experience in the 

future, with an increase in 4ºC sensu IPCC, 2014). 

 

 TSM   

Species 

Habitat 1 Habitat 2 Habitat 3 

Currently Prediction +4ºC Currently Prediction +4ºC Currently Prediction +4ºC 

Physalaemus cuvieri 2.29 -1.71 5.82 1.82 8.8 4.8 

Physalaemus gracilis 0.29 -3.71 3.82 0.18 2.29 -1.71 

Physalaemus henselii -2.54 -6.54 -1.99 -5.99 1 -3 
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Table 4. Warming Tolerance (WT) for tadpoles of Physalaemus cuvieri, P. gracilis, and P. henselii in three aquatic 

habitats monitored in the Brazilian Pampa biome, considering current temperatures (i.e. temperatures that species 

already experience) and according to the heating forecast (temperatures that species may experience in the future, 

with an increase in 4ºC sensu IPCC, 2014). 

 

 WT   

Species 
Habitat 1 Habitat 2 Habitat 3 

Currently Prediction +4ºC Currently Prediction +4ºC Currently Prediction +4ºC 

Physalaemus cuvieri 12.25 8.25 14.63 10.63 19.08 15.08 

Physalaemus gracilis 9.6 5.76 12.14 8.14 5.79 1.79 

Physalaemus henselii 13.66 9.66 15.2 11.2 19.1 15.1 
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Table 5. Cooling Tolerance (CT) for tadpoles of Physalaemus cuvieri, P. gracilis, and P. henselii in three aquatic 

habitats monitored in the Brazilian Pampa biome, considering current temperatures (i.e. temperatures that species 

already experience) and according to the heating forecast (temperatures that species may experience in the future, 

with an increase in 4ºC sensu IPCC, 2014). 

 

 CT   

Species 
Habitat 1 Habitat 2 Habitat 3 

Currently Prediction +4ºC Currently Prediction +4ºC Currently Prediction +4ºC 

Physalaemus cuvieri 2.93 6.93 2.93 6.93 4.74 8.74 

Physalaemus gracilis 5.36 9.36 5.36 9.36 9.23 13.23 

Physalaemus henselii 6.69 10.69 6.69 10.69 8.64 12.64 
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Fig. 5. Comparison of air and water temperatures in microhabitats (municipalities of Vacaria, Pedras Altas, São 

Sepé e Santa Margarida do Sul, respectively), using the data from INMET (red lines) and aquatic dataloggers 

(black lines). 
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Fig. 6. Relation positive between water temperature (dataloggers’ data) and air temperature (INMET’ data) of 

habitats in the municipalities of Vacaria (black points), Pedras Altas (red points), São Sepé (green points), and 

Santa Margarida do Sul (blue points). 
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