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Epígrafe 

 

 

 

Well, you roll on roads, over fresh green grass 

For your lorry loads, pumping petrol gas 

And you make them long, and you make them tough 

But they just go on and on and it seems that you can't get off 

 

Oh, I know we've come a long way 

We're changing day to day 

But tell me, where do the children play? 

 

Well, you've cracked the sky, scrapers fill the air 

But will you keep on building higher, until there's no more room up there? 

 

Will you make us laugh? Will you make us cry? 

Will you tell us when to live? 

Will you tell us when to die? 

 

 

 

 

 

 

 

 

 

 

 

 

Where do the children play? 

Composição: Cat Stevens 
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Resumo 

 

 As mudanças climáticas causam grandes impactos nas florestas mundiais e, 

consequentemente nos ciclos biogeoquímicos. Entender as consequências dessas 

alterações antrópicas na região tropical é um desafio já que os registros instrumentais são 

limitados a poucas décadas. Para isso, os anéis de crescimento fornecem excelentes 

registros com resolução anual de variações climáticas atuais e anteriores às alterações 

humanas, mas poucas cronologias robustas para inferências climáticas são disponíveis nos 

trópicos. Assim, esta tese explorou um novo local e uma nova espécie para estudos 

dendrocronológicos visando avaliar o efeito de mudanças climáticas em florestas 

sazonalmente secas no centro leste do Brasil, um dos hot spots de aumento de temperatura 

na região tropical. Nesta tese foi: testada uma nova metodologia para aprimorar a 

identificação dos anéis de crescimento; construídas cronologias da largura e de isótopos 

estáveis de oxigênio de Amburana cearensis no Parque Nacional Cavernas do Peruaçu 

(PNCP); as quais foram analisadas em conjunto com Cedrela fissilis, outra espécie da Mata 

Seca do PNCP e espeleotemas da mesma região para avaliar os efeitos de mudanças no 

clima no crescimento hoje e 500 anos atrás. Com cronologias perfeitamente datadas e com 

forte sinal climático, vimos que as árvores de A. cearensis e C. fissilis crescem reguladas 

pela quantidade de chuva na estação de crescimento, e as condições de alta demanda 

evaporativa nos últimos anos ainda não afetam o crescimento dessas populações. Isso é 

corroborado com dados de amostras subfósseis e espeleotemas que mostram que eventos 

de aumento abrupto na demanda evaporativa durante a Pequena Idade do Gelo também não 

afetaram o crescimento de A. cearensis. Esses resultados poderão auxiliar cientistas a 

desenvolver cronologias com espécies de difícil interpretação da anatomia da madeira; 

auxiliar no desenvolvimento de novas cronologias tropicais; e entender os efeitos das 

mudanças climáticas no crescimento de espécies de matas tropicais secas. Os dados 

produzidos também podem apoiar o desenvolvimento de modelos globais de resposta da 

vegetação para entender o efeito de mudanças climáticas no funcionamento das florestas 

sazonalmente secas tropicais. 

Palavras-chave: Dendrocronologia, ecologia, isótopos de oxigênio, radiocarbono, 

paleoclima. 
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Abstract 

 

 Climate change affects forests and biogeochemical cycles globaly. Assessing the 

effects in tropical forests is chalenging because instrumental records are constrained. Thus, 

tree rings proxies offer excelent anually resolved records of recent and pre-industrial 

climate variability, however few robusts chronologies are available for climate inferences 

in the tropics. Therefore, this thesis explored a new site in central-eastern Brazil, a hot spot 

of global warming in the tropics and a new tree species for dendrochronological 

investigations about the effects of climate change in a Seasonally Dry Tropical Forest 

(SDTF). In this work: we tested a new method for improving tree-ring identification; 

established Amburana cearensis tree-ring width and oxygen isotopes ratio (δ18O) 

chronologies at the National Park Cavernas do Peruaçu (PNCP); which were analysed 

with records of another representative species, Cedrela fissilis, in the SDTF and 

speleothems to assess the effects of climate change in tree growth now and 500 year ago. 

Using the perfectly dated chronologies, with strong climate signal, we observed that trees 

of A. cearensis and C. fissilis grow regulated by rainfall amount during the growing season 

and the high evaporative demands in the recent years do not affect their growth yet. These 

findings are corroborated by data from subfossil samples and speleothem records that show 

another period of abrupt increase in evaporative demands during the Little Ice Age that did 

not leave traces in Amburana cearensis trees growth. Our results can aid scientists to 

develop new tree-ring chronologies with species that have complex wood anatomy; aid the 

development of new tropical chronologies; and understand the effects of climate change in 

SDTF trees growth. The data produced can also support the development of global 

vegetation models of SDTF responses to climate change. 

 

Keywords: Dendrochronology, ecology, oxygen isotopes, radiocarbon, paleoclimate. 
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Introdução Geral 

 

Esta tese compõe um estudo na área de dendrocronologia na região central 

do Brasil que desenvolveu novas metodologias para a observação de anéis de 

crescimento, propôs perguntas e análises inovadoras para estudos em regiões 

tropicais e abriu caminho para estudos dendroclimatológicos e paleoclimáticos com 

uma nova espécie no Brasil. Este projeto foi uma das engrenagens centrais dentro 

do Projeto Temático PIRE: CREATE (Climate Research Education in the Americas 

using Tree-ring and speleothem Examples, FAPESP 2017/50085-3), para a 

reconstituição das condições paleoclimáticas por meio da união de indicadores de 

anéis de crescimento de árvores de múltiplas espécies e espeleotemas. Os estudos 

dendrocronológicos desta tese, em conjunto com trabalhos em espeleotemas de 

Strikis et al., in press., coroam este projeto com o desenvolvimento de dois registros 

que revelaram padrões definidos de mudanças climáticas atuais em um contexto de 

mais de 500 anos. A utilização da dendrocronologia para investigar efeitos de 

mudanças climáticas em conjunto com espeleotemas em um contexto de meio 

milênio é algo raro e complexo na região tropical, por isto a relevância deste 

trabalho para a dendrocronologia nos trópicos. 

Primeiramente, a dendrocronologia é o estudo dos anéis de crescimento em 

um contexto temporal, e cada camada de crescimento é datada com precisão anual, 

fornecendo informações para múltiplas perguntas relacionadas a ecologia, 

crescimento e história de árvores e florestas (Speer, 2010). Para que esses estudos 

possam ser feitos, o xilema secundário (lenho) da espécie escolhida precisa 
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apresentar camadas de crescimento visíveis, anuais e que registrem alguma variação 

ambiental regulando seu desenvolvimento (Speer, 2010). Portanto, o primeiro passo 

de um estudo dendrocronológico é observar a anatomia da madeira e dos anéis de 

crescimento, algo que pode ser muito complexo em regiões tropicais (Worbes, 1995, 

2002). Dentre os problemas decorrentes da grande diversidade nos trópicos estão os 

anéis falsos e confluentes, que são, respectivamente, variações anatômicas que 

adicionam (um limite de anel a mais) ou não acrescetam anos (dois limites de anéis 

que parecem um) nas contagens e assim dificultam a atribuição do ano correto para 

cada camada (Speer, 2010). Além disso, a maioria das espécies arbóreas tropicais 

são angiospermas, que em sua maioria possuem mais tipos celulares no xilema 

secundário do que as gimospermas que predominam nas regiões temperadas 

(Simpson, 2019). Dada a dificuldade presente no dia-a-dia de estudos 

dendrocronológicos, uma técnica para auxiliar no entendimento e observação das 

variações anatômicas que delimitam os anéis de crescimento foi desenvolvida no 

primeiro capítulo desta tese. Testamos um método prático para explorar a grande 

diversidade anatômica encontrada nas espécies do local de estudo que aprimorou o 

contraste entre os diferentes tipos celulares e, em alguns casos, possibilitou a 

diferenciação entre anéis de crescimento verdadeiros e falsos (Godoy-Veiga et al., 

2019). 

Após entender e visualizar as camadas de crescimento anuais, é preciso 

comprovar sua anualidade e entender quais fatores climáticos limitam e regulam o 

crescimento de cada espécie (Fritts, 1976, 1966). Nesta tese exploramos 

principalmente os sinais de Amburana cearensis (Allemão) A.C. Sm, uma espécie 
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amplamente distribuída e utilizada na América do Sul, com grande potencial 

dendroclimático (Brienen & Zuidema, 2005; López, Villalba & Bravo, 2013; Baker 

et al., 2015; Paredes-Villanueva et al., 2015; López, Villalba & Stahle, 2022), 

porém sem cronologias publicadas no Brasil até este trabalho. Assim, selecionamos 

uma área de florestas secas sazonais no norte de Minas Gerais, uma região de 

ocorrência da espécie e potencial para a formação de anéis de crescimento anuais e 

com forte sinal de chuva (Barbosa et al., 2018; Pereira et al., 2018; Fritts, 1976; 

Stahle, 1999). De fato, foi observado que essa espécie possui um excelente registro 

nos anéis de crescimento da variabilidade climática associada à chuva e temperatura 

na área, permitindo até que inferências a nível individual pudessem ser exploradas. 

Essas diferenças individuais são importantes, tanto para o uso dessa espécie como 

um registro natural quanto para a manutenção da espécie em um local sujeito a 

mudanças climáticas abruptas como é o Parque Nacional Cavernas do Peruaçu 

(PNCP). 

A região do PNCP é um ponto estratégico para estudos dendrocronológicos 

e climatológicos no Brasil, pois contém a maior extensão de florestas sazonais secas 

contínuas da América do Sul (Apgaua et al., 2015; Prado, 2000). A sazonalidade 

climática se deve à sua posição sob influência da Zona de Convergência do 

Atlântico Sul (ZCAS), no Sistema de Monção da América do Sul (SMAS) (Marengo 

et al., 2012; Vera et al., 2006). Além disso, a paisagem cárstica também propicia a 

ocorrência de cavernas com espeleotemas e eventual presença de madeiras sub-

fósseis preservadas. Tanto os espeleotemas quanto os anéis de crescimento de 

árvore são excelentes registros de mudanças climáticas passadas e atuais (Brienen 
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et al., 2015; Cruz et al., 2009). Porém a sua aplicação em conjunto, apesar de 

notória, ainda foi pouco explorada em nível global (e.g. Trouet et al., 2009; 

Managave, 2014), e sem aplicações no Brasil. Assim, no terceiro capítulo, os sinais 

climáticos registrados em árvores vivas, mortas e subfósseis são analisados em 

conjunto com os proveninentes dos espeleotemas da região para avaliar as mudanças 

no déficit hídrico da região (Godoy-Veiga et al., in prep). As inferências que podem 

ser feitas com base em registros naturais independentes e utilizando isótopos 

estáveis de oxigênio como indicadores de mudanças no sistema hidroclimático são 

robustas (Trouet et al., 2009), mas pouco exploradas em regiões tropicais, o que 

torna o último capítulo da tese um grande avanço para a dendrocronologia e 

paleoclimatologia no Brasil. 

Porque esta tese se fez necessária?  

Breve contextualização e introdução dos tópicos abordados 

 Entender a resposta da vegetação à variabilidade climática é de extrema 

importância dado o atual cenário de aquecimento global (IPCC WGI, 2021). As 

mudanças climáticas causadas pela intensa queima de combustíveis fósseis vêm 

causando rápidos aumentos de temperatura e déficit de pressão de vapor (VPD) que 

são importantes reguladores na fisiologia e evapotranspiração das árvores (Rawson, 

Begg & Woodward, 1977; Franks & Farquhar, 1999). Essas alterações climáticas 

são especialmente alarmantes na região central do Brasil e do PNCP, um dos “hot 

spots” na região tropical com aumentos de temperatura atingindo 2ºC nos últimos 

100 anos. Por isso são necessários estudos com anéis de crescimento nessa área, 
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para fornecer informações sobre o funcionamento do sistema no presente e passado, 

para que medidas para o futuro possam ser planejadas de forma embasada. 

Portanto, este foi um dos principais objetivos dessa tese: estabelecer novas e 

longas cronologias de largura e isótopos de oxigênio de anéis de uma espécie de 

mata seca. Para desenvolver esta tese, novas metodologias (Capítulo 1), novas 

abordagens nas análises (Capítulo 2) e uso de diversos indicadores ambientais 

(Capítulo 3) foram explorados. Uma breve contextualização e introdução dos 

tópicos de cada capítulo são apresentados a seguir. 

Uma breve contextualização e introdução dos tópicos de cada capítulo são 

resumidos na Figura 1 e apresentados a seguir. 

Capítulo 1 – Desafio: Dificuldade de visualização dos anéis de crescimento em 

áreas com grande diversidade anatômica 

Estudos dendrocronológicos são necessários em regiões tropicais devido ao 

lento desenvolvimento dessa área da ciência em locais com pouca sazonalidade de 

temperatura (Schongart et al., 2017; Worbes, 2002). Por muito tempo acreditava-se 

que o câmbio, o meristema secundário responsável pela formação da madeira e 

consequentemente dos anéis de crescimento, somente entrava em estado de 

dormência sob condições de baixa temperatura durante o inverno das regiões 

temperadas (Worbes, 2002). Apesar de estudos pioneiros (Coster 1927, Berlage 

1931, Mariaux 1967) e reuniões internacionais (Bormann & Berlyn 1981) já 

demonstrarem o potencial da região tropical, a ausência de uma variação 

considerável de temperatura desviou a atenção de muitos cientistas para as regiões  
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Figura 1 - Infograma resumindo as hipóteses, objetivos, resultados e os 

avanços esperados a partir de cada capítulo desta tese 

com clima temperado (Worbes, 2002). Entretanto, variações de precipitação são 

comuns por toda a região tropical e mais de 284 espécies apresentam anéis anuais 

que podem ser explorados para estudos dendrocronológicos (Locosselli et al., 

2020). Como consequência, as regiões temperadas ainda possuem mais cronologias 

de anéis, espacialmente e temporalmente (Zuidema et al., 2013b), apesar do recente 

aumento no número de cronologias disponíveis nos trópicos que fornecem a base 
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para inferências climáticas a nível globais (Locosselli et al., 2020; Zuidema et al., 

2022). 

O desenvolvimento tardio da dendrocronologia tropical também resultou da 

diversidade e complexidade da anatomia das madeiras tropicais (Worbes & Fichtler, 

2010). Devido a esta diversidade de espécies e anatômica, foram desenvolvidas 

várias técnicas para a discriminação dos anéis de crescimento, como a micro 

densitometria de raio-x (de Andrade et al., 2017), análise anatômica (Quintilhan et 

al., 2021), mensuração da variação de elementos traço com ablação a laser (Amais 

et al., 2021), variações intra-anuais na composição de isótopos estáveis (Verheyden 

et al., 2006) e micro tomografia de raios-x (Van Den Bulcke et al., 2019), de forma 

independente ou até mesmo de forma conjunta (Ortega-Rodriguez et al., 2022). 

Entretanto, para investigar a presença de camadas de crescimento em muitas 

espécies coletadas em estudos prospectivos e selecionar as melhores candidatas para 

estudos avançados, é preciso uma técnica que não necessitasse de processamentos 

adicionais e que utilizasse máquinas comumente encontradas em institutos de 

pesquisa.  

Dessa forma exploramos um método alternativo para aprimorar visualização 

das camadas de crescimento sem preparos adicionais usando um estereomicroscópio 

de fluorescência (Godoy-veiga et al., 2019). Esse equipamento emite uma luz de 

alta intensidade que induz a autofluorescência de componentes da madeira como 

lignina, antocianinas, óleos e resinas (Murphy, 2001) e seu potencial foi indicado 

em um estudo prévio com baobás (Slotta et al., 2017). Nesta tese o método foi 

sistematizado e testado em várias espécies com diferentes tipos de anéis de 
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crescimento para verificar quais características anatômicas tinham seu contraste 

aumentado pela técnica. Essa nova metodologia para observação e interpretação de 

camadas de crescimento em madeira mostrou-se útil para cientistas no processo de 

contagem dos anéis, datação cruzada e localização de anéis falsos, além de oferecer 

imagens de qualidade e com grande contraste para estudos anatômicos quantitativos. 

Capítulo 2 – Desafio: Estabelecer uma nova cronologia em região tropical 

Após observar as camadas de crescimento de uma espécie, o próximo passo 

é contá-las e aplicar a metodologia da datação cruzada, garantindo com que todos 

os anéis sejam perfeitamente datados (Speer, 2010). O sucesso da datação cruzada, 

que é a sincronização dos padrões de crescimento entre diversas árvores, depende 

de um fator comum limitando o crescimento da população (Douglass, 1941). Se um 

mesmo fator, como a ausência de chuvas no inverno, faz com que o câmbio reduza 

ou pare sua atividade na formação da madeira, esse sinal pode ser recuperado por 

meio da medida da largura dos anéis de crescimento, e será similar em toda a 

população (Douglass, 1941; Fritts, 1971).  

Entretanto, ainda é necessário definir a periodicidade da formação dessas 

camadas para provar que os anéis de crescimento são anuais. Para comprovar a 

anualidade, ou definir a periodicidade da formação dos anéis de crescimento, 

algumas técnicas podem ser utilizadas, como:  datação por radiocarbono dos anéis 

no período do “pico-da-bomba” (Hogg et al., 2013); datação cruzada e correlações 

climáticas (Stahle, 1999); ou marcações cambiais periódicas e análise anatômicas 

(Speer, 2010). Já que por muitos anos se acreditava que a região tropical não 

produzia anéis anuais, em muitos casos ainda são necessárias pelo menos duas 
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dessas metodologias para estabelecer uma nova cronologia. Nesta tese, para o 

estabelecimento da primeira cronologia de Amburana cearensis no Brasil, a 

anualidade dos seus anéis foi comprovada por datações de radiocarbono e pela 

excelente correlação entre as séries e com variáveis climáticas. Dado que a 

cronologia produzida estava muito robusta foi possível inferir respostas do 

crescimento ao clima a nível individual, sendo que normalmente essas inferências 

são feitas a nível populacional (Trouillier et al., 2018; Zuidema et al., 2013a). Dessa 

forma foi possível identificar locais onde as árvores são menos sensíveis ao clima, 

nos chamados refúgios climáticos (Morelli et al., 2020). Entretanto em anos de 

condições extremas de pouca chuva e temperaturas muito altas, todas as árvores, 

mesmo em diferentes condições pelo Parque Nacional Cavernas do Peruaçu 

(PNCP), apresentam uma resposta negativa no crescimento. Essas diferenças 

individuais na sensibilidade das árvores ao clima condizem com a grande 

complexidade da paisagem cárstica na qual as árvores foram coletadas.  

O PNCP está inserido dentro dos limites da Bacia do Rio São Francisco, é 

marcado pela presença de rochas calcárias erodidas pela ação das chuvas e do baixo 

curso do Rio Peruaçu (Coelho, et al., 2013). O clima no local é definido por um 

inverno seco (Aw na classificação Koppen), verão chuvoso e temperaturas ao redor 

dos 25ºC (Peel, et al., 2007). Essa comunhão de fatores edáficos e climáticos torna 

a área um excelente local para estudos climáticos na América do Sul, já que no local 

ocorrem tanto árvores que podem ter seus anéis de crescimento analisados, quanto 

espeleotemas e troncos preservados dentro das cavernas formadas pelo rio Peruaçu.  
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Com o estabelecimento da cronologia de Amburana cearensis e a verificação 

do forte sinal climático registrado, até mesmo em nível individual, o próximo passo 

foi a avaliação de novos indicadores além da largura dos anéis e sua análise em 

conjunto com os espeleotemas locais e troncos subfósseis para contextualizar os 

efeitos das mudanças climáticas recentes.  

Capítulo 3 – Desafio: Aumentar o poder de inferências paleoclimáticas em regiões 

tropicais unindo diferentes arquivos naturais 

Com cronologias longas e robustas de largura de anéis, é possível fazer 

inferências sobre a relação entre o clima e o crescimento das árvores, e assim 

explorar quais os efeitos das mudanças climáticas sobre o funcionamento dessas 

florestas (Boninsegna et al., 2009). Entretanto, a construção de longas séries que 

englobem o período pré-instrumental é um desafio na região tropical onde as árvores 

vivem em média 200 anos e podem não ter um sinal climático tão claro (Locosselli 

et al., 2020; Zuidema et al., 2022).  

Cronologias mais longas requerem amostras mortas e preservadas sob 

condições específicas muito raras em florestas tropicais. Entretanto, na região 

central do Brasil, condutos dentro de cavernas formam um ambiente que permitiu 

com que madeiras ficassem preservadas. Essas madeiras provavelmente foram 

removidas e transportadas por eventos de mega inundação que as deslocaram para 

altos condutos dentro de cavernas, onde permaneceram após o nível do rio voltar ao 

normal (Coelho, et al., 2013). Com o auxílio de datações de radiocarbono essas 

amostras puderam ser utilizadas para melhor entender as mudanças climáticas 

presentes e passadas na região. 
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Nessas cavernas também ocorrem espeleotemas, as estalactites e 

estalagmites, que formam camadas de crescimento e podem ser utilizadas para 

análises paleoclimáticas (Cruz et al., 2009; Novello et al., 2018; Orrison et al., 2022; 

Stríkis et al., 2011), inclusive em conjunto com os anéis de crescimento de árvores 

(Managave, 2014). Nos dois registros naturais, os isótopos estáveis de oxigênio 

(δ18O) são um indicador (proxy) que pode registrar as alterações no sistema hídrico 

da região. Nos espeleotemas de fundo de caverna na região, os isótopos de oxigênio 

registram a quantidade de chuva (Novello et al., 2018; Novello et al., 2012; Stríkis 

et al., 2011). Esses registros podem ter milhares de anos, como um no sul da Bahia 

que mostrou que a região já passou por um período de seca intenso durante a 

Pequena Idade do Gelo (entre 1450 e 1850, IPCC WGI, 2021) e atualmente está em 

um período de estiagem sem precedentes nos últimos 3 mil anos (Novello et al., 

2012). Já em espeleotemas formados mais próximos à entrada das carvenas no 

PNCP, um outro sinal foi encontrado (Strikis et al., in press), o qual mostra um claro 

enriquecimento nos valores de δ18O que refletem o aumento das taxas evaporativas 

locais a partir dos anos 1980. Na série que vai de 1298 a 2016, mudanças de 

magnitude semelhantes são observadas durante o período da Pequena Idade do 

Gelo, o que indica que a região já passou por outros momentos de aumento da 

demanda evaporativa devido às mudanças em forçantes radiativas (Novello et al., 

2012; Strikis et al., in press). Essas forçantes podem ser alterações na composição 

atmosférica (e.g. sulfatos de vulcões, gás carbônico de combustíveis fósseis), ou 

mudanças de irradiâcia solar, que provocam gradientes de temperatura entre os 

hemisférios e deslocam a Zona de Convergência Intertropical (ZCIT), afetando 
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assim o Sistema de Monção da América do Sul e alterando a quantidade e 

periodicidade das nuvens na região (posicionamento da Zona de Convergência do 

Atlântico Sul – ZCAS) (Novello et al., 2018; Strikis et al., 2012; Vera et al., 2006). 

O período da Pequena Idade do Gelo é caracterizado por temperaturas mais baixas 

no hemisfério norte e intensa atividade vulcânica em todo o globo (IPCC WGI, 

2021), entretanto, ainda existem poucos registros longos com resolução anual nos 

trópicos. Dada a geografia complexa da América do Sul, os modelos e registros 

nessa época mostram variações nas respostas do regime de chuvas no Sistema de 

Monção da América do Sul dentro do continente (Novello et al., 2018, Orrison et 

al., 2022). Ainda são necessários mais registros especialmente nas bordas da ZCAS 

para entender as variações na quantidade de chuva na região durantes esses eventos 

de mudanças climáticas (Novello et al., 2018). Estas variações podem ser 

compreendidas em escalas anuais, decadais, seculares e milenares. Variações de 

baixa frequência como as multi-decadais, seculares e milenares podem ser acessadas 

por meio da análise dos espeleotemas, enquanto os anéis de crescimento são uma 

fonte confiável de informações de alta frequência como as decadais, anuais e até 

sub-anuais. Estas características distintas dos registros os tornam complementares 

no estudo das condições paleoclimáticas de um local. 

Para permitir a comparação entre os dois registros analisamos a razão dos 

isótopos estáveis de oxigênio (δ18O), um indicador hidroclimático que pode ter um 

sinal compartilhado nos dois registros. Nos espeleotemas, o sinal de δ18O pode 

registrar a quantidade de chuva, como em Novello et al., (2012), ou condições 

evaporativas, como nos espeleotemas mais próximos a entrada das cavernas em 
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Strikis et al., in press. Já nos anéis de crescimento, os isótopos de oxigênio podem 

registrar tanto o sinal isotópico da chuva sem nenhuma alteração, quanto sinais de 

déficit de vapor de pressão (ou VPD na sigla em inglês Vapour Pressure Deficit). 

Uma atmosfera mais quente e seca pode aumentar o fracionamento (evaporação 

preferencial dos isótopos mais leves, no caso 16O em relação ao 18O) nas folhas 

devido a aumentos na taxa de transpiração, ou evaporação da água no solo (Cintra 

et al., 2019; van der Sleen et al., 2017). Portanto, o sinal registrado na celulose dos 

anéis de crescimento depende de qual desses estímulos é o dominante no local de 

estudo, e um sinal dominante da evapotranspiração nas folhas é esperado em locais 

mais secos (Barbour, 2007; Cintra et al., 2019) como a região do PNCP. Como o 

PNCP contém tanto os espeleotemas anuais quanto uma vasta área de mata 

sazonalmente seca, a área é ideal para estudos com múltiplos registros e indicadores 

para auxiliar a entender as consequências do aquecimento global e aumento na 

demanda evaporativa nos ciclos biogeoquímicos da região. 

Assim, para entender os efeitos do aumento do déficit de pressão de vapor 

nas matas secas da região nós investigamos as cronologias de largura e δ18O dos 

anéis de crescimento de árvores de Amburana cearensis, e de Cedrela fissilis. 

Cronologias dessas duas espécies são extensivamente usadas na região tropical 

(Brienen & Zuidema, 2005; Pereira et al., 2018; Granato-Souza et al., 2020; Godoy-

Veiga et al., 2021; López, Villalba & Stahle, 2022), e neste local de estudo ambas 

contêm sinal semelhante nos seus indicadores. Portanto, para tornar a cronologia 

mais robusta e assim aumentar o poder de inferência dos dados, as duas espécies 

foram usadas para a construção de uma única cronologia, e assim foram verificados 
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os efeitos das mudanças climáticas no crescimento das árvores da região. Esta é a 

primeira vez que as duas espécies de gêneros diferentes são utilizadas em conjunto 

para a construção de uma única cronologia, um método nunca utilizado em regiões 

tropicais. Dessa forma, este trabalho abre portas para que estudos sejam produzidos 

unindo diferentes espécies, registros naturais e indicadores, aumentando o número 

de inferências e reconstruções climáticas robustas em regiões tropicais. 
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Abstract 

The great diversity of wood anatomical features found in trees worldwide results 

in a broad variety of growth-ring boundary types that are not always easy to recognize, 

especially in tropical woods. However, the presence of clearly visible limits between 

tree rings is essential for any tree-ring studies. Here, we propose the use of 

autofluorescence of wood in order to enhance tree-ring visualization. The multispectral 

light emitted from the fluorescence stereomicroscope can be filtered in specific 

wavelengths to improve the visualization of wood anatomical features. To evaluate the 

effectiveness of this technique, we compared visualization under natural light, GFP 

(green fluorescent protein) filter, RFP (red fluorescent protein) filter and UV filter. We 

tested this technique with a set of 38 tree species with different types of growth-ring 

boundaries. Although results are species-specific, fluorescence has been shown to 

improve the visualization of growth-ring boundaries by enhancing the contrast among 

cell types. It may highlight fibrous zones (e.g. Cavanillesia arborea, Aspidosperma 

polyneuron), different porosity patterns (e.g. Myracrodruon urundeuva), secretory 

canals (e.g. Copaifera langsdorffii), and parenchyma bands (e.g. Tipuana tipu). 

Fluorescence allows the visualization of growth-ring boundaries in species that were 

previously described as having indistinct growth rings under natural light. For species 

with clear tree-ring boundaries such as Cedrela fissilis and Hymenaea courbaril, this 

approach aids the identification of false rings. In addition to the visualization of growth-

ring boundaries, autofluorescence may be useful for other qualitative and quantitative 

analyses of wood anatomy, such as wood identification and automated measurements 

of anatomical features. Scientists struggling with tree-ring counting and cross-dating 

due to difficult tree-ring visualization may find fluorescence useful. It may also aid to 

identify new species suitable for tree-ring studies. 

 

Keywords: dendrochronology, wood anatomy, GFP, RFP, UV light, ultraviolet 
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Resumo 

 A grande diversidade de padrões anatômicos encontrado na madeira de espécies 

arbóreas pelo mundo resulta em uma grande diversidade de limites de camadas de 

crescimento que nem sempre são fáceis de interpretar, especialmente em espécies 

tropicais. Entretanto a presença de camadas visíveis delimitando anéis de crescimento 

é essencial para estudos dendrocronológicos. Aqui nós propomos o uso da 

autofluorescência da madeira para melhorar a visualização dos anéis de crescimento. A 

luz multiespectral que é emitida através do estereomicroscópio pode ser filtrada em 

comprimentos de onda específicos para melhorar a visualização de caracteres 

anatômicos. Para avaliar a eficiência desta técnica, foram comparados a visualização 

da madeira entre imagens obtidas com luz natural, filtro GFP (proteína fluorescente 

verde), filtro RFP (proteína fluorescente vermelha) e filtro UV (ultravioleta). Foram 

testadas 38 espécies arbóreas com diferentes tipos de camada de crescimento. Apesar 

dos resultados serem específicos de cada espécie, a fluorescência melhorou a 

visualização das camadas de crescimento aumentando o contraste entre os tipos 

celulares. O método pode destacar zonas fibrosas (e.g. Cavanillesia arborea, 

Aspidosperma polyneuron), padrões de porosidade diferentes (e.g. Myracrodruon 

urundeuva), canais secretores (e.g. Copaifera langsdorffii), e faixas de parênquima 

(e.g. Tipuana tipu). A fluorescência também permitiu a visualização de camadas de 

crescimento em espécies que foram previamente descritas como não possuindo 

camadas em luz natural. Já nas espécies com anéis de crescimento visíveis, como 

Cedrela fissilis e Hymenaea courbaril, essa abordagem auxiliou na identificação de 

anéis falsos. Além de melhorar a identificação dos limites de camadas de crescimento, 

a autofluorescência também pode ser útil para outros estudos quantitativos e 

qualitativos de anatomia da madeira, como para identificação de espécies e para 

medições automatizadas de características anatômicas. Cientistas com dificuldade na 

contagem de anéis e na datação cruzada, devido a dificuldades na visualização dos 

anéis, podem achar a técnica de fluorescência útil. Ela também pode ajudar a identificar 

novas espécies potenciais para estudos dendrocronológicos. 

 

Palavras-chave: dendrocronologia, anatomia de madeira, GFP, RFP, luz UV, 

ultravioleta 
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Introduction 

Growth rings have been largely used to study species’ age and growth rate 

(Brienen and Zuidema, 2006; Godoy-Veiga et al., 2018; Maes et al., 2018; Worbes et 

al., 2003), forest dynamics (Bergeron et al., 2002; Splechtna et al., 2005; Vlam et al., 

2017; Xu et al., 2017), forest management (Brienen and Zuidema, 2006; Schöngart, 

2008), palaeoclimate (Buntgen et al., 2011; Esper et al., 2002; Fang et al., 2018; Palmer 

et al., 2016), and for predicting tree responses to climate change (Babst et al., 2018; 

Cook et al., 2015; Fonti et al., 2010; Groenendijk et al., 2015; Locosselli et al., 2016b, 

2013; van der Sleen et al., 2014; Zuidema et al., 2013). The majority of these studies 

were conducted in temperate and boreal regions, where many species produce distinct 

tree rings (Worbes, 2002). The tropics still lag behind, partially because of the past 

belief that tropical regions lacked the climate seasonality to promote cambium 

dormancy, resulting in the formation of annual growth increments (Worbes, 2002). 

Tree rings have now been described for over 230 tree species in the tropics (Brienen et 

al., 2016). However, the identification of the growth-ring boundaries in some tropical 

tree species is still an issue that hampers the further development of tropical tree-ring 

studies. The high diversity of tree species found in the tropics (Slik et al., 2015) reflects 

in the proportional diversity of wood anatomy and growth-ring boundaries (Worbes, 

1989). 

The proper visualization of the tree rings is a key step in any 

dendrochronological study (Fritts, 1976). Tree rings are identified as regular changes 

in the patterns of wood anatomy as a result of the seasonal cambium activity. This 

activity may display sensitivity to external factors such as climate (Fritts, 1976), which 

promotes changes in the arrangement and proportion of cell types (vessel elements, 

tracheids, fibres, axial, and/or radial parenchyma) resulting in concentric layers. Some 

tropical genera like Tectona L. f. (Lamiaceae), Cedrela L. (Meliaceae), Pterocarpus 

Jacq. and Hymenaea L. (Fabaceae) were successfully used in dendrochronological 

studies due to their tree-rings clear boundaries (Barbosa et al., 2018; Borgaonkar et al., 

2010; Locosselli et al., 2017; Therrell et al., 2007). Tree rings may be identified by 

changes in vessel patterns as for Cedrela spp. (Meliaceae), Tectona grandis L.f. 

(Lamiaceae), Pterocarpus angolensis DC. (Fabaceae) that are characterized by a 

gradual change in vessel diameter from earlywood to latewood, regarded as semi-ring 
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porous woods (Dünisch et al., 2002; Worbes, 1989). These species also exhibit the 

presence of a marginal parenchyma band at the tree-ring boundary. Other species, 

including Acacia cochliacantha Willd., Copaifera langsdorffii Desf., Hymenaea 

courbaril L., Lonchocarpus sericeus (Poir.) DC., are diffuse porous, but their tree rings 

are clearly delimited by the presence of a marginal parenchyma band (Mainieri and 

Chimelo, 1989; Wheeler, 2011). However, even these species may not be easy to cross-

date because of the presence of false rings, which are often not distinguishable from 

tree rings in less detailed analyses (Baker et al., 2017; Worbes, 2002). 

The use of some other tree species have been less successful, not because they 

lack annual cambial activity, but due to the poor definition of the tree-ring boundaries 

(Brienen et al., 2016; Lisi et al., 2008; Worbes, 1995). For instance, tree rings delimited 

by radially flattened fibres with thickened cell walls may require a greater effort to 

identify the precise position of the tree-ring boundary. This anatomical pattern is 

common to families such as Lauraceae (Nectandra amazonum Nees, Ocotea porosa 

(Nees & Mart.) Barroso) (Reis-Avila and Oliveira, 2017), Annonaceae (Guatteria 

aeruginosa Standl., Rollinia jimenezii Saff.) (Brienen et al., 2009; Fichtler et al., 2003) 

and Apocynaceae (Aspidosperma polyneuron Müll. Arg., Thevetia ahouai (L.) A.DC.) 

(Mainieri and Chimelo, 1989; Wheeler, 2011). The precise delimitation of the tree rings 

is also an issue in a few tree species from Lecythidaceae (Bertholletia excelsa Bonpl., 

Cariniana estrellensis (Raddi) Kuntze), Sapotaceae (Manilkara bidentata (A.DC.) 

A.Chev.), and Moraceae (Ficus insipida Willd.) that produce tree rings characterized 

by alternating parenchyma and fibre bands (Worbes and Fichtler, 2010). Due to their 

complicated tree-ring anatomy, the potential of these species was underestimated in 

past studies. 

Some technological solutions have been developed to solve problems related to 

growth-ring boundary visualization and identification of false rings. X-ray micro 

densitometry is one of them, and differences in the apparent density profile of the wood, 

at up to 40µm of resolution, are used to aid the identification of growth rings (Worbes, 

1995; Amaral and Tomazello Filho, 1998; Andrade et al., 2017). High-resolution 

measurements of wood anatomical features in micro slides or on the wood surface may 

also aid the identification of growth rings boundaries (Gärtner et al., 2015; Verheyden 

et al., 2004) as well as high resolution analyses of stable carbon or oxygen isotopes 
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(Schleser et al., 1999; Verheyden et al., 2006). Despite the proven effectiveness of these 

methods, such approaches require expensive equipment frequently restricted to a few 

specialized laboratories. Sample preparation may also be laborious and time-

consuming as for the cellulose extraction, dissection and weighing required for stable 

isotope analyses. Less laborious techniques that require facilities commonly found in 

laboratories at universities and research institutes may bring important advances in tree-

ring studies. 

In order to enhance the visualization of growth-ring boundaries in the wood of 

different species, we propose the use of fluorescence imaging. Fluorescence occurs 

when an electron of an atom or molecule is excited by radiant energy and almost 

immediately collapses back to its initial ground state, while releasing the absorbed 

energy as a fluorescent photon (Murphy, 2001). The fluorescent molecules exhibit 

distinct excitation and emission spectra depending on their atomic structure and 

electron resonance properties (Murphy, 2001). Autofluorescence in wood, when 

exposed to UV light, is known since the XIX century (Vodràzka, 1929), but the 

systematic use of wood fluorescence for identification began much later (e.g. Krishna 

& Chowdhury, 1935; Dyer, 1988; Avella et al., 1988; Han & Kywe, 1991, Miller, 

2007). The Committee of the International Association of Wood Anatomists (IAWA 

1989) standardized UV (λ=365 nm) for computer-based identification as a reliable 

approach because anthocyanins and lignin respond to light excitation. Distinct 

fluorescence properties also help to distinguish structural differences revealing growth 

layers in other natural archives. UV induced fluorescence is already used with other 

environmental records to enhance the visibility of growth layers of e.g. corals, 

speleothems or sediment cores (Barnes & Taylor, 2001; McGarry & Baker, 2000). In 

corals, fluorescent bands are the result of variations in skeletal architecture, probably 

caused by reduced salinity conditions (Barnes and Taylor, 2001) and in speleothems 

fluorescence is caused by organic acids incorporated into the speleothem calcite 

(McGarry and Baker, 2000). Regarding tree-ring studies, UV light has already been 

used to enhance the visualization of tree rings from Adansonia digitata L., (Slotta et 

al., 2017) with promising results.  

Based on the previous applications of UV light, we scrutinized the use of 

fluorescence to enhance growth-ring boundary visualization. To validate the 
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applicability of this technique we tested: 1) filters with distinct combinations of 

excitation and emission wavelengths; 2) different types of tree-ring boundaries; 3) false 

ring identification; and 4) additional applications in qualitative and quantitative wood 

anatomy studies.  

 

Material & Methods  

In order to test the use of fluorescence to improve growth-ring visualization, 38 

species from 14 families were tested for their autofluorescence properties. Samples of 

these species were selected in the wood collection “Nanuza Luiza de Menezes - SPFw” 

from the Department of Botany of the Institute of Biosciences of the University of São 

Paulo to represent a variety of anatomical delimitations of growth rings. Although a 

small fraction of the tree species diversity is reported here, it satisfactorily represents 

the range of wood anatomy often found in tropical tree-ring studies (Barbosa et al., 

2018; Lisi et al., 2008; Marcati et al., 2006; Worbes and Fichtler, 2010). The samples 

were prepared using sandpapers with different grits (from 50 to 2000, the latter under 

water) to produce a smooth transversal surface, allowing a clear observation of the 

wood cells. The specimens were analysed using a Leica Fluorescence stereomicroscope 

M205FA, coupled with a Leica DFC 7000T camera head, using the following 

fluorescence filters: Filter set ET GFP (Green Fluorescent Protein - excitation 470/40 

nm, emission 525/50 nm); Filter set ET RFP (Red Fluorescent Protein - excitation 

546/10 nm, emission 605/70 nm); and Filter set UV LP (Ultraviolet - excitation 350/50 

nm, emission 420 nm Long Pass). This system takes advantage of the autofluorescence 

of different substances found in the wood. It uses a shortwave light that is filtered by 

the excitation filter, and a dichromatic mirror then transmits the longwave light to the 

barrier filter, which removes any residual short excitation wavelengths and transmits it 

to the camera (Murphy, 2001). The proper mechanisms of light interaction with wood 

substances is only well described for GFP. Lignin, for instance, absorbs the selected 

short wavelengths filtered by GFP and emits an excitation light that is selected by the 

emission filter as green light (Murphy, 2001). Therefore, cell-walls with high lignin 

content produce a higher intensity green light when compared to cell-walls with low 

lignin content. These differences allow us to identify distinct cell types in the wood, or 

similar cells with distinct cell-wall composition and/or lumen content. 
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Application and discussion of the technique  

Poor definition of the growth-ring boundaries is a common problem in tropical 

tree-ring studies (Brienen et al., 2016; Lisi et al., 2008; Worbes, 2002). Previous studies 

successfully addressed this issue using different approaches that may be cost restrictive 

or laborious, like x-ray micro densitometry (Amaral and Tomazello Filho, 1998; 

Andrade et al., 2017) and  high resolution analyses of stable isotopes (Schleser et al., 

1999; Verheyden et al., 2006), to name a few. In the present study, we evaluated the 

potential of using a stereomicroscope with fluorescence to enhance growth-ring 

visualization. Such equipment is likely present in laboratories of cell biology, since it 

is required for immunolocalization studies. It may also be found in other laboratories 

that also require fluorescence for other applications, which will likely include growth-

ring visualization in the near future.  

From the set of 38 species used in the present study (Table 1), growth-ring 

boundaries became clearer in 22 of them (58%). Fluorescence improved their 

visualization by enhancing the contrast of vessels, fibres and parenchyma. Porosity 

became clearer under fluorescence specially by highlighting wide earlywood vessels 

and/or narrow latewood vessels. The wider earlywood vessels became evident for 

Machaerium vilosum Vogel (Fig.1A-D) and Myracrodruon urundeuva Allemão 

(Fig. 1E-H) compared to the evaluation under natural light. Narrow latewood vessels 

became evident in Peltogyne sp. Vogel at the tree-ring boundaries (Fig. 1I-L) (Soliz-

Gamboa et al., 2011). In some cases, the contrast among vessels, parenchyma, and 

fibres improves the overall tree-ring visualization, as shown for Tipuana tipu (Benth.) 

Kuntze (Fig. 1M-P) (Locosselli et al., 2019). This technique also enhances the contrast 

between vessels and a fibrous zone at the tree-ring boundary of Aspidosperma 

polyneuron (Fig. 1Q-T). Although this species has already been used in tree-ring 

studies (Godoy-Veiga et al., 2018; Lisi et al., 2008), its tree rings have been considered 

indistinct by some authors because of their unclear delimitation under natural light 

(Tomazello Filho et al., 2004). 

The use of fluorescence also improves the interpretation of wood density 

variations and compensates for changes in wood colour that can be misinterpreted as 

growth-rings boundaries (Fig. 2). For instance, only 4 tree rings can be clearly seen in  
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Figure 1 - Macroscopic view of growth-rings using different sets of fluorescence filters. 

Visualization was compared under natural light, GFP, RFP and UV, respectively in the 

following species: A-D Machaerium vilosum, filters remove axial parenchyma noise and 

highlight differences in vessel density; E-H: Myracrodruon urundeuva, contrast between 

fibres, parenchyma and vessels emphasize this species porosity; I-L: Peltogyne sp., 

presence of vessels and enhanced contrast improve boundary visualization; M-P: Tipuana 

tipu, parenchyma (dark green/red/blue) and fibre (light green/red/blue) contrast enhanced 

visualization of marginal parenchyma bands; Q-T: Aspidosperma polyneuron, growth rings 

are demarked by fibres zones (lighter bands) and visualization was improved in all filters. 

White arrowheads: growth-ring boundaries; scale bar: 1 mm. 

the Centrolobium tomentosum Benth. sample (Fig. 2A) if the changes in wood colour 

are considered. Nonetheless, fluorescence (Fig. 2B, C and D) revealed the existence of 
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an additional growth ring, characterized by changes in the wood anatomy. In Copaifera 

langsdorffii (Fig. 2E-H), fluorescence not only enhanced the contrast among cell types, 

but highlighted secretory canals associated with some parenchyma bands. These 

marginal parenchyma bands are the actual tree-ring boundaries for this species (Marcati 

et al., 2000; Rodrigues and Machado, 2009). Those rings containing no secretory canals 

could be readily identified as false rings (black arrowheads). Also, the interpretation of 

vessel density, vessel size, and wood density fluctuations has been improved in 

Commiphora leptophloeos (Mart.) J. B. Gillett (Fig.2I-L). 

In light-coloured woods such as Ceiba petandra (L.) Gaertn. (Fig. 2M-P) and 

Cavanillesia arborea (Willd.) K. Schum. (2Q-T), the filters enhanced the contrast 

between thin- and thick-walled fibres and improved the visualisation of growth rings. 

Under natural light, the growth rings of C. arborea have been considered as 

indistinguishable due to the low contrast among cell types (Barbosa et al., 2018). 

Nonetheless, growth-ring boundaries were highlighted as brighter bands (the fibrous 

zones) when using fluorescence, especially with the GFP and UV filters. Figure 3 

shows an increment core of C. arborea, where the growth-ring boundaries became clear 

under UV light. When using a stereomicroscope with a moving table, the images taken 

could be stitched together and used for tree-ring width measurements.  

Fluorescence may also aid the identification of false rings for species that are 

known to produce clear tree-rings boundaries. Sometimes, false rings can only be 

identified during cross-dating (Stahle, 1999). These rings are not continuous through 

the stem and may have a slightly different anatomical pattern (Fritts, 1971). For 

example, false rings in Hymenaea sp., Cedrela odorata L. and Goniorrhachis 

marginata Taub. (Fig. 4) are composed of parenchyma cells with different fluorescence 

emission intensity compared to tree rings. In Cedrela odorata and Goniorrhachis 

marginata (Fig. 4E-L) paratracheal parenchyma and fibres showed the same 

fluorescence characteristics, in contrast to the low fluorescence of marginal 

parenchyma bands. The distinction between tree rings and false rings is also helpful in 

slow growing species or periods of suppressed growth that result in very narrow rings. 

Especially when using 5 mm increment cores that only allow the evaluation of a small 

surface (but see Krottenthaler et al., 2015), these false rings might not be identified as  
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Figure 2 - Macroscopic view of growth-rings using different sets of fluorescence filters. 

Visualization was compared under natural light, GFP, RFP and UV, respectively in the 

following species; A-D: Centrolobium tomentosum, growth-rings boundaries are clearer in 

fluorescence (darker lines); E-H: Copaifera langsdorffii, secretory canals and contrast 

between fibre (light green/red/blue) and parenchyma (dark green/red/blue) become 

highlighted with all filters; I-L: Commiphora leptophloeos, visualization improvements of 

density fluctuations and vessel lumen aids boundary delimitation; M-P: Ceiba petandra, 

another light coloured wood favoured by higher contrast amongst cell types with different 

lignin content; Q-T: Cavanillesia arborea, fibre bands are shown in fluorescence as 

brighter lines, enhancing tree ring visualization. White arrowheads: growth-

ringboundaries; black arrowheads: false ring boundary; scale bar: 1 mm. 
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such. Distinct fluorescence emission between real and false rings may be due to 

differences in cell structure and / or composition. For instance, in Hymenaea courbaril,  

the marginal parenchyma band is formed by flattened parenchyma cells which are 

different from those of false rings that resemble the more rounded and larger aliform 

parenchyma cells (refer to Figure 3 from Locosselli et al., 2016). 

 

Figure 3 - Growth-ring visualization under natural light and using an UV filter on a 

10 mm core of Cavanillesia arborea. Under natural light (upper image) the boundaries are 

not clearly distinct. With the application of fluorescence (bottom image) the fibrous zones 

become distinct as lighter bands. White arrowheads: growth-ring boundaries; scale bar: 

1 mm. 

On the other hand, fluorescence may not be suitable for all species (Fig. 5). The 

parenchyma bands of Swietenia macrophylla King turned out to be indistinguishable 

from fibre density fluctuations when using GFP and RFP filters. Although the UV filter 

maintains the parenchyma bands distinct, the best results are obtained under natural 

light. In addition, the fibrous zone delimiting the tree rings of Ocotea sp. Aubl. (Fig. 

5E-H) became indistinguishable when using GFP and RFP filters. The same result was 

observed in other Ocotea species and in Aniba canelilla (Kunth) Mez (all members of 

the Lauraceae family). Similar results were also found with Amburana cearensis 

(Allemão) A.C.SM. (Fig. 5I-L), a species whose tree rings are characterized either by 

a change in the paratracheal parenchyma from vasicentric to aliform, the formation of 

a fibrous zone, and/or the reduction in vessel diameter towards the end of the tree ring 

(Brienen and Zuidema, 2005; Paredes-Villanueva et al., 2015). We therefore 
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recommend previous verification of the viability of use of this technique with species 

other than those presented here, including species with clear tree-ring boundaries. 

 

Figure 4 - Identification of false tree rings using fluorescence. Visualization was 

compared under natural light, GFP, RFP and UV, respectively in the following species; A-

D: Hymenaea sp., both true and false rings marked by marginal parenchyma bands are 

quite distinct under natural light. However, using the fluorescence filters, false rings 

disappear, and tree rings remain as brighter bands; E-H: Cedrela odorata, false rings are 

characterized by a whitish parenchyma band under natural light, but turn into small black 

dots using GFP and RFP filters. The parenchyma bands of Goniorrhachis marginata (I-L) 

look all very similar under natural light but show different fluorescent properties when 

using the filters: false rings are composed of parenchyma cells similar to paratracheal 

parenchyma while the parenchyma bands of the tree rings are similar to rays. White 

arrowheads: tree-ring boundaries; black arrowheads: false tree ring boundary; scale bar: 

1 mm. 

The use of this technique is not restricted to tree-ring studies but can be extended 

to other applications that require a better visualisation of wood anatomical features. On 

one hand, it can be used to aid wood identification, as cited above. For instance, the 

only two genera of conifers in Brazil, namely Araucaria and Podocarpus, can be 

differentiated due to the exclusive presence of axial parenchyma in Podocarpus spp. 
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(Wheeler, 2011). These thin-walled cells appeared as darker spots on the transversal 

wood surface of Podocarpus lambertii Klotzsch ex Endl. using the GFP filter 

(Fig.6E-H), which are not seen in Araucaria angustifolia (Bertol.) Kuntze (Fig. 6A-D). 

Fluorescence also highlights the oil/mucilage cells as lighter green spots in the 

Lauraceae species (Loureiro, 1976; Wheeler, 2011) analysed here in a unique 

distribution close to vessels (Fig. 6I-L and Supplementary Material). This result is 

similar to the visualization of the resin canals in Copaifera langsdorffii (Fig.2E-H). On 

the other hand, quantitative anatomy that allows understanding environmental 

variability through xylem structure (Fonti et al., 2010; Islam et al., 2018; Jono et al., 

2013; Locosselli et al., 2013) may benefit from wood autofluorescence (e.g. Martin-

Benito et al., 2017), because automated measurements on digital images require a high 

contrast among target cells and background (Fonti et al., 2010). Overall, vessels 

became clearer using the fluorescence as highlighted in this study for a variety of 

species.  For Erisma uncinatum Warm. (Fig.6 M-P) the filters allowed a clear 

differentiation among vessels, parenchyma bands (darker bands), and the lighter 

background of fibres, crossed by rays (darker lines). Although the focus of this study 

was to improve the growth visualization, fluorescence may also aid other applications, 

including qualitative and quantitative wood anatomy. 

 

Figure 5 - Growth-ring visualization hampered by the use of fluorescence. Visualization 

was compared under natural light, GFP, RFP and UV, respectively in the following species; 
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A-D: Swietenia macrophylla, marginal parenchyma bands are distinct they disappear in 

density fluctuations when using the filters; E-H: Ocotea sp., fibrous zones at the growth 

ring boundaries become indistinct with GFP and RFP filters; I-L: Amburana cearensis tree-

rings are characterized by a change in the axial parenchyma configuration and the 

formation of a fibrous zone, neither highlighted through fluorescence. White arrowheads: 

tree-ring boundaries; scale bar: 1 mm. 

 

Figure 6 - Other applications of fluorescence in wood anatomy. Species are compared 

under natural light, GFP, RFP and UV, respectively. The first two species, Araucaria 

angustifolia (A-D) and Podocarpus lambertii (E-H), are the only two extant genera of 

Brazilian gymnosperms and the presence of axial parenchyma (black dots) in P. lambertii 

is an easy way separate them. Fluorescence is a useful tool to improve some characteristics 

for image analyses software; I-L: Ocotea porosa, oil cells are highlighted by fluorescence 

(brighter dots). In Erisma uncinatum (M-P) the contrast between different cell types 

enhances the visualization for parenchyma/fibre/vessel measurements. Scale bar: 0.5 mm. 

One important aspect to consider for the selection of the fluorescence filters is 

the exposure time for image acquisition (Fig. 7). The filters GFP and RFP require 
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similar exposures, on average 3.622.46s and 2.621.92s, respectively, while the 

exposure time for the UV filter is considerably higher, on average 13.874.87s. 

Exposure time may change according to species and magnification and is usually higher 

in dark-coloured wood species and under lower magnification. The difficulty imposed 

by the higher exposure time is related to the time needed to acquire the images and how 

it impacts the routines of the analyses. About two seconds of exposure for each image 

does not really affect the routine in tree-ring studies, especially considering that it aids 

tree-ring visualization. In addition, image acquisition is not always necessary, as 

samples can be analysed directly on the stereomicroscope using the different filters. If 

the exposure time becomes too high, fluorescence might be only suitable for improving 

the cross-dating in specific regions of the samples. Results may also change to an extent 

between sapwood and heartwood, and except for a few species (e.g. Commiphora 

leptophloeos), growth-ring visualization was considerably improved in almost the 

whole sample. When taking these issues into consideration, fluorescence can be used 

either for the entire process of growth-ring identification and measurements or just for 

specific segments of the samples to improve the detection of false rings. 

 
Figure 7 - Mean exposure time and standard error (95% confident interval) required for 

image acquisition using a Leica DFC 7000T camera using natural light and the following 

fluorescence filters: GFP, RFP and UV, all under 10x magnification. 
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Conclusion 

With this technical note we demonstrated that the use of fluorescence can 

improve the growth-ring visualization and false ring identification in several species. 

This method is highly recommended for species with more complex wood anatomy 

(frequently found in tropical regions). To our knowledge, this is the first study that 

systematically explores fluorescence for improving tree-ring counting and cross-dating 

in different tree species. Although the sample size was relatively small, it has covered 

a great diversity of anatomical features. We expect fluorescence to assist those 

struggling with tree-ring counting and cross-dating. In addition, this technique may also 

be used for other applications in qualitative and quantitative wood anatomy. Other 

filters with different combinations of excitation and emission wavelengths are available 

on the market and they also have the potential to aid tree-ring studies. Therefore, we 

encourage future studies to explore different possibilities of using fluorescence, to 

search for other filter sets and to expand the available set of species useful for tree-ring 

studies. 

.  
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Table 1: Species employed for testing fluorescence in growth-ring visualization, the respective features highlighted by the method (-, no feature highlighted). It also shows if the 

annuality of the tree rings of each species have been proven before, or if there is no information (-); and if tree rings have been considered distinct, distinct to indistinct (distinct with 

difficulties), or indistinct. 

Species Family Feature improved Annual  /  Visualization Reference 

Acacia polyphylla DC. Fabaceae - - / - Willians and León (2008) 

Amburana cearensis (Allemão) A.C.SM. Fabaceae - Yes / Distinct Paredes-Villanueva et al. (2015) 

Anadenanthera colubrina (Vell.) Brenan Fabaceae Parenchyma bands Yes / Distinct Mendivelso et al. (2014) 

Aniba canelilla (Kunth) Mez Lauraceae - Yes / Distinct to indistinct Reis-Avila and Oliveira (2017) 

Araucaria angustifolia (Bertol.) Kuntze Araucariaceae - Yes / Distinct Prestes et al. (2018) 

Aspidosperma desmanthum Benth. Ex Müll.Arg. Apocynaceae Fibrous zone - / Indistinct Alves and Angyalossy-Alfonso (2000) 

Aspidosperma polyneuron Müll.Arg. Apocynaceae Fibrous zone and vessel density Yes / Difficult to indistinct Lisi et al. (2008); Tomazello Filho et al. (2004) 

Aspidosperma pyrifolium Mart. Apocynaceae Fibrous zone and vessel density - / Indistinct Alves and Angyalossy-Alfonso (2000) 

Brosimum rubescens Taub. Moraceae - - / Distinct to indistinct Alves and Angyalossy-Alfonso (2000) 

Cariniana estrellensis (Raddi) Kuntze Lecythidaceae Contrast among fibres and parenchyma Yes / Distinct to indistinct Lisi et al. (2008) 

Cavanillesia arborea (Willd.) K.Schum. Malvaceae Fibrous zone - / Indistinct Barbosa et al. (2018) 

Cedrela fissilis Vell. Meliaceae Porosity and parenchyma band Yes / Distinct Pereira et al. (2018) 

Cedrela odorata L. Meliaceae Porosity and parenchyma band Yes / Distinct Baker et al. (2017) 

Ceiba petandra (L.) Gaertn. Malvaceae Contrast among fibres and parenchyma Yes / Distinct to indistinct Worbes et al. (2003) 

Centrolobium tomentosum Benth. Fabaceae Contrast among fibres and parenchyma Yes / Distinct Lisi et al. (2008) 

Commiphora leptophloeos (Mart.) J.B.Gillett Burseraceae Density fluctuation and vessel density - / Distinct to indistinct Unpublisehd data 

Copaifera langsdorffii Desf. Fabaceae Parenchyma bands and secretory canals Yes / Distinct Carvalho et al. (2018) 

Dimorphandra mollis Benth. Fabaceae - - / Distinct to indistinct Marcati et al. (2006) 

Dryobalanops sp. C.F. Gaertn. Dipterocarpaceae Vessels at ring boundary No / Distinct Sass et al. (1995) 

Erythrina speciosa Andrews Fabaceae Fibres at ring boundary - / Distinct to indistinct Wheeler (2011) 

Eucalyptus sp.L`Hér. Myrtaceae - Yes / Distinct to indistinct Schulze et al. (2006) 

Goniorrhachis marginata Taub. Fabaceae Contrast among fibres and parenchyma - / Distinct Mainieri and Chimelo (1989) 

Guibourtia sp.Benn. Fabaceae - - / Distinct to indistinct Wheeler (2011) 

Handroanthus sp.Mattos Bignoniaceae Parenchyma bands Yes / Distinct da Fonseca et al. (2009) 
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Hymenaea sp. L. 
Fabaceae 

Parenchyma bands 
Yes / Distinct 

Westbrook et al. (2006);  Locosselli et al. 

(2013) 

Lecythis pisonis Cambess. Lecythidaceae - - / Distinct Mainieri and Chimelo (1989) 

Machaerium villosum Vogel 
Fabaceae 

Vessel density 
- / Distinct to indistinct 

Marcati et al. (2006); Tomazello-Filho et al. 

(2004) 

Myracrodruon urundeuva Allemão Anacardiaceae Vessel density and porosity - / Distinct Alves and Angyalossy-Alfonso (2000) 

Ocotea odorifera (Vell.) Rohwer Lauraceae - Yes / Distinct Reis-Avila and Oliveira (2017) 

Ocotea porosa (Nees & Mart.) Barroso Lauraceae - Yes / Distinct Reis-Avila and Oliveira (2017) 

Ocotea sp. Aubl. / Nectandra sp.Rol. ex. Rottb. Lauraceae - Yes / Distinct Reis-Avila and Oliveira (2017) 

Parapiptadenia rigida (Benth.) Brenan Fabaceae - Yes / Distinct Boninsegna et al. (1989) 

Peltogyne sp. Vogel Fabaceae Vessel density Yes / Distinct to indistinct Brienen and Zuidema (2005) 

Plathymenia foliolosa Benth. Fabaceae - - / Distinct to indistinct Manieri and Chimelo (1989) 

Podocarpus lambertii Klotzsch ex Endl. Podocarpaceae Tracheids at ring boundary Yes / Distinct to indistinct Locosselli et al. (2016) 

Pseudobombax sp. Dugand Malvaceae - Yes / Distinct Devall et al. (1995) 

Swietenia macrophylla King Meliaceae - Yes / Distinct Dünisch et al. (2003) 

Tipuana tipu (Benth.) Kuntze Fabaceae Contrast among fibres and parenchyma Yes / Distinct to indistinct Ferrero et al. (2014); Locosselli et al. 2019 
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Supplementary Material 

 

 

Figure S1 - Details of macroscopic features highlighted using different sets of fluorescence filters. 

Visualization under natural light is compared with GFP for Podocarpus lambertii and Copaifera 

langsdorffii, and with RFP for Peltogyne sp. and Ocotea porosa. A-B: Podocarpus lambertii axial 

parenchyma are visualized as black dots (white arrowheads) and tracheid cell walls in light green; C-

D: Peltogyne sp. presence of small vessels (inside brackets) in growth-ring boundary; E-F: Copaifera 

langsdorffii secretory canals (white arrowheads) emits light green fluorescence, contrasting with the 

low fluorescent marginal parenchyma band. G-H: Ocotea porosa oil cells (white arrowheads) emits 

light red fluorescence contrasting with fibres and other parenchymatic cells. Scale bar: 0.2 mm. 
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Figure S2 - Macroscopic view of Erythrina speciosa tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S3 - Example of Erythrina speciosa anatomical feature highlighted with the application of the 

technique.  
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Figure S4 - Macroscopic view of Brosimum rubescens tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S5 - Example of Brosimum rubescens anatomical feature highlighted with the application of the 

technique. 
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Figure S6 - Macroscopic view of Cedrela fissilis tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S7 - Example of Cedrela fissilis anatomical feature highlighted with the application of the 

technique.  
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Figure S8 - Macroscopic view of Eucalyptus sp. tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S9 - Example of Eucalyptus sp. anatomical feature highlighted with the application of the 

technique. 
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Figure S10 - Macroscopic view of Acacia polyphylla tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S11 - Example of Acacia polyphyla anatomical feature highlighted with the application of the 

technique.  
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Figure S12 - Macroscopic view of Aniba canelilla tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S13 - Example of Aniba canelilla anatomical feature highlighted with the application of the 

technique.  
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Figure S14 - Macroscopic view of Anandenanthera macrocarpa tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S15 - Example of Anadenanthera macrocarpa anatomical feature highlighted with the 

application of the technique. 
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Figure S16 - Macroscopic view of Ocotea odorifera tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S17 - Example of Ocotea odorifera anatomical feature highlighted with the application of the 

technique.  
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Figure S18 - Macroscopic view of Lecythis paraensis tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S19 - Example of Lecythis paraensis anatomical feature highlighted with the application of the 

technique.  
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Figure S20 - Macroscopic view of Pseudobombax sp. tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S2 - Example of Pseudobombax sp. anatomical feature highlighted with the application of the 

technique. 
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Figure S22 - Macroscopic view of Aspidosperma pyrifolium. tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S23 - Example of Aspidosperma pyrifolium anatomical feature highlighted with the application 

of the technique. 
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Figure S24 - Macroscopic view of Guibourtia sp. tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S25 - Example of Guibourtia sp. anatomical feature highlighted with the application of the 

technique. 
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Figure S26 - Macroscopic view of Plathymenia foliosa tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S27 - Example of Plathymenia foliosa anatomical feature highlighted with the application of 

the technique. 

  



76 

 

 

Figure S28 - Macroscopic view of Cariniana estrellensis tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S29 - Example of Cariniana estrellensis anatomical feature highlighted with the application of 

the technique. 
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Figure S30 - Macroscopic view of Drybalanops sp. tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S31 - Example of Dryobalanops sp. anatomical feature highlighted with the application of the 

technique. 
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Figure S32 - Macroscopic view of Parapiptadenia rigida tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S33 - Example of Parapiptadenia rigida anatomical feature highlighted with the application of 

the technique. 
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Figure S34 - Macroscopic view of Dimorphandra mollis tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S35 - Example of Dimorphandra mollis anatomical feature highlighted with the application of 

the technique. 
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Figure S36 - Macroscopic view of Aspidosperma desmanthum tree rings comparing different sets of 

fluorescence filters and their exposure time. Growth-ring visualization was compared under natural 

light, RFP, GFP and UV, respectively. 

 

Figure S37 - Example of Aspisposperma desmanthum anatomical feature highlighted with the 

application of the technique. 

  



81 

 

 

Figure S38 - Macroscopic view of Handroanthus sp. tree rings comparing different sets of fluorescence 

filters and their exposure time. Growth-ring visualization was compared under natural light, RFP, GFP 

and UV, respectively. 

 

Figure S39 - Example of Handroanthus sp. anatomical feature highlighted with the application of the 

technique. 
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Abstract 

Forests worldwide are facing increasingly frequent climate extremes due to global 

warming. Its negative effects on tropical forests have been extensively reported by both 

permanent plots and tree-ring studies that targeted forest's responses to climate. While 

this has been done mostly at community and population levels, the effects of landscape 

heterogeneity on trees’ sensitivity to climate is often not accounted for, overlooking the 

diverse responses of individual trees to climate variation. We tested the hypotheses that 

trees may differ in sensitivity to climate and that some microenvironmental conditions 

may exert the role of climate-change refugia. We built the first tree-ring chronology of 

Amburana cearensis trees sampled across a Seasonally Dry Tropical Forest (SDTF) in 

Brazil. We ensure a robust tree-ring dating using dendrochronological methods and 14C 

dating of trees inhabiting various conditions characterized here through the seasonality 

of the local Normalized Difference Vegetation Index. At the population level, the 

standard tree-ring chronology suggests that tree growth depends on rainfall and 

temperature, leading to a common conclusion that drier and warmer conditions would 

impact interannual tree growth in the tropics. However, the cluster analyses revealed 

groups of individual trees with distinct growth sensitivities to climate. The most 

sensitive trees were the individuals located in the highly seasonal vegetation of the 

epikarst, in contrast to the complacent (non-sensitive to regular interannual climate 

variability) trees, which inhabited the less-seasonal vegetation in the deep soil epikarst 

and valley. Using the groups of trees revealed by the cluster, we built two mean 

chronologies and assessed their climate-growth relationships. Similar to the patterns 

observed in the individual analysis, the growth of complacent trees showed no 

association with wet season precipitation and only moderate association with 

temperature. The areas supporting these complacent trees of A. cearensis in the less 

seasonal vegetation correspond to a quarter of the entire sampling area. The climate 

buffering capacity of these refugia may only be compromised in years of climate 

extremes when all sampled trees share low growth rates during years with anomalous 

low rainfall and high temperature. Assessing individual’s climate sensitivity is therefore 
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paramount for a comprehensive understanding of the heterogeneous responses of 

tropical forests to climate change. The hidden individual tree responses in the 

population can help identify priority areas of management in a rapidly changing 

environment. 

 

Keywords: Climate change, dendrochronology, karst, microenvironment, 

radiocarbon (14C), tropics. 

 

 

Resumo 

Florestas de todo o mundo estão experiencindo cada vez mais extremos climáticos 

devido ao aquecimento global. Os impactos negativos em florestas tropicais foram 

extensamente reportados tanto em estudos em parcelas permanentes quanto por anéis 

de crescimento que investigavam a resposta de florestas ao clima. Enquanto isso foi 

investigado a nível de comunidades e populações, os efeitos de uma paisagem complexa 

na sensibilidade de árvores ao clima normalmente não são considerados, 

negligenciando a diversidade de responsa individuais ao nível individual. Nós testamos 

a hipótese de que árvores podem ter diferentes sensibilidades ao clima e de que 

condições microambientais específicas podem exercer o papel de refúgios as mudanças 

climáticas. Para isso construímos a primeira cronologia de Amburana cearensis em uma 

floresta sazonalmente seca no Brasil. Nós garantimos uma datação robusta usando 

métodos dendrocronológicos e datação por radiocarbono (14C) de árvores crescendo em 

diversas condições caracterizadas pelo Índice Normalizado de Diferença de Vegetação 

(NDVI). A nível populacional, a cronologia de anéis de crescimento sugere que o 

crescimento das árvores depende da quantidade de chuva e temperatura, o que leva a 

comum conclusão de que condições quentes e secas podem impactar o crescimento 

interanual de árvores nos trópicos. Entretanto, análises de agrupamento revelaram 

diferentes grupos de árvores cuja sensitividade do crescimento ao clima é diferente. Os 

indivíduos mais sensíveis eram os localizados nas áreas com maior sazonalidade da 
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vegetação no epicarste, contrastando com as árvores complacentes (não sensitivas a 

variabilidade interanual regular), que habitam as áreas menos sazonais da paisagem 

cárstica, como os vales e regiões com solo mais profundo. Usando os grupos de árvores 

revelados pela análise cluster, foram construídas duas cronologias e sua relação entre 

clima e crescimento foi investigada. De forma similar aos padrões observados nas 

análises individuais, o crescimento das árvores complacentes não mostrou associação 

com a precipitação nos meses de crescimento e fraca correlação com temperatura. As 

áreas que abrigam essas árvores complacentes de A. cearensis na porção de floresta 

menos sazonal correspondem a um quarto de toda a área investigada. A capacidade de 

buffer desses refúgios é comprometida apenas em anos de eventos climáticos extremos, 

no qual todas as árvores coletadas compartilham a mesma resposta de baixa taxa de 

crescimento quando expostas a pouca chuva e altas temperaturas. Investigar as 

respostas individuais é, portanto, essencial para um melhor entendimento da 

heterogeneidade das respostas de florestas tropicais as mudanças climáticas. Essas 

respostas individuais ocultas dentro da população podem ajudar a identificar áreas 

prioritárias de manejo e conservação nas condições atuais de mudanças climáticas. 

 

Palavras-chave: Mudanças climáticas, dendrocronologia, cárste, microambiente, 

radiocarbono (14C), trópicos.  
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1. Introduction 

Trees are widely threatened in many ecosystems around the world due to the numerous 

consequences of climate change (Allen et al., 2010; IPCC, 2018). Harsher climate 

conditions have been reported worldwide putting large areas of forest ecosystems at risk 

(Allen et al., 2010; Ault 2020; Brienen et al., 2010). There is growing evidence from forest 

plots and tree-ring studies that global warming is changing the dynamics of forests by 

affecting tree growth (DeSoto et al., 2020) and mortality rates (Aleixo et al., 2019; Brienen 

et al., 2015). However, most analyses at the population or community levels underestimate 

how forest structure and dynamics are influenced by diverse interactions of individual trees 

within the forest assembly (Albert et al., 2010; Levine et al., 2016; Paine et al., 2011). For 

example, individual responses to climate fluctuations vary with microenvironmental 

conditions (Stillman et al., 2015), which often create forest enclaves that shelter individual 

trees of given species from the regional effects of global warming (Carrol et al., 2017). 

These forest enclaves can become climate-change refugia that act as “slow lanes” to 

changes in climate condition, supporting the growth of individuals that do not fully develop 

in the surrounding landscape (Morelli et al 2020). Knowledge on the individual responses 

to climate variability, especially in these enclaves of climate-change refugia, is crucial for 

understanding future carbon assimilation in tropical forests and planning effective 

conservation management actions (Morelli et al., 2020; Trouillier et al., 2018; Zuidema et 

al., 2013). 

Tropical forests are naturally heterogeneous in terms of microenvironmental conditions 

(Chen et al., 1999, Townsend et al., 2008, Uriarte et al., 2017) pointing to a possible 

diversity in tree responses to climate variability. This is especially the case of Seasonally 

Dry Tropical Forests (SDTF) due to the combination of seasonal climate and complex 

landscape. In this case, the SDTF is a particular one, that occurs in a transitional area of 

two Brazilian Biomes (the typical SDTF, named ‘Caatinga’ and the Bazilian savanna, the 

‘Cerrado´), but locally conditioned by the limestone bedrock and derived karstic 

formation. Diverse landscape features with variations in i.e. altitude, soil depth, presence 

of ravines, rock outcrops (Locosselli et al., 2016) and watercourses, to name a few (Coelho 

et al., 2013; Pennington et al., 2006), can sustain consistently different vegetation 
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structures and functions (Murphy & Lugo 1986) and might create climate-change refugia 

(Morelli et al., 2020). In these forest enclaves, the negative effects imposed by adverse 

climate conditions on key physiological mechanisms are less intense and frequent when 

compared to the surrounding landscape (Locosselli et al., 2016, McLaughlin et al., 2017). 

The heterogeneity of microenvironmental conditions from tropical forest formations is 

likely maximized in the SDTF turning it into a reliable model for exploring the range of 

climate responses of growth in the individuals of a population. 

Tree’s responses to climate in SDTF, as in any other forests of the world, can be 

accurately assessed using tree-ring analyses (Douglas 1941, Fritts, 1966). Tree rings are 

known to be reliable records of trees’ growth response to climate variability across different 

climate regimes, including the tropics (e.g. Schöngart et al., 2017; Brienen et al., 2016; 

Worbes, 2002). As a standard defined early on by tree-ring studies (Douglas 1941, Fritts 

1966), the focus of most dendrochronological investigations relies on the mean population 

growth patterns (Carrer, 2011; Zuidema et al., 2013) from the most sensitive trees to 

climate variability, avoiding conditions where the growth of trees may be complacent and 

not subject to climate variability (Fritts, 1966; Stahle 1999). Such strategies employed for 

building a robust tree-ring chronology may deliberately remove key information about the 

growth signal of individual trees.  The diversity in the growth responses of individual trees 

is inherent to tree populations and may be related to competition (Trouillier et al., 2018), 

genetics (Mori et al., 2020), site provenance (Akhmetzyanov et al., 2020), and climate 

sensitivity (Galván et al., 2014). However, it is unclear to what extent trees with 

complacent growth represent a significant share of the population, and if these trees 

growing in supposedly more favorable conditions may still be subject to more extreme 

climate events in tropical regions. Such knowledge on individual trees is considered 

paramount to assess the possible responses of vegetation dynamics to climate change 

(Zuidema et al., 2013). 

As key information is likely being missed from an ecological perspective in studies 

focusing only on the population response, we propose the evaluation of the individual 

climate sensitivity to better predict future changes in forests dynamics. The individual tree 

responses could also help to reveal enclaves of climate change refugia which can be used 
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to guide effective management practices in a changing climate. Here we assessed the 

presence of possible enclaves of climate-change refugia in an SDTF by evaluating the 

climate sensitivity of individual trees using tree rings. We tested the following hypothesis: 

I) trees’ responses to climate variability differ at population and individual levels, II) 

groups of trees may be more or less sensitive to climate according to the 

microenvironmental conditions, III) enclaves of climate-refugia in the SDTF may buffer 

trees’ responses to regular interannual climate variability as well as to extreme climate 

conditions. Our findings show that there are different climate responses at the individual 

tree level that cannot be revealed from simple population analyses. Moreover, our results 

show a significant variability of climate responses at individual level, evidencing the 

presence of potential enclaves of climate-change refugia in the less-seasonal 

microenvironments found in the SDTFs. 

 

2. Material and methods 

2.1. Species and study site 

We sampled trees of Amburana cearensis (Allemao) A.C. Sm., a deciduous tree 

species, partly light-demanding, widely distributed and commonly found in the driest 

forests of South America (Figure S1). Trees of A. cearensis can reach up to 25m in height 

and 110cm of diameter at breast height (DBH) with straight and cylindrical trunks (Leite, 

2005; López, 1987, Lorenzi, 2008). It produces distinct annual tree rings with great 

potential for recording interannual climate variation (Baker et al., 2015; Brienen & 

Zuidema, 2006; López & Villalba, 2016; López et al.,  2012, 2013; Paredes-Villanueva et 

al., 2015). The tree rings of A. cearensis are characterized by the presence of small vessels 

surrounded by half-flattened aliform axial parenchyma, sometimes associated with a 

fibrous zone without vessels (Figure S2). Marginal parenchyma bands may be present in 

the oldest individuals with relatively lower growth rates. 

Amburana cearensis is usually found in calcareous and limestone-rich soil, common 

to karstic areas (Leite, 2005). We sampled trees in a SDTF located in the largest karstic 

area in Central-Eastern Brazil (Auler & Farrant, 1996), at the Cavernas do Peruaçu 

National Park in Northwestern Minas Gerais State (14°54’ and 15°15’S / 44°03’ and 
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44°22’W). The area is at the São Francisco craton, formed by Proterozoic Bambuí 

limestone rocks and crossed by the lesser course of the Peruaçu river (MMA 2002) a 

perennial left-bank tributary of the Rio São Francisco. The climate in this region is tropical 

savanna-like with dry winters (Aw) according to the Köppen system (Peel et al., 2007). 

The mean total annual precipitation is 930 mm with rainfall distributed during the year as 

a typical monsoon system (Zhou and Lau, 1998) (Figure S3). Out of the total annual 

rainfall, 90% falls in the spring and summer months (ONDJF) and it is almost absent (less 

than 50 mm per month) during winter (JJA) (Vera et al., 2006). 

The local precipitation and temperature time-series used in this study were 

calculated based on the mean monthly values from local meteorological stations from 

Agência Nacional de Águas (ANA) and Instituto Nacional de Meteorologia (INMET) 

(Figure S4). The meteorological stations compiled cover an area of nearly 1.5o X 1.5o, 

centered over the Cavernas do Peruaçu National Park (Figure S5). The list of 

meteorological station used in this study is shown in (Table S1). 

 

2.2. Tree sampling 

We sampled trees within a gradient of microenvironmental conditions (Chen et al., 

1999), from the highest areas of epikarst to the valley (Figure S6 and S7). The karstic 

landscape is highly complex (Figure S7) and thus with different microenvironmental 

conditions that harbor diverse vegetation (Rodet et al., 2015), ranging from xerophytic to 

flood-adapted species (a detailed list of species is found at Lombardi et al., 2005). The 

epikarst is covered by dry forests, an open formation with short trees (between 15 and 25 

meters tall), associated with limestone rocks not connected to the water table (Coelho & 

Sánchez-Azofeifa, 2013; Prous & Rodet, 2009). Soil depth in the epikarst varies through 

the sampling site, with shallow soil close to the ravines and rocky outcrops while the karstic 

pavements have a deeper soil layer. The valley includes, but it is not restricted to, the 

riparian forest from the Peruaçu river. It has deeper soil than the epikarst and support a 

dense and tall vegetation, with canopy height ranging between 20 and 25m mostly 

composed by evergreen and brevi-deciduous species (Prous & Rodet, 2009). Besides, there 
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is a near 200-meter difference in altitude between the valley and the epikarst (Coelho et 

al., 2013).  

We sampled trees with various diameters at breast height, ranging from 10cm to 

70cm, to have a better representation of the tree population (Speer 2010). We obtained two 

to four cores from each individual tree using manual increment borers or a special borer 

coupled to a motor drill (Krottenthaler et al., 2015). After sampling, we applied a solution 

of copper sulfate and calcium carbonate in the sampling hole and closed it with natural 

cork to avoid bacterial or fungal infection and to prevent insect attacks. Information about 

the geographical location, diameter at breast height (DBH), and tree height were recorded 

in the field. All wood samples were included in the Xylarium Nanuza Luiza de Menezes 

(SPFw, for further information refer to http://splink.cria.org.br/) and herbarium 

reproductive vouchers were stored in the herbarium SPF. Increment cores were fixed on 

wood supports and left to dry for a couple of weeks. After air-drying, we sanded the 

samples using sandpaper with different grits (80 to 400) to obtain a clean cross-section for 

proper tree-ring observation. All radii were scanned at 2400dpi resolution (EPSON 

Expression 12000XL) for measuring the tree-ring width in WinDendroTM (Regents 

Instruments Inc., Canada). We used a modified version of the protocol proposed by Hietz 

(2011) to estimate the age of trees from cores that missed the pith or central trunk area. 

2.3. Chronology construction and confirmation of tree ring annual formation 

In this study, we combined three different methods to check tree-ring annual 

formation of Amburana cearensis: i) cross-dating and the establishment of a robust 

chronology (section 2.3.1.); ii) inter and intra-annual radiocarbon dating of the years 

relative to the bomb-peak (section 2.3.2.); iii) correlation analysis with climatic variables 

(section 2.3.3.). 

2.3.1. Cross-dating and chronology establishment 

The cross-dating is the process of matching tree-ring width patterns among trees 

(Douglass, 1941). This procedure aids the identification of false and locally absent tree 

rings that are corrected before the final chronology is built (Speer, 2010). We attributed the 

calendar year according to the year in which tree rings started to be produced (Schulman, 
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et al., 1956). First, we conducted a visual cross-dating in WinDendroTM (Regents 

Instruments Inc., Canada). For that, all the radii of a tree were visualized simultaneously, 

allowing identification of false and missing rings. During this stage, we identified possible 

pointer years, or years characterized by low growth rates, that were used to cross-date 

different trees. We then used the software COFECHA (Holmes, 1983) for checking the 

dating quality.  

The signal extraction and index calculation were performed using the 

Dendrochronology Program Library - dplR (Bunn, 2008) in R (R Core Team 2020). We 

used a 20-year cubic smoothing spline curve to remove non-climatic signals, such as the 

age- and size-related trends, while retaining the high-frequency variability (Cook, 1987). 

We also calculated the rbar to quantify the common-growth signal, which is the mean 

correlation coefficient of all pairwise combinations of all trees in the dataset  (Briffa et al., 

1995), and the EPS (Expressed Population Signal) that shows how well the samples 

represent an infinitely replicated chronology (Briffa and Jones, 1990). For this study, we 

used both the standard tree-ring chronology, to represent the population growth signal, and 

the detrended individual mean series to evaluate growth signals at the individual level. 

2.3.2. Radiocarbon dating 

To independently test tree-ring annual formation and confirm tree-ring dating, 

we applied high-precision radiocarbon (14C) dating for the tree rings in the bomb-peak 

period (Baker et al., 2017; Soliz-Gamboa et al., 2011; Worbes 1989). The number of 

available samples to date was constrained because few trees presented growth rings that 

date back to the bomb-peak years (i.e. over 55 growth rings). Therefore, we were able to 

select only one tree from each sensitivity group (please refer to the results section 3.2. to 

see the different sensitivity groups) to date the tree-rings and make sure the distinct 

responses were not the result of dating problems. From the three selected trees, we dated 

two to four key years each (1960, 1964, 1965, 1970, 1980, 2001). The tree rings were 

separated using a scalpel under a stereomicroscope. To explore the high variability in the 

bomb-peak period (Hua et al., 2013) and test tree-ring annual formation, we performed 

intra-annual analyses. Also, to confirm the length of the growing season, we attempt to 
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verify if the intra-annual shifts in 14C followed the expected wet season months (from 

October until April). For that, we selected a tree with the highest growth rate in 1965 and 

divided the corresponding tree ring into eight parts. 

We extracted the α-cellulose from the whole wood to perform the measurements 

(Linick et al., 1986) with an acid-base-acid extraction in individual rings as described in 

Ehrlich et al. (2017). Between 2-3mg of α-cellulose were graphitized using an EA-IRMS-

AGE3 system, composed of an elemental analyzer (EA, 'vario ISOTOPE SELECT' by 

Elementar), coupled to an isotope ratio mass spectrometer for δ13C measurement (IRMS, 

isoprime precisION by Elementar), and to a third generation of the Automated 

Graphitization Equipment (AGE3, by Ionplus). The 14C content determination was made 

in an Accelerator Mass Spectrometry and results were calibrated and modelled using  

OxCal v 4.3.2 (Ramsey, 2009; Ramsey et al., 2001) to the Southern Hemisphere calibration 

curve, zones 1-2 (Hua et al., 2013).  The 14C measurements sometimes provide ambiguous 

results caused by the shape of peak in the calibration curve, but this can be corrected using 

a tree-ring sequence model (Hammerschlag, et al., 2019; Ramsey 2008; Ramsey et al., 

2001). These procedures were carried out at the Dangoor Research Accelerator Mass 

Spectrometry (D-REAMS) laboratory at the Weizmann Institute (Regev et al., 2017). 

2.3.3. Climate / growth relationship 

To understand the relationship between climatic variables and the average 

growth signal in the sampled population, we correlated the standard tree-ring chronology 

with historical climate data from 1961 to 2017 (the period covered by more than five trees). 

Rainfall and temperature are commonly used together in dendrochronological studies, and 

despite some level of covariance between them in the present sampling site, we used both 

variables to turn our study comparable with the current literature. Climate/growth 

relationships were assessed by calculating Pearson’s correlation coefficients (Blasing et 

al., 1984). As tree growth can also be influenced by the climate of previous years, we 

analyzed the monthly correlations with the previous and current growing (24 months from 

May -1 to April +1). We also analyzed seasonal correlations by averaging the climate 

during the wet season (months with precipitation above 50mm, from October to March). 
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2.4. Analysis of individual trees 

Correlations between interannual climate variation and detrended individual tree-

ring series were used as a tool to objectively group trees according to their sensitivity to 

climate. The individual detrended tree-ring series were correlated with the interannual 

climate data and clustered according to their correlation scores. For that, we used the Ward 

method of hierarchical clustering using the correlation coefficients between each individual 

series and monthly climate (Ward and Hook, 1963). We used the common period to all 

tree-ring series and climate data to make the correlation coefficients comparable and assure 

the robustness of the individual inferences (from 2002-2016). 

We further compared the groups of trees retrieved from the cluster analyses using 

the individual-tree metadata to characterize the possible drivers of the observed climate-

growth clusters (Trouillier et al., 2018). We evaluated differences in microenvironmental 

conditions, site elevation, trees’ estimated age, Diameter at Breast Height (DBH) and Basal 

Area Increment (BAI). BAI was calculated using dplR (Bunn, 2008) that transform tree-

ring width (mm) to tree-ring area (mm squared) to enable comparison of trees with different 

sizes (Peters et al., 2015). We checked for statistical difference between two groups using 

the non-parametric Wilcoxon signed-rank test, and the Kruskal-Wallis test for more than 2 

groups. We use the Dunn test as a post-hoc analysis to verify the difference between the 

groups (Zar, 2010). In addition, we evaluated the linear relationship between the correlation 

coefficients calculated before and trees’ age to access any age dependence on the climatic 

responses of the sampled trees. 

We then used the results of the cluster analyses to build two separate mean 

chronologies using sensitive and non-sensitive trees (refer to the results for further details). 

We used the same methodology described in Section 2.3. for the population chronology 

and verified the climate-growth relationships during the previous and current wet season. 

We finally performed a pointer year analysis (Cropper, 1979; van der Maaten-Theunissen 

et al., 2015), to explore the common growth signals of the trees from different clusters 

during years with extreme climate conditions. All analyses were performed in R (R Core 

Team 2017) using the packages ggplot2 (Wickham, 2016) FSA (Ogle et al., 2020), and 

gplots (Warnes et al., 2015). 
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We characterized the vegetation seasonality as an indirect assessment of the 

microenvironmental conditions in the vicinity of each sampled tree. For that, we calculated 

the Normalized Difference Vegetation Index (NDVI) (Kriegler et al., 1969; Rouse et al., 

1974) based on LANDSAT 8 OLI satellite images taken in the wet and dry season - 

December 20th 2018 and July 16th 2019, respectively (Figure S5) - downloaded from the 

Brazilian National Institute of Space Research web catalogue (INPE - 

http://www.dgi.inpe.br/catalogo/). The images have 30m of spatial resolution and were 

corrected for the top-of-atmosphere reflectance values according to the United States 

Geological Survey (USGS) standards to enable comparison. To calculate the NDVI ratio, 

we divided the NDVI of the wet season by the dry season one (Figure 1). We then 

reclassified the NDVI ratio image according to the range of the NDVI values in each of the 

groups retrieved from the cluster analyses, using the interquartile range of the NDVI ratio 

values of the trees in each group using QGIS 3.4.2 (QGIS Development Team, 2015) and 

used the Point Sampling Tools. 

 

Figure 1 – Map showing the ratio between the NDVI from wet season (summer) 

and dry season (winter) at the “Cavernas do Peruaçu” National Park, Central-Eastern 
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Brazil (A). Green areas correspond to the less seasonal vegetation from the valley and 

karstic pavements (epikarst areas with deeper soil), while red areas correspond to the highly 

seasonal vegetation from the epikarst with shallow soil cover. A detail of the distribution 

of the sampled trees (white circles) is given on panel B. The Southeastern portion of the 

National Park (dull area) suffered from intense land-use changes characterizing it as a non-

natural area. 

 

3. Results: 

3.1. Tree-ring series and cross-dating quality 

Out of the 51 sampled trees of A. cearensis, 39 were cross-dated and included in the 

analyses. Trees not included in the chronology presented inconsistent growth patterns 

caused by a high number of false rings, local growth anomalies, intra-annual density 

fluctuations or overall poor tree-ring delimitation (Figure S8). 

The maximum age of the trees included in the chronology was 78 years, and the 

mean annual diameter increment rate was 0.70 ± 0.43 cm yr-1. The final mean chronology 

(Figure 2) showed a strong common-growth signal in the population (rbar = 0.45 and EPS 

= 0.93, see Table 1). Dating was further tested using radiocarbon (14C) dating in trees from 

different microenvironments. Figures 2 and S9 show that the year attributed using cross-

dating had the expected 14C content from 1965 until 2018. The high-resolution analysis 

showed an intra-annual 14C variation corresponding to the expected growing season at the 

end of the cross-dated year (October-November) until the beginning of the following year 

(April-May), which corresponds to the wet season (Figure 2C). The 14C results and 

modelled age for the 20 measurements are available in Supplementary Material (Table S2 

and Figure S9). For the earlier years, outside the period used in this study, there is still a 

minor dating error, only one year off in one of the measured trees which can only be 

corrected with the addition of older trees to the chronology. 
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Figure 2 - Tree-ring width chronology of Amburana cearensis and radiocarbon 

dating of “bomb-peak” years. A) The mean chronology is highlighted by the thick orange 

line while mean individual tree series are plotted as black lines. The sample depth is 

displayed as the shaded gray area. The blue circles on the mean chronology indicate the 

years selected for radiocarbon dating. B) Radiocarbon “bomb-peak” period with the 3 

measured trees plotted on the curve according to their dendrochronological year. The 

values of standard deviation of the measurements are smaller than the symbols. The dotted 

square in panel B is highlighted in C, detailing the intra-annual analysis performed in the 

year of 1965 (8 measurements) from the complacent tree number 8005 that captured the 

growing season in the wet season (summer). The tree rings from the other two trees were 

divided in half. The black line is the reference curve used for calibration (Hua et al., 2013) 

and black dots are from the Brazil curve (Santos et al., 2015). 
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Table 1 

Diagnostics of Amburana cearensis tree-ring width chronology. 

 

Sampled trees 51 

Dated trees (radii) 39/112 

Mean diameter growth-rate ±SD (cm) 0.70 ± 0.43 

Mean tree-ring width ±SD (cm) 0.35 ± 0.21 

Maximum age (years) 78 

Series intercorrelationa 0.62 

Sensitivitya 0.51 

Absent rings (%)a 0.46 

Time Span 1947-2018 

rbar 0.45 

EPS 0.93 

adata from COFECHA  

 

3.2. Climate response at the population and individual level 

 We calculated the correlation values between the population tree-ring width 

chronology and precipitation and temperature for each month, and during the wet season 

(Figure S10 and Figure 3). The tree-ring chronology is strongly associated with the sum of 

precipitation during the wet season, from October to March (r = 0.56, p < 0.001), but not 

with the monthly precipitation values. On the other hand, temperature is significantly 

associated with tree growth mostly at the end of the wet season, from January to March, 

with the highest correlation values in February (r = -0.42, p < 0.001). 
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Figure 3 – Synchrony and correlation values (r) between the mean population 

chronology and both rainfall and mean temperature from the wet season (from October 

until March). Precipitation (blue line) has a positive correlation and temperature (red line) 

has negative correlation with population tree-growth (black lines). Asterisks indicate 

statistical significance, ** p < 0.01. 

In addition to the population analysis, we also evaluated the climate signal at the 

individual tree level. The cluster analyses of individual climate sensitivity revealed three 

groups that represent the association between interannual growth and monthly precipitation 

(A, B and C in Figure S11). Out of the 39 dated trees, 22 are sensitive to temperature and 

precipitation variations, six are sensitive only to precipitation and 11 trees showed no 

sensitivity to regular interannual climate variability, from now on referred to as complacent 

trees (Figure 4). Trees sensitive to both temperature and precipitation inhabit the most 

seasonal conditions, mainly at the highest elevations. They are also the oldest trees in the 
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sampling site. Trees only sensitive to precipitation, inhabit sites with intermediate 

seasonality, at high to medium elevation. The complacent trees, in turn, are the ones at the 

less seasonal sites, at low altitude, and also correspond to relatively young trees (Figure 4 

and Figure S13). Nonetheless, there is no evidence that young trees are less sensitive to 

climate and the old complacent trees showed even lower correlation scores (Figure S14). 

In addition, trees’ dimension and growth rate are similar among groups (Figure 4 and S13). 

 
Figure 4 - Upset plot of observed individual tree climate sensitivities. The boxplots 

on the lower panel are the individual trees’ value of NDVI ratio (value from the wet season 

divided by dry season), elevation (m), age (years), Diameter at Breast Height – DBH (cm) 

and Basal Area Increment – BAI (mm2 yr-1) compared per group. Red boxplots are the 

group sensitive to temperature and precipitation, light-red is the group sensitive only to 

precipitation and blue is the complacent group. Different letters (“a”, “b” and “c”) indicate 

statistically different groups. 
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Using the results of the cluster analyses to objectively group the trees according to 

their sensitivity to climate, we built two mean chronologies and assessed their climate-

growth relationship from 1980 to 2016 (Figure 5, Table S3). Similar to the individual-tree 

analyses (Figure 4, Figures S11 and S12), the complacent trees showed no significant 

correlation with mean wet season rainfall, and only moderate correlations with mean 

temperature during the onset and the end of the wet season, as well as for the mean 

temperature of the wet season (Figure S15). These correlations are only sustained because 

of three specific years, 1997, 2005, and 2015, that present the highest temperatures for the 

studied period. Sensitive trees, on the other hand showed rather strong correlations with 

temperature and precipitation during the months of the wet season (Figure 5). Even for the 

shorter period from 2002 to 2016 used in the individual analyses (Figure S16 compared to 

Figure S11 and S12), we observed consistent results with the ones obtained using the mean 

chronology of the sensitive and complacent trees (Figure S16). 

 

Figure 5 – Mean chronology of sensitive (red) and complacent (blue) trees and the 

correlation coefficients of their climate-growth relationship. A) tree-ring width 

chronologies and sample depth (number of trees). B) and C) correlation coefficients of the 

monthly and seasonal (mean wet season) association between tree-ring index and 

precipitation and temperature for the period from 1980 to 2016. Asterisks indicate 

statistically significant: *p < 0.05, ** p < 0.01. 
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The range of NDVI ratio values of each sensitivity group was then used to classify 

the NDVI ratio map from the sampling site (Figure 8). Due to the presence of crops and 

other land-use changes in the Southeastern portion of the National Park, these areas were 

not included in the analysis. A significant share of the “Cavernas do Peruaçu National 

Park” might harbor Amburana cearensis trees that are complacent (25.45% of the National 

Park area). Some areas show values of the NDVI ratio below the lowest values of the 

interquartile interval correspondent to complacent trees (34.38%), where trees are also 

expected to be complacent. On the other hand, 12.03% of the area may potentially support 

trees sensitive to both precipitation and temperature, and 9.66% of the area may support 

trees only sensitive to precipitation. Because we observed a gap between the quartiles of 

the A. cearensis trees affected and not affected by climate variation, about 16.88% of the 

area of the Park has NDVI ratio values that fall within a transition zone likely harboring 

both sensitive and complacent trees. In this gap between the quartiles of NDVI ratio values 

is where the trees that were removed from the analysis are located (Figure S17). The NDVI 

values of their sites of provenance showed intermediary values between the groups of trees 

defined by the cluster analyses, as if they were in a transitional area. 
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Figure 6 – Reclassification of the NDVI ratio map of the National Park highlighting 

areas with different individual Amburana cearensis tree sensitivity. The Southeastern 

portion of the National Park (dull area) were not accounted due to the presence intense 

land-use changes characterizing it as a non-natural area. The bar plots on the lower panel 

are the relative coverage (% of area) of each class. The sampled trees correspond to the 

complacent (light blue) and sensitive (light and dark red) areas. The dark blue and black 

areas are likely to have the same response as the sensitive and complacent trees, 

respectively. * The hatched area in the temperature map refers to transitional areas with no 

clear classification based on the present data. 
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The individual analysis also revealed that trees from the sensitive and complacent 

groups share some pointer-years, always related to harsher climates conditions (Figure 7). 

For instance, pointer years like 1997 are marked by relatively high temperatures (wet 

season mean temperature more than one standard deviation above the last 56 years’ 

average), and rainfall below average or unevenly distributed during the wet season. Such 

similarity is not observed for other years, as trees from the various groups show distinct 

tree-ring width variability. 

 

Figure 7 – Pointer year analysis of the population (A). Gray filled bar plots indicate number 

of standard deviations from local mean, dark gray bars are years with >75% of the 

population showing significant deviation (Cropper 1979). On B and C, we verified the 

common growth among individual series for two most recent negative pointer years. Main 

climate characteristics of the site and selected years are shown in the table with standard 

deviations (±) on the right. 
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Discussion 

Tropical forests are highly diverse ecosystems (Wiegand et al., 2007; Wright, 2002) 

and the assessment of tree-growth responses to climate across microenvironmental 

conditions is usually performed at the population level (Albiero-Júnior et al., 2019; Godoy-

Veiga et al., 2018; Locosselli et al., 2016; López et al., 2019), while responses of individual 

trees remain poorly explored. Overlooking the individual signal is a standard procedure in 

dendrochronology, as well as in other fields concerning trees and forests dynamics, whose 

statistical methods aim to improve the population climate signal (Cook, 1987; Douglas, 

1941; Fritts, 1966; Trouillier et al., 2018). Few standard procedures have to be employed 

to maximize the population climate signal and remove the “individual noise”, such as the 

choice of the most sensitive trees based on provenance characteristics, and the later removal 

of individual series for presenting a weaker climate signal (Douglas, 1941). The latter is 

usually attributed to a possible lack of precision in the tree-ring dating of tropical trees. To 

ensure the precision in the tree-ring dating is, therefore, a key issue that should be addressed 

by any study that aims to explore the different signals at the individual tree level. In this 

work, the individual tree analysis was used as the first step to identify trees with different 

degrees of climate sensitivity that could indicate possible areas of climate change refugia 

for this tree species. 

The framework used in this study allowed us to use a consistently dated set of tree-ring 

series. Such quality of dating was attested by a tree-ring chronology that meets cross-dating 

standards comparable to temperate sites. The calculated inter-series correlation (0.62) and 

rbar (0.45) was significantly higher than in any other chronologies built with Amburana 

cearensis in South America (rbar value of 0.33 in Brienen & Zuidema, 2005, and 0.34 in 

Paredes-Villanueva et al. 2015), and on par to temperate studies (e.g. rbar values from 0.43 

to 0.62 in Friedrichs et al. 2009). The quality of our tree-ring dating was then independently 

supported by 14C dating of trees from different sensitivity groups in the period covered by 

the climate analyses (Figure 2B and 2C). The intra-annual shifts in the measured 14C further 

allowed us to confirm the growing season during the wet summer for these trees. 

Altogether, these results gave us the certainty that the individual analyses were not subject 

to bias due to dating mistakes. 
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Climate response at the population level 

Similar to other studies in tropical areas (e.g. Brienen & Zuidema, 2005; Paredes-

Villanueva et al., 2015), our results indicate climate as a key factor modulating A. cearensis 

tree growth, with a predominant control of rainfall during the wet season and a negative 

effect of temperature in few months of the growing season (Figure 3). Dry and warm 

conditions favor the downregulation of photosynthesis while increasing photorespiration 

and evaporative demands that can reduce carbon net gain (Brienen et al., 2015; Doughty 

& Goulden, 2009; Lloyd & Farquhar, 2008). This result can be interpreted as the expected 

response of trees in a population to climate variability and further used to infer how this 

species may respond to future climate changes. Nonetheless, climate signal may vary 

according to the local microenvironmental conditions, and the individual tree correlations 

may be further used as a filter for tree sensitiveness among a population. 

 

Climate response in the individual level 

The cluster analyses indeed revealed groups of sensitive and complacent trees in the 

same population. A surprising result was that within the group of sensitive trees, tree age 

seems to affect how trees respond to rainfall variations, which could be related to different 

strategies of carbon allocation between structural and non-structural carbon pools in 

relatively old and young trees (Konter et al., 2016; Locosselli & Buckeridge, 2017; Sala et 

al., 2012). However, the lack of climate sensitivity of the complacent trees is not dependent 

on tree age. Both young and old trees may show complacent behavior depending on the 

local microenvironment conditions (Figure 4 and Figure S13). Tree size and growth rate 

were also not associated with the tree’s sensitivity to either temperature or rainfall. 

We then used the clusters of sensitive and complacent trees to build two mean 

chronologies and assess their climate-growth relationships (Figure 5). The two new 

chronologies support the overall patterns revealed by the analyses of individual trees 

(Figure 4) with changes in the months with significant correlations probably because of the 

non-stationary noise present in individual tree-ring series (Cook, 1987). The mean 

chronology of the complacent trees showed no response to wet season precipitation and 

only a moderate association with temperature, supported only by the presence of specific 
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years with more extreme climate conditions. The same is not valid for the sensitive trees 

that retained a significant association between growth and climate even without these years 

with extreme climate conditions. 

As a general pattern, the sensitive trees of A. cearensis mainly inhabit the more seasonal 

microhabitats formations in the SDTF, as indicated by the values of NDVI ratio (Figures 4 

and S13). This pattern points to the role of the microenvironmental conditions shaping the 

sensitivity of trees to climate variability. Such differences in the NDVI ratio are due to a 

series of factors including site elevation forests structure and dynamics, microclimate, and 

soil characteristics. Overall, the more seasonal forest on top of the epikarst presents a more 

open formation, likely with less tree competition, higher temperature, lower air humidity, 

and shallower soils which are not connected with the water tables (Coelho, 2013; Prous & 

Rodet, 2009 and field observations). Such conditions are very different from the ones found 

in the karstic pavement, at the bottom of the valley and near ravines, which may decouple 

the microclimate from the macroclimate, and likely create forest enclaves that can act as 

climate-change refugia (Carrol et al., 2017; Morelli et al., 2020) that favors tree growth 

(Boakye et al., 2016; Locosselli et al., 2016). These “slow-lanes” for plant species in a 

changing climate are strategic places for effective conservation management efforts in the 

near and long-term (Morelli et al. 2020). 

The capacity of specific microenvironmental conditions to act as a climate refugia, such 

as those found in the valley, karstic pavements, and ravines, may not always be sufficient 

to protect trees from climate variability. The results from this study show that both sensitive 

and complacent trees share consistent narrow rings in some specific years with anomalous 

low rainfall and high temperature (Figure 7). For instance, the year of 1997 was particularly 

warm and dry in the region, affecting not only the growth of both sensitive and complacent 

Amburana cearensis trees but also the growth of other tree species such as the Cedrela 

fissilis (Pereira et al., 2018). The presence of these narrow rings in the complacent A. 

cearensis trees indicate that even the trees growing in protected areas are susceptible to 

climate extremes. They are likely the reason why we observed moderate correlations with 

climate for the mean chronology of complacent trees, which become non-significant after 

removing these extreme years. Therefore, despite the possible role of specific landscape 
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features of the SDTF as climate refugia for A. cearensis, that we estimated to cover at least 

25% of the National Park area (Figure 6), the gradually more frequent climate extremes 

(Anderegg et al., 2015; Kitoh et al., 2013; Murphy and Lugo, 1986) may jeopardize this 

role to some extent in the future. 

Conclusion 

We demonstrated the potential role of less-seasonal forest enclaves as climate-change 

refugia in Seasonally Dry Tropical Forests (SDTF) based on individual trees’ growth 

sensitivity to climate. Such forest enclaves buffer the local climate reducing the sensitivity 

of A. cearensis trees’ growth to the interannual climate variability. Although this result 

cannot be retrieved from the population level analyses commonly employed in the 

literature, we estimate that these complacent trees cover about 25% of the entire sampling 

area. This buffering capacity, however, is not sufficient to decouple the growth of trees 

during years with extreme rainfall and temperature conditions. Such extreme years affect 

all trees in the population regardless of their microenvironmental conditions. 

These key nuances in the responses of trees to climate variability could not be obtained 

from the usual population analyses, and it was only possible through the evaluation of 

individual tree-ring series. The framework employed in the present study, although tested 

in only one deciduous, light demanding trees species from this SDTF, indicates new 

avenues for future research that aim to improve our current understanding of trees and 

forests responses to climate change. We believe that retrieving information at the individual 

level from new and well-established chronologies will improve our current understanding 

of forest dynamics, resource allocation of management practices and the predictability of 

vegetation responses to climate change. 
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Supplementary Material 

 

 
Figure S1 – Map showing Amburana cearensis wide distribution across South America. Data 

from 516 records in (blue circles) the Global Biodiversity Information Facility – GBIF 

(available at GBIF.org; https://doi.org/10.15468/dl.6vnbcy). Decimal coordinates are show 

on the right and at the bottom. 
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Figure S2 - Amburana cearensis tree rings from macroscopic to microscopic view. In A the 

scanned core shows the color difference between sapwood and heartwood. B) 

stereomicroscope image of the core. Tree rings are delimited by half-flattened aliform 

parenchyma around small vessels, often with a fibre zone without vessels in the beginning of 

the tree ring. In C a microscopic transverse section shows in detail the tree-ring boundary, 

with a small vessel surrounded by half-flattened parenchyma on the right. White arrowheads 

indicate tree-ring boundary; Scale bars: A = 3 mm, B = 1 mm and C = 500 µm. 
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Figure S3- Walter-Lieth climate diagram of 

the local climate near the “Cavernas do 

Peruaçu” National Park - Minas Gerais, 

Brazil. Red line represents monthly 

averages temperature and blue line 

represents the monthly precipitation. 

Dotted area indicates the dry season and 

vertical lines the wet season. Data from 

2017 - 1961 shows that the mean 

temperature in the site is around 25.5°C 

and total annual rainfall is 885 mm. 

Precipitation is below 50 mm from March 

until September. Mean maximum 

temperatures reaches 34.5°C and 

minimum 14.8°C. 
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Figure S4 – Local precipitation calculated using mean annual precipitation obtained from local 

meteorological stations from Agência Nacional de Águas (ANA) and Instituto Nacional de 

Meteorologia (INMTE). See figure S5 for station location. 
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Figure S5 – Location of the meteorological stations used in this study. 

 

Table S1   

List of meteorological Stations from Instituto Nacional de Meteorologia (INMET) and 

Agência Nacional de Águas (ANA) used in this study. 

Metereological Stations Latitude Longitude 

JANUÁRIA - MG (OMM: 83386) 15°26'53.22"S 44°21'58.08"w 

JANUÁRIA (ANA: 1544007) 15°28'59.88"S 44°22'0.12"w 

MOCAMBINHO - MG (OMM: 83389) 15°4'48.00"S 44°0'36.00"w 

SÃO GONÇALO (MONTAVANEA) - MG (ANA: 1444000) 14°18'48.96"S 44°27'37.08"w 

PEDRAS DE MARIA DA CRUZ (ANA: 01544010) 15°36'0.00"S 44°24'0.00"w 

PANDEIROS (ANA: 01544032) 15°28'59.16"S 44°46'1.92"w 

RIACHO DA CRUZ (ANA: 01544037 15°19'4.08"S 44°16'0.12"w 

VARZELANDIA (ANA: 01544030) 15°42'15.12"S 44°1'42.96"w 

ITACARAMBI (ANA: 01544024) 15°5'0.00"S 44°6'0.00"w 
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Figure S6 – Different sampling sites in different seasons. The pictures on the left were obtained 

in dry season and the panels on the right in the wet season, kindly provided by Luciano 

Fioroto Redondo. The pictures show different landscapes (A and B) and micro-environments 

at the epikarst (C and D) and at the valley (E and F). 
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Figure S7 – Site characterization using satellite images. In A the elevation profile of the region 

is showed. The white square is detailed in B in a 3D model, highlighting the elevation 

difference in the landscape. In C are shown the images used to calculate the Normalized 

Difference Vegetation Index (NDVI) ratio. Images were taken in the dry Season (Landsat 8 

OLI satellite image LO82190702019197CUB00) and the wet season 

(LO82190702018354CUB00) both downloaded from the Brazilian National Institute of 

Space Research web catalog - INPE - http://www.dgi.inpe.br/catalogo/. 
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Figure S8 – Anatomical markers in removed radii from trees still in the chronology and radii 

from removed trees. For every common problem cited on the left, two scanned images are 

showed. For scale reference, the maximum diameter of the wood core is showed: the cores 

without numbers are 5mm standard cores; the others are from 10mm; or 15 mm samples. 

Because theses samples were removed due to lack of satisfying cross-date or even before, the 

white arrowheads aim to indicate true tree rings and the gray arrowheads points the 

anatomical marker in question. Sample number from the top left to bottom right: 7562G, 

7492C, 7558B, 7554D, 8004C, 7544B, 7489B, 7541D, 7506C (10 mm), 7541B, 7557A, 

7549A, 8012C (15 mm), 7546A (10 mm). 
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Table S2 

Radiocarbon results for every tree and selected tree ring. The most likely results are in bold letters. 

RTD SPFw Dendro year 
Dating 

difference 
F14C ±1σ Calibrated year (1σ) AD Calibrated year (2σ) AD 

δ13C (‰) 

±0.02 

10284 8005 1960 0 to 1 year 1.19553 0.00314 
1960.6 to 1961.4 (32.9%) 

1986.2 to 1987.1 (35.3%) 

1959.9 to 1962.3 (48.5%) 
1963.0 to 1963.1 (1.0%) 

1985.3 to 1985.7 (5.6%) 

1986.1 to 1987.2 (36.5%) 

1987.9 to 1988.2 (3.8%) 

-29.49 

10283 8005 1965 Earlywood 1 0 1.62877 0.00377 
1964.8 to 1965.0 (18.5%) 

1966.2 to 1966.9 (49.7%) 

1964.7 to 1965.5 (35.8%) 

1965.7 to 1967.1 (59.6%) 
-28.04 

10282 8005 1965 Earlywood 2 0 1.63445 0.00377 
1964.7 to 1965.3 (24.0%) 

1965.8 to 1966.8 (44.2%) 
1964.7 to 1967.0 (95.4%) -27.8 

10281 8005 1965 Earlywood 3 0 1.63978 0.00371 
1964.9 to 1965.4 (21.3%) 

1965.7 to 1966.4 (46.9%) 
1964.8 to 1966.9 (95.4%) -27.53 

10280 8005 1965 Earlywood 4 0 1.63423 0.00378 
1964.7 to 1965.3 (24.1%) 

1965.8 to 1966.9 (44.1%) 
1964.7 to 1967.0 (95.4%) -26.98 

10279 8005 1965 Latewood 5 0 1.62884 0.00374 
1964.8 to 1965.0 (18.6%) 

1966.2 to 1966.9 (49.6%) 
1964.7 to 1967.1 (95.4%) -26.88 

10278 8005 1965 Latewood 6 0 1.62563 0.00372 
1964.8 to 1965.0 (14.0%) 

1966.3 to 1966.9 (54.2%) 

1964.7 to 1965.6 (31.3%) 

1966.1 to 1967.2 (64.1%) 
-26.64 

10277 8005 1965 Latewood 7 0 1.62606 0.00378 
1964.8 to 1964.9 (13.8%) 

1966.2 to 1966.9 (54.4%) 

1964.7 to 1965.6 (32.4%) 

1966.1 to 1967.2 (63.0%) 
-26.67 

10276 8005 1965 latewood 8 0 1.6221 0.0037 1966.3 to 1967.2 (68.2%) 
1964.7 to 1965.6 (21.6%) 

1966.1 to 1967.4 (73.8%) 
-25.8 

10438 8005 1980 Earlywood 0 to 1 year 1.27629 0.0031 1980.3 to 1981.3 (68.2%) 

1962.5 to 1963.4 (17.9%)    

1980.2 to 1981.4 (71.8%)  
1981.9 to 1982.2 (5.7%) 

-26.4 

10437 8005 2001 Latewood 0 to 1 year 1.09414 0.00282 2000.2 to 2001.6 (68.2%) 

1958.6 to 1958.7 (0.4%)    

1999.5 to 2002.4 (91.2%)  

2002.9 to 2003.2 (3.8%) 

-26.42 
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10212 7486 1960 1 to 2 years 1.22236 0.00241 
1983.5 to 1983.5 (0.7%) 

1983.8 to 1985.1 (67.5%) 

1961.9 to 1962.5 (8.2%) 

1963.0 to 1963.1 (1.9%) 

1983.3 to 1985.2 (85.3%) 

-27.62 

10211 7486 1965 Earlywood 0 to 1 year 1.62897 0.00287 
1964.7 to 1965.0 (21.2%) 

1966.2 to 1966.8 (47.0%) 
1964.7 to 1967.0 (95.4%) -27.56 

10210 7486 1965 Latewood 0 to 1 year 1.62529 0.00282 
1964.8 to 1965.0 (13.4%) 

1966.3 to 1967.0 (54.8%) 

1964.7 to 1965.5 (30.3%) 

1966.1 to 1967.2 (65.1%) 
-27.8 

10440 7486 1980 Latewood 0 to 1 year 1.27268 0.0031 
1962.7 to 1962.9 (8.6%) 

 1980.4 to 1981.4 (59.6%) 

1962.6 to 1963.3 (17.8%) 

1980.3 to 1981.5 (70.3%)  

1981.9 to 1982.2 (7.3%) 

-26.78 

10439 7486 2001 Latewood 0 to 1 year 1.09235 0.00284 2000.3 to 2002.3 (68.2%) 

1958.6 to 1958.7 (1.3%) 

1999.5 to 1999.8 (2.9%) 

2000.1 to 2002.5 (81.9%) 
2002.7 to 2003.4 (9.4%) 

-26.41 

10390 7538 1960 Earlywood 0 to 1 years 1.20592 0.00297 
1961.8 to 1962.2 (8.9%) 

1985.1 to 1986.7 (59.3%) 

1960.7 to 1962.4 (26.5%) 
1962.9 to 1963.2 (2.3%) 

1984.5 to 1984.8 (2.5%) 

1985.1 to 1986.8 (64.2%) 

-27.6 

10391 7538 1960 Latewood 0 to 1 year 1.20704 0.00299 
1961.8 to 1962.2 (11.3%) 

1985.1 to 1986.2 (56.9%) 

1960.8 to 1962.4 (23.5%) 

1962.9 to 1963.2 (2.4%) 

1984.5 to 1986.8 (69.5%) 

-26.2 

10392 7538 1964 Earlywood 0 to 1 year 1.62402 0.00342 1966.3 to 1967.1 (68.2%) 
1964.7 to 1965.6 (27.1%) 

1966.1 to 1967.2 (68.3%) 
-28.2 

10393 7538 1964 Latewood 0 to 1 year 1.62436 0.00354 
1964.8 to 1964.9 (8.4%) 

1966.3 to 1967.1 (59.8%) 
1964.7 to 1965.6 (28.1%) 
1966.1 to 1967.2 (67.3%) 

-27.9 

RTD: Radiocarbon laboratory access number; SPFw: Xylarium number of the sample; Dendro Year: the cross-dated year; Dating difference: The 

difference between the year attributed with cross-dating minus 14C year; F14C: Fraction of modern carbon and measurement uncertainty; 

Calibration: Probability (one and two sigma) distribution after calibration using the Southern Hemisphere Zones 1&2, from Hua et al., 2013; δ13C: 

obtained with IRMS (fixed standard deviation).  
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Figure S9 – Multiplot of modeled 14C probability distribution for all samples (OxCal v4.3.2 

Ramsey (2009); using the D_sequence according to Ramsey et al., (2001)), based on the 

Post-bomb atmospheric Southern Hemisphere zones 1-2 curve (Hua et al., 2013). Tree 

identification of each sample is enlarged (four numbers from the SPFw collection). The cross 

dated year is showed on the left, followed by the measured region of the ring (Ew = 

earlywood, defined as the first half of the tree ring; Lw = the second half of the tree ring). 
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The shaded bars indicate the expected date. * = the dendrochronological gap is actually 5 

years; however, the calibration starts with the oldest ring and this order pushed the following 

dates one year forward. Therefore, it is more likely the dating error is on the oldest rings, 

because of higher sample coverage in the recent years and the cross-dating method that starts 

with last year formed, so the amount of dating errors increase from bark to pith and we 

choose to present the best model. 

 

Figure S10 – Monthly climate correlations of the chronology with mean temperature and 

precipitation. Dotted line is the 95% confidence interval. Asterisks indicate statistical 

significance: *p < 0.05, ** p < 0.01 for the correlation analysis between monthly temperature 

and growth. Black thick line is indicating the current growing season. 
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Figure S11 – Heatmaps detailing the results of hierarchical clustering analysis based on the 

monthly correlation values between growth of individual trees and precipitation. The number 

of the sampled trees are indicated on the right; symbols indicate the trees selected for 14C 

dating (same as in Figure 2). Asterisks indicate statistical significance: *p < 0.05, ** p < 0.01 

for the correlation analyses between monthly precipitation and growth. Black thick line is 

indicating the current growing season. 
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Figure S12 – Heatmaps detailing the results of hierarchical clustering analysis based on the 

monthly correlation values between growth of individual trees and temperature. The number 

of the sampled trees are indicated on the right; symbols indicate the trees selected for 14C 

dating (same as in Figure 2 and 4). Asterisks indicate statistical significance: *p < 0.05, ** p 

< 0.01 for the correlation analyses between monthly temperature and growth. Black thick line 

is indicating the current growing season. 
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Figure S13 – Individual-tree metadata to characterize the possible drivers of the observed 

climate-growth clusters for precipitation (top) and temperature (bottom). The boxplots are 

the individual trees’ score of NDVI ratio (value from the wet season divided by dry season), 

age, elevation, BAI and height compared per group. Red boxplots is the sensitive group and 

blue is the complacent group. Letters “a” and “b” in small case are indicate statistically 

different statistical groups. 
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Table S3   

Diagnostics of the two Amburana cearensis tree-ring width chronologies 

built after the cluster analysis 

 Sensitive Complacent 

Number of trees/radii 28/83 11/29 

Series intercorrelationa 0.68 0.62 

Sensitivitya 0.51 0.54 

Absent rings (%)a 0.37 0.78 

Time Span 1947-2018 1945-2018 

rbar 0.49 0.46 

EPS 0.91 0.81 
adata from COFECHA   

 

 

 

Figure S14 – Scatter plots and linear 

models of individual tree correlation 

with wet season climate according to 

age. There is no significant correlation 

(all p values were above 5%) between 

tree age and tree sensitivity. Red dots 

are the sensitive trees and blue are the 

complacent trees. 
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Figure S15 – Scatter plots of tree-ring index and wet season temperature for sensitive 

and complacent chronologies covering the whole period from 1980 to 2016 and 

without the pointer years (1997 and 2005) and the hottest year of the climate record 

(2015). Red and top panels are for sensitive trees; blue and bottom panels for the 

complacent trees chronology. The adjusted R squared of the linear models show is 

shown for every case. Asterisks indicate statistical significance: *p < 0.05, ** p < 

0.01 for the correlation analyses between monthly temperature and growth. 
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Figure S16 – Monthly climate correlations of the two chronologies with mean 

temperature and precipitation for two periods. Red line is the sensitive trees 

chronology and blue is the complacent trees chronology. Asterisks indicate statistical 

significance: *p < 0.05, ** p < 0.01 for the correlation analysis between monthly 

temperature and growth. 
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Figure S17 – Analysis of removed radii and trees. A) Number of radii of trees that have 

at least two radii in the chronology, and number of radii of trees entirely removed from 

the final chronology. The removal of samples happened in three different moments 

(Time), from the light gray to dark gray: radii removed before tree-ring counting (e.g. 

scars, twisted core); during visual cross-dating amongst radii of the same tree; and after 

verification with COFECHA. B) Location in the study site of all sampled trees. C) 

NDVI ratio of the sensitive trees (red), non-sensitive/complacent trees (blue) and 

removed trees (black), A, B, C, respectively. The letters in small case are different 

statistical groups. D) NDVI values of the wet and dry season. Colors for the different 

groups are the same in all figures: red for sensitive trees; blue for non-

sensitive/complacent trees; black for removed trees.  
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Abstract 

The intensification of atmospheric vapor pressure deficit (VPD) caused by 

global warming is known to negatively impact trees and forest biomass gain in the 

tropics. The largest Seasonally Dry Tropical Forests (SDTF) in South America are 

located in central-eastern Brazil, in a tropical hotspot of warming.  High evaporative 

demands during recent decades may be increasing the vulnerability of SDTF, which 

are intrinsically constraint by water availability. However, long-term effects of high 

VPD are poorly understood in situ yet. Instrumental climate data, air mass back 

trajectories, recent δ18O rainfall monitoring, and millennium-long δ18O records from 

local speleothems consistently show an increase in evaporative demands since the 

1980s. Local trees share similar increasing δ18O trend (β = 0.05‰ yr-1) in multi-

centennial tree-ring series from Amburana cearensis and Cedrela fissilis 

populations. Most of our stable isotope models estimates up to 70% of tree-ring δ18O 

enrichment explained by the observed changes in VPD, but despite the increasing 

evaporative demand, no growth decline in any diameter class of trees was observed. 

Furthermore, a rare set of subfossil tree-ring records of A. cearensis do not show any 

clear growth changes during the Little Ice Age when abrupt changes in radiative 

forcing also led to increases in tree-ring δ18O. Therefore, no evidence has been found 

so far indicating a VPD induced sustained decline on tree growth in this SDTF, 

except during extreme years. This points out that rainfall is still the main driver of 

biomass gain in this hotspot of warming. The results indicate large resistance of the 

SDTF to abrupt changes in climate, suggesting an overestimation of VPD impacts 

on the carbon cycle and vegetation models. 

 

Keywords: Global warming, tree resistance, oxygen isotopes, speleothems, 

paleoclimate. 
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Resumo  

A intensificação no deficit de vapor hídrico (VPD) causada pelo aquecimento 

global é tida como prejudicial ao ganho de biomassa de árvores e florestas nos 

trópicos. A maior área contínua de florestas tropicais sazonalmente secas (SDTF) na 

América do Sul está localizada na região centro-leste do Brasil, um hot spot de 

aumento de temperaturas nos trópicos.  A alta demanda evaporativa nas últimas 

décadas pode aumentar a vulnerabilidade das SDTF as quais já são intrinsicamente 

restringidas pela disponibilidade hídrica local. Entretanto, os efeitos a longo prazo 

do aumento no VPD ainda são poucos compreendidos. Registros climáticos 

instrumentais, trajetórias de massas de ar, monitoramento de δ18O da água da chuva 

e registros milenares de δ18O de espeleotemas locais mostram o aumento de VPD a 

partir da década de 1980. As árvores locais compartilham deste aumento em 

cronologias centenárias de δ18O (β = 0.05‰ yr-1) de Amburana cearensis e Cedrela 

fissilis. A maioria dos nossos modelos isotópico estimou até 70% do enriquecimento 

na série de δ18O explicada pelo aumento no VPD, mas mesmo com o aumento na 

demanda evaporativa não foi observada redução nas taxas de crescimento em 

nenhuma classe de diâmetro. Além disso, os registros subfósseis de A. cearensis não 

mostram nenhum sinal claro de mudanças de crescimento durante um período de 

alterações nas forçantes radiativas locais na metade da Pequena Idade do Gelo que 

também ocasionou um aumento na série de δ18O. Portanto, nenhuma evidência foi 

encontrada de que o VPD limita o crescimento das árvores analisadas nessa SDTF. 

Esses resultados apontam para a quantidade de chuva como principal fator limitante 

ao acúmulo de biomassa nesse hot spot de aumento de temperatura nos trópicos. Isso 

indica uma resistência das SDTF às mudanças abruptas no clima, sugerindo uma 

superestimação dos impactos de alto VPD no balanço de carbono em modelos de 

resposta de vegetação nos trópicos. 

 

Palavras-chave: Aquecimento global, resitência de árvores, isótopos de oxigênio, 

espeleotemas, paleoclima. 
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Introduction 

Global warming increases the capacity of atmosphere to hold water pushing vapor 

pressure deficit (VPD) worldwide1,2. Increases in VPD are of great concern because it is 

currently known to be one of the main drivers of leaf physiology and consequently plant 

development3–5. By affecting growth, high evaporative demands can directly constrain 

biomass gain of forests worldwide that are major sinks in the global carbon cycle6,7. This 

is especially relevant for tropical forests which are the most productive terrestrial 

ecosystems8 and hold around 262 Pg C of above and below ground biomass7. Trees link 

with the carbon cycle through stomatal conductance and assimilation through 

photosynthesis, both of which may be limited under high VPD as a safety measure to avoid 

hydraulic imbalances and maintain plant’s water status9,10. Negative impacts of high VPD 

on plants’ physiology and growth have been largely reported in short-term experiments 

conducted under controlled conditions11. Sensitivity to VPD increases of stomatal 

conductance is usually higher than photosynthesis12, nonetheless, assimilation (A) may be 

limited under prolonged high evaporative conditions and low soil moisture3,11,13. These 

negative effects on carbon assimilation are alarming since these are the expected climate 

conditions in future scenarios of global warming14. This effect of VPD on plants’ 

physiology may be especially critical in naturally hot and dry forests that likely operate 

near their physiological limits at the cost of primary productivity15,16. 

In such scenario, biomass gain is at risk in Seasonally Dry Tropical Forests (SDTF), 

one the world’s most threatened biome that covers more than 40% of tropical woodland 

(4.9 million km2) with current rates of deforestation at 11%17. The estimates of SDTF 

aboveground biomass range from 39 to 334 Mg ha-1, corresponding to 8.7 Pg of stored 

aboveground carbon worldwide18,19 and almost one third of the interannual variability of 

global net primary productivity20. This biomass accumulation in SDTF is mainly regulated 

by rainfall and dry-season length18,21–22 and alarming reductions from 30% up to 60% of 

SDTF aboveground biomass were predicted for the end of the 21 century in Bolivia and 

Brazil using rainfall model projections21,23. The existing data come from short-term 

monitoring plots or experiments and most diverge from Global Vegetation Models (GVMs) 

for long term and inter-annual variability projections of carbon dynamics24. Additionally, 

rainfall projections are more uncertain than temperature’s, and vegetation models yet have 

low resolution to pinpoint effects in diverse SDTF25,26, and the effects of the recent VPD 

increase is still overlooked in most models3,11. For instance in a SDTF from northeastern 

Brazil, the seasonal variability of CO2 fluxes suffer direct impacts of global radiation, air 
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and soil temperature26 and the drought conditions will worsen with warming24,25. A carbon 

sink decline is already observed in seasonal forests from southeastern Brazil with 

pronounced effects in the warmest and driest sites since 198725. Thus, negative impacts in 

SDTF functioning due to rising VPD will impact the global carbon cycle and yet need to 

be better represented in GVMs21,25. 

Central-eastern Brazil is a hot spot of warming in the tropics, where increases in 

temperature of around 2°C have been observed in the last century (Figure 1) in an area that 

supports the continent’s largest continuous extensions of SDTF30,31. This region is at the 

core of the South American Monsoon System (SAMS), under direct influence of the South 

Atlantic Convergence Zone (SACZ)32,33, and it is affected by climate modes like El Niño, 

episodic volcanic eruptions and changes in radiative forcing that regulate SAMS activity 

34–36. Millennium long speleothems series from the entrance of caves, next to the SDTF 

where this study took place, revealed significant changes in their ratio of stable oxygen 

isotopes (δ18O) in the present and in pre-industrial period. In the last 40 years there is a 

clear increase in speleothem δ18O annual layers associated with the increasing evaporative 

conditions that mirrors the trend in the instrumental records of VPD since the 1980s (Strikis 

et al., in press). Still an open question is the long term effects of increasing VPD on tree 

physiology of SDTF, which can also be analyzed with δ18O, but in tree-ring layers from 

local trees. Centuries long tree-ring records are the only real alternative to assess long-term 

changes in tree growth and biomass gain in forests worldwide. Dendrochronology is 

particularly sucessful in SDTF, where tree rings are excellent records of climate variability 

and where an increase in evaporative demands and drought conditions is expected to exert 

the strongest impacts in tropical forests15,37,38. Therefore, this region gathers a unique 

assemblage of natural records to evaluate the effects of abrupt changes in radiative forcing 

and long-term changes in VPD on tree growth using tree-ring widht and δ18O. 

Tree-ring widht and growth are intimately coupled to regional climate37,38. Local 

and global climate can also affect the stable oxygen isotope ratios (δ18O) in tree rings, 

offering an additional proxy to improving cross-dating, understanding tree physiological 

responses, enhancing climate signal intensity, spatial coverage39-40, and enabling 

comparison with other archives41. Trees absorb water from rainfall with an δ18O signal 

determined by the temperature of condensation, which have little variation in tropical 

lowlands, and the amount of rainfall, both local or upstream42. Thus, the most common 

δ18O signal in tropical trees is related to the enhanced removal of heavy isotopes (H2O
18) 

along the air mass trajectory according to the rainout upstream or to local amount effects 
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Figure 1 - Global map of tropical region annual temperature anomalies from 1900 to 2021. 

The study site is located in the region that stands out as a tropical hot spot (black square in 

central eastern Brazil). Obtained and modified from GISS Surface Temperature Analysis 

(GISTEMP). 

 

regulated by site rainfall intensity and duration40,43. However, there is another signal, which  

can be hard to dissociate from the amount effect, that is the leaf-level δ18O enrichment 

associated with high VPD conditions that increases the rate of evaporation of light water 

molecules (H2O
16)44,45. Therefore, the δ18O of tree-ring cellulose will record VPD when the 

enrichment at the leaf level is higher than the exchange with stem water during the synthesis 

of tree-ring cellulose, which is more likely to occur in dry forests40,45. 

Given the lack of comprehensive knowledge on the responses of mature trees from 

one of the largest physiognomies of tropical forests, and one of the most endangered, we 

aimed at understanding the effects of the observed increasing VPD and evaporative 

demands since 1980s on tree growth from an STDF in a tropical hotspot of global warming. 

We produced accurately-dated centennial-long tree-ring chronologies of Amburana 

cearensis and Cedrela fissilis, two widely distributed neotropical tree species known for 

their strong common growth signal and climate sensitivity46–50. Despite the records of 

increasing evaporative demands shared by different proxies including present study’s tree-

ring δ18O series, tree-ring width chronologies reveal no growth decline even when analyzed 

by diameter class of trees. Furthermore, tree-ring δ18O series of Amburana cearensis 

subfossil wood and local δ18O speleothem records also revealed a past change in radiative 

forcing during the Little Ice Age that similarly did not result in lower growth rates of trees. 

Thus, there is no evidence that vapor pressure deficit alone has limited the growth of the 

trees in these tropical dry forests up to this point. 
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Results and Discussion 

Increasing VPD recorded in multi-proxies 

We produced an accurately dated 179-years long tree-ring series of living trees of 

Amburana cearensis, Cedrela fissilis, and a 162-years long tree-ring floating series of 

Amburana cearensis subfossil samples, which were compared to local climate and 

speleothem series (Figure 2). Tree-ring chronologies of both species are well replicated, 

have a strong comong signal (Figures S1) are accurately dated and supported by 

radiocarbon analysis47,51. Furthermore, dating accuracy is confirmed by the good agreement 

between the two species chronologies within the same site (Figure S2). The site tree-ring 

width chronology composed by trees of both species (from now on reffered to as Peruaçu 

spp. chronology) show a mean rbar of 0.37 and eps higher than 0.95 from 1842 to 2020, 

with higher values in recent years. Individual chronologies and climate analysis supporting 

the use of both species in a site chronology are shown in Supplementary information. The 

Peruaçu spp. δ18O chronology were composed by 9 and 6 trees, respectively of Amburana 

cearensis and Cedrela fissilis, that even though sampled in different site conditions share 

similar variability (Figure S3), with an average correlation among time series of both 

species of r = 0.54, reaching r = 0.73 from 1960 to the present (Figure S4). This 179-year 

long series is 70 years longer than the local instrumental records and coupled with 

speleothems and subfossil series can offer valuable insight into the effects of climate 

change on tropical tree growth. 

Tropical tree-ring width and δ18O chronologies show a strong convergence towards 

interannual changes in rainfall volume, but less is know for medium and low frequency 

variability46,47,52,53. Because data selection, treatment, sampling design can influence the 

final results54, we used different approaches to depict their strengths and limitations. Thus, 

the interannual variability was accesed in chronologies dentrend with a smoothing spline 

(SP_TRW, Figure 2), while medium and high-frequency variability were accessed in 

chronologies detrended with a regional curve (RC_TRW, Figure 3). The monthly climate 

correlations revealed that SP_TRW highly correlates with the entire growing season 

(Figure S5 A-F), while the δ18O signal is stronger during the summer (Figure S5 G-L). This 

strong interannual correlation with rainfall was observed for the Peruaçu spp. chronology 

from the beginning of the 20th century until 1980s, when both SP_TRW and δ18O 

chronologies were significantly associated with total rainfall during the growth season (r = 

0.45, p < 0.01 for TRW and r = -0.32, p < 0.05 for δ18O) (Figures S06 to S07). While the 

SP_TRW chronology strengthen its correlation with precipitation from early 1980s to the 
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Figure 2 - Temporal series of local climate and proxy records with 15 years moving 

average (smooth black lines). From top to bottom, blue: Instrumental total amount of 

growth season rainfall (October to March); red: Instrumental summer Vapor Pressure 

Deficit (VPD); gray: Local speleothem δ18O (Strikis et al., in press); Light blue: Tree-ring 

δ18O of Amburana and Cedrela, respectively; brown: Tree-ring width index (TRW) of 

Amburana and Cedrela, respectively. Dark gray bars below subfossil floating series are the 

radiocarbon wiggle match dating age range. 

 

present day (r = 0.65, p < 0.01, Figure S06), the δ18O series correlation with rainfall overall 

are barely significant (r = -0.32 and r = -0.34 p < 0.05, 07). Piecewise linear regressions 

detected a precise changing point in 1984 for the tree-ring δ18O mean series (Figure S08 

for piecewise of the different species and subfossil trees) and the site δ18O mean series 
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becomes enriched at 0.05 ‰ year-1, resulting in a predicted 1.55‰ enrichment by 2015. 

Thus, after 1984 there is a unique increasing trend in tree-ring δ18O that is not present in 

the total amount of rainfall during the growing season, which only shows a small decline 

after 2010 (from October to March, Figure 2, blue line). Actually, the tree-ring δ18O 

increasing trend mirrors the summer VPD regional series (Figure 2, red line), and after 

1980 they reach a correlation of r = 0.70, that are consistent after smothing series (Figure 

S09). This medium frequency changes in VPD and δ18O are not detected in the SF_TRW 

(Figure 3). After 1980, the series decouples from the δ18O series, show an increase 

followed by a brief stabilization, and drop around 2010, similar to what is observed for 

rainfall (Figure 3). These results indicate that VPD takes over as the main driver of δ18O 

variability in the 1980s, but this trend is not clear in the tree-ring width series which is 

mainly regulated by rainfall. 

 

 

Figure 3 -  Site standard regional curve tree-ring series (brown dotted line) with tree-ring 

δ18O series (light blue line) and total rainfall of growth season (dark blue line). For each 

series a 10 year moving mean is shown to highglight medium frequency co-variation of 

series. Correlation coefficients between series are given for before and after 1984. ** p < 

0.01. 
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While the trend of increasing VPD since the 1980s is a fact revealed by the regional 

climate stations dataset, we had to exhaust any alternative explanation for the observed 

trend in tree-ring δ18O. Regional and local changes in source water can lead to a similar 

trend to that observed in the tree rings δ18O40,45. The analysis of the accumulated rainfall 

during moisture transport covering the period between 2000 to 2018 shows a small, but still 

non-significant trend since 2010, when correlations between air mass back trajectories and 

tree-ring δ18O weakens from r = -0.79 (p < 0.01) to r = -0.21 (p > 0.05) (Figure S10). 

Similarly, data from recent local δ18O rainfall monitoring (2000 to 2017) show a slight 

negative trend, that strengths after 2010 (Figure S11, data obtained by Strikis et al., in 

press), but without association or changes in tree-ring δ18O. The effect of 

evapotranspiration is also supported by local speleothems records (Strikis et al in prep). 

The local speleothem δ18O record sampled at the cave entrance where fractionation is 

driven by evaporation shares similar δ18O enrichment (Figure 2, gray) and significant 

association with living trees oxygen isotopes ratios (Figures S12). 

Alternatively, soil water enrichment through evaporation could lead to the observed 

trend in tree-ring δ18O40,45. Nonetheless, we observed the same increasing tree-ring δ18O in 

different types of forests including canopy-exposed trees from low density forests in the 

epikarst where the exposed soil is prone to evaporation, open fields inside farms, as well as 

in trees growing in the valley (Figures S03C-D) where the soil is protected by dense canopy, 

lower seasonal contrast, thick litter layer, or shading by rock outcrops, all common to 

SDTF47,55-56,. Finally, to test the leaf water enrichment contribution to tree-ring δ18O, we 

used a tree-ring isotope fractionation model45,53,57 comparing the expected cellulose δ18O 

in the climate conditions of 1970 to 1980 and 2005 to 2015. Figure 4 shows that 66.67% 

of our models explains more than half of the observed difference in δ18O values comparing 

the mean conditions of the two periods (observed mean δ18O difference of 1970 to 1980 

compared to 2005 to 2015 was 0.68‰). The model can be underestimating the trend for the 

use of conservative climate assumptions such the VPD calculated from air temperature and 

not leaf temperature that might be even higher45,58. Still, seven of out models explained 

more than 70% of the observed changes in tree-ring δ18O due to higher VPD values. Thus, 

all evidence points that the source water signal, usually strong in tropical tree-ring δ18O, is 

overridden by the enrichment at the leaf level and the evidences point out VPD as the main 

driver of tree-ring δ18O enrichment since the 1980s. 
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Figure 4 - Stable isotope model the test the influence of VPD on tree-ring δ18O between 

1980 and 2015. The different inputs (g: stomatal conductance and path lenghts) and outputs 

(Delta: difference between the simulated δ18O value in cellulose) are represented by the 

different symbols. 

 

Effects of VPD on living trees growth 

Short-term experiments have proven the role of VPD on physiological constraints 

and growth restrictions under controlled conditions3,4,11,13. These results establish a clear 

link between VPD and plant carbon fixation, tree growth and biomass gain3,11. In the last 

decades of the last century, tree-rings revealed a climate sensitivity shift worldwide and 

trees are becoming more limited by atmospheric water demand24. However, our field work 

in one of the most demanding tropical biomes in terms of evapotranspiration reveal no long 

term effects of VPD on the growth of trees (Figure 5). The analysis in diameter classes to 

avoid metric biases inherent to tree-ring data also show no significant changes when 

comparing more spaced periods, from 1940 to 1970 against 1988 to 2018 (Figure 5B, and 

Figure S13). Alternative growth analyzes with tree-ring chronologies built using 

conservative detrendings as linear regressions (Figures S14) and basal area increment 

(Figures S15) all converge showing no significant growth changes in any species after 

1980, although from 2010 there is a slight decrease trend likely caused by the decreasing 

rainfall and consecutive years of extreme VPD, also present in the RC_TRW series (Figure 

2). During these years of extreme (more than one standard deviation from series mean) low 

rainfall and high VPD (Figure 5C) the growth rate of trees are smaller than in regular 

(mean) years (Figure 5D), but is not possible to untangle the effects of rainfall and VPD in 

the reduction observed during the last 10 years. Moreover, the low growth increments are 
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not unprecedented in the series and there is no sustained decline that mirrors the magnitude 

of the increasing VPD and δ18O trends (Figure 2, Figures S14 and S15). Thus, one can state 

that trees from this SDTF sustained their growth rate despite the physiological changes 

recorded in the recent tree-ring δ18O series as an unprecedented rising in the last 200 years 

due to VPD. 

 

 

Figure 5 – Growth analysis in years of increasing and extreme VPD. A) Diametric growth 

rate in diameter classes of A. cearensis and C. fissilis. The blue (left) boxplots represent the 

growth rate before 1980 and the red boxplots for after 1980, and in B, the blue (left) 

boxplots represent the growth rate from 1940 to 1970 and the red boxplots for 1988 to 2018. 

No difference was observed between growth rate comparing the two periods in any class. 

(n. s.: no significant difference in groups means between periods using Wilcoxon non-

parametric tests). Years of extreme high VPD and low rainfall were identified (C) and tree 

growth rates were compared with mean years (D). Wilcoxon pairwise tests showed that 

growth during mean years differs from extreme years. Different letters (“a”, “b”) indicate 

statistically different groups. 

 

Effects of VPD in a broader temporal context 

The subfossil series, also revealed a previous period of abrupt increase in δ18O 

around 1610 to 1635 that was a period of drier conditions in Central-eastern Brazil36 

(Figure 6). The subfossil samples found in the caves (Figure S16) radiocarbon (14C) dates 

were wiggle matched against the Southern Hemisphere calibration curve59-60, and indicated 
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an overlap of two A. cearensis during the Little Ice Age (LIA) (Figure S17-18). Then, 

synchronization of this tree-ring δ18O floating record with local speleothem δ18O series, 

that share a common source water δ18O signal41 and have similar inter-annual and decadal 

variability in the recent decades (Figure S12, and S19), pointed out a position of significant 

correlation between records from 1527 to 1690 (r = 0.34 p < 0.01, Figure S19). During this 

period, and similar to recent years, climate model simulations for the site (CESM-LME) 

show a temperature increase (Figure 6A), a decrease in relative humidity (Figure 6B) and 

small decrease in precipitation (Figure 6C). As expected by the observed in the records 

nowadays, the increase in VPD matches and increase in the δ18O series of trees and 

speleothems during the LIA, and both records have inter-annual and decadal variability 

similar to the modeled rainfall and VPD (Table S1). The correlations between tree-ring 

δ18O and rainfall during the period of increasing VPD were high (r = -0.57 p < 0.01) as the 

correlation between natural records (r = 0.47 p < 0.01). The increase trend in the series 

likely represents the intensification of the dry conditions, when once more no positive nor 

negative growth changes can be easily observed in Amburana tree-ring width (Figure S20). 

These results are expected, as we observed in the living trees, but impressive given the 

small replication of this rare set of subfossil samples in tropical regions. 

Also impressive, was the match between the lowest subfossil tree-ring δ18O values 

in the record, 1599 and 1604, whith the speleothem series lowest δ18O years from 1604 to 

1606 (Figure S18-19). The climate model simulation for the period shows three years with 

high rainfall rate from 1600 to 1603 that could cause the extremely low values observed in 

the records. These extreme rainfall years and δ18O depletions could reflect changes in 

radiative forcing caused by one of the largest eruptions in the last 500 years of 

Huaynaputina in Peru, whose effects were detected worldwide61-62. Such an eruption in 

Peru can likely disrupted the climate of Central-eastern and Northeastern Brazil because of 

the teleconnections through atmospheric circulation cells over South America that causes 

the east-west moisture dipole patterns34. The eruption took place around 1600, falling 

within the dating accuracy of both tree-ring 14C and speleothem U-Th (± 5 years), thus even 

though both records only have two samples, their relative dating do not appear to be more 

than 5 to 10 years off. Moreover, our climate models testing for individual forcings shows 

that the volcanic and solar forcings, similar to the records δ18O, have an increase around 

1610 to 1630, reflecting in the changes in local temperature and relative humidity 

simulations for this period (Figure 6A-C). An additional indication of this teleconection 

was observed in the site tree-ring δ18O chronology of living trees that shows antiphase 
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correlations between Peru and central-eastern and northeastern Brazil gridded precipitation, 

especially during years with high evaporative demand (Figure S21). However, there are 

still a lot of uncertainties and spatial variability from proxy records in these areas regarding 

past conditions during the LIA and no certain associations can be made yet. This calls out 

to the need of more research and benchmark studies on subfossil materials of tropical areas, 

which are rare but can provide usefull paleoclimate information. 

 

Figure 6 – Growth analysis in years of increasing and extreme VPD. A) Diametric growth 

rate in diameter classes of A. cearensis and C. fissilis. The blue (left) boxplots represent the 

growth rate before 1980 and the red boxplots for after 1980, and in B, the blue (left) 

boxplots represent the growth rate from 1940 to 1970 and the red boxplots for 1988 to 2018. 

No difference was observed between growth rate comparing the two periods in any class. 

(n. s.: no significant difference in groups means between periods using Wilcoxon non-

parametric tests). Years of extreme high VPD and low rainfall were identified (C) and tree 

growth rates were compared with mean years (D). Wilcoxon pairwise tests showed that 

growth during mean years differs from extreme years. Different letters (“a”, “b”) indicate 

statistically different groups. 

Regarding future growth of this trees, no strong assumptions can be made, however 

the increase in temperature and drop in relative humidity can be counter balanced by the 
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projections of increased rainfall (Figure 6D), which would sustain rates of carbon 

assimilation of trees. Thus, it is still unclear to what point trees will remain resistant to VPD 

because the increase in temperature, with temperatures exceeding 26°C is unprecedent in 

the 500 years’ period analysed. This 2ºC increase in mean temperature could reduce trees 

growth rate and age63 and consecutive years of extreme conditions can reduce carbon 

assimilation and eventually lead to carbon starvation or hydraulic failure, increasing the 

risk of tree mortality15. 

Conclusion 

Disagreeing with the evidence of negative impacts of VPD on plant growth from 

short-term controlled experiments3,9,11, we observed sustained growth of trees facing recent 

high evaporative conditions and temperature increases in a SDTF highly affected by global 

warming. Using multi-centennial tree-ring width and δ18O series from a unique set of living 

and subfossil trees, we demonstrate that fluctuations in tree-ring δ18O and speleothems 

series share demanding evaporative conditions now and back in the Little Ice Age. Despite 

the changes in VPD, no growth decline has been recorded during these periods of abrupt 

changes in global radiative forcing, except during extreme years. The two representative 

tree species from this SDTF46,47 kept their growth rate even with high transpiration rates 

that should limit turgor pressure for cell division and growth6. The SDTF are expected to 

be more drought tolerant than rainforests over evolutionary time-scales, even though there 

is a wide range of species and some might not be as drought tolerant25. The common light-

wooded tree species present in SDTF, such A. cearensis and C. fissilis, considered 

vulnerable to hydraulic imbalances may invest in alternative strategies to couple with high 

evaporative demands like high sapwood water storage and deciduous short-lived 

leaves25,64–67. Thus, our consistent results point to the long resistance of SDTF trees to 

warming and VPD increase likely pointing to an overestimation of the impacts of warming 

and high evaporative demand on tropical forests growth in low resolution models27,28. 

Counter effects caused by CO2 fertilization also could have sustained tree growth, but our 

data cannot discern this effect and there might be a physiological limit to how much trees 

would benefit from the fertilization, after which the VPD may start to limit growth68,69. 

Thus, it is still unclear to what point trees will remain resistant to VPD given the prospects 

of unprecedent high temperature, low relative humidity and prolongued droughts, that 

endangers future SDTF biomass gain and functioning14,22,25. 
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Material and Methods 

Study Site 

Seasonally Dry Tropical Forests (SDTF) have mean annual temperatures around 

17-20°C, rainfall between 250–2000 mm of rain per year and a strong dry season of at least 

3–4 months, and negative water balance in a year22. Besides precipitation, SDTF have 

nutrient-rich soils in contrast to some rainforests and neotropical savannas that occurs under 

similar climatic conditions22. SDTF are very diverse in terms of species diversity and local 

climate conditions suggesting that different responses to drought are expected15,25. The 

region of the Cavernas do Peruaçu National Park is located in northwestern Minas Gerais 

State (14°54′ and 15°15′S / 44°03′ and 44°22′W), central eastern Brazil, South America. 

The karstic area is at ~600-700 m above sea level in the São Francisco craton, crossed by 

the lesser course of the Peruaçu river70 a perennial left-bank tributary of the Rio São 

Francisco river. This is the largest and most diverse continuous patch of dry tropical forests 

in South America30,31. Climate is tropical savanna-like with dry winters (Aw) according to 

the Köppen system, and mean total annual precipitation is 930 mm which 90% falls in the 

spring and summer months (ONDJF) and it is almost absent (less than 50 mm per month) 

during winter (JJA)33. 
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Tree species  

SDTF usually have a dense canopy and are dominated by Leguminosae and 

Bignoniaceae tree species55. Amburana cearensis (Allemao) A.C. Sm., (Leguminosae) is a 

deciduous tree species widely spread and common in calcareous and limestone-rich soil, 

typical of karstic areas, but due to its wood quality, beauty and smell, the species was highly 

explored and is currently endangered71. This is a characteristic species of South America 

tropical forests30, and across South America72,73 and at the study site47, its tree rings are 

annual and growth is highly correlated with local climate48,50. The tree rings of A. cearensis 

are characterized by the presence of small vessels surrounded by half-flattened aliform 

axial parenchyma, sometimes associated with a fibrous zone without vessels, and non-

continuous marginal parenchyma bands may be present in the oldest individuals with 

relatively lower growth rates47. Cedrela fissilis is also a widespread tree species in SDTF 

with clear tree rings characterized by the presence of marginal parenchyma bands and semi-

porosity in wider rings and with several established tree-ring chronologies in many tropical 

regions43,46-47. 

Here we opted for establishing a single chronology with the two species, something 

unusual in the tropics. Differences in species physiology, phenology and genetics can cause 

differences in climate responses and strategies to couple with high evaporative 

demands19,20. However, tree-ring investigations can be made using the assumption that 

evolutionary and biogeogeographic patterns are stronger than differences at the species 

level24. Accordingly, here the climate and growth tests with both species showed the same 

results, pointing that climate exerts a strong influence in this region (Barbosa et al., 2018) 

and using trees of different species could increase the common climate signal, lenght and 

the replication of the site chronology, all of which are bottlenecks for advancing tropical 

dencroclimatology63,74. 

Tree-ring width analyses 

Sampling and preparation 

For A. cearensis we sampled trees with various diameters at breast height, ranging 

from 10 cm to 70 cm, to have a better representation of the tree population75. Also the trees 

were sampled in different microsite conditions47, but trees from the two contrasting sites 

show similar variation in tree-ring stable isotopes (Figure S03). The C. fissilis trees were 

mostly growing in open fields and farms. Some standing dead trees of both species were 

found and had entire cross sections obtained that aided tree-ring crossdating. From living 
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trees, we obtained two to four cores from each individual tree using manual increment 

borers or a special borer coupled to a motor drill76. After sampling, we applied a solution 

of copper sulfate and calcium carbonate in the sampling hole and closed it with natural cork 

to avoid infections. Metadata for each tree was obtained (e.g. geographical location, 

diameter at breast height (DBH), tree height, injuries) in the field. All wood samples were 

included in the Xylarium Nanuza Luiza de Menezes and in the ESALQ Xylarium (online 

information of samples in http://splink.cria.org.br/). The samples were left to dry while 

glued on wooden holders, and sanded to obtain a clean cross-section for proper tree ring 

observation using sandpaper with different grits (80–400). All samples were scanned at 

2400dpi resolution (EPSON Expression 12000XL) and tree-ring width was measured in 

WinDendroTM (Regents Instruments Inc., Canada) and in CoRecorderTM. Because a few A. 

cearensis trees missed the pith, we estimated their age assuming a position for the pith 

through the rays in the last rings77,78. 

Cross-dating, chronology building and statistics 

For the cross-dating we conducted a visual cross-dating in within the radii of the 

same tree to spot any false and missing rings, then the software COFECHA79 was used to 

guarantee the dating quality and guide the dating between trees75. The calendar year was 

attributed according to the year tree rings started to be produced (Schulman, 1956). For 

Amburana, 6 fallen trees were added to a previous established chronology47, to build a 

longer one composed by 37 trees, 96 radii and 4962 tree rings counted. As for Cedrela, the 

dataset is composed by 21 trees, 43 radii and 3576 tree rings counted. Therefore, the 

Peruaçu spp. chronology established using both species have 58 trees, 139 radii and a total 

of 8538 tree rings counted in all series. From now when we refer to the site chronology it 

is the one using both species. Tests in the single species chronologies can be found in 

supplementary material for every analysis, but the main discussion is focused on the 

Peruaçu spp. chronology that showed stronger common signal, higher replication and is 

supported by the consistent results of the tests with the species individually. 

The selection of a proper detrending can influence climate reconstructions54 and 

climate growth inferences80. We built two main chronologies: the first to retain climatic 

signals, high-frequency variability, remove ontogenetic trends and test climate and growth 

relations using a 20-year cubic smoothing spline curve, removing autocorrelation81. The 

second one, build to retain medium to low frequency variability, was established using the 

Regional Curve Standardization, possible due to the big dataset gathered using two species 
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and the three subfossil samples of A. cearensis. We calculated the rbar (mean correlation 

coefficient of all pairwise combinations of trees) to quantify the common-growth signal 

and the EPS (Expressed Population Signal) to test chronology sample depth and 

representation of a population signal82. Analysis were performed in the Dendrochronology 

Program Library - dplR83 in R84, and in ARSTAN79. 

Growth tests 

To test differences in growth from before and after 1980, we tested differences in 

growth rate by diameter classes80. The diameter classes were defined in 10 cm increments, 

up to a DBH of 50 cm and differences in growth rate between the two periods were 

evaluated using Wilcoxon non-parametric test. A second test for difference in growth was 

performed in a more spaced time window, comparing the period of 1940 to 1970 with 1988 

to 2018, because growth changes might have a delay due mechanisms of tree resistance 

like use of stored reserves or plasticity to cope with climate variation25,65,66. To exsaust the 

methods available to verify growth changes in tree-ring data and select the most cohesive 

result, two other chronologies were build to retain growth changes and local forest 

dynamics: one detrend using linear regressions with any slope and one of Basal Area 

Increment (BAI)80. Finally, we tested the growth in extreme years before and after 1980 

usign the regional curve detrended tree-ring data. All analyses were carried in R84.  

Tree-ring stable isotopes analyses 

Sampling, preparation and chronology building 

We selected 9 Amburana cearensis and 6 Cedrela fissilis trees with ages between 

16 to 167 and DBH from 18 to 59.4 (Table S2) to measure the isotopic ratio of oxygen in 

tree-ring cellulose and removed the first 5 to 10 rings to exclude juvenile effects. Thin 2mm 

slices were cut from clean samples (washed with high pressure water or polished in 

microtomes), then the chemical treatment for cellulose extraction was performed in several 

laths at a time (modified from85,86). Tree rings were individualized using a razor blade under 

a stereomicroscope and placed in clean Eppendorfs. Individual rings were homogenized 

with destilled water, left to frozen and lyophilized before being weighted in silver capsules 

for analysis at the Stable Isotope Laboratory of the Geosciences Institute of the University 

of São Paulo (LIESP-CPGeo-IGc-USP) using a Thermo-Finnigan Delta Plus Advantage 

mass spectrometer. The oxygen isotopic ratios are expressed in ‰ relative to the Vienna 

Standard Mean Ocean Water.  
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Untagling the change in source water from the evaporative enrichment signal 

We assessed changes in rainout during air mass trajectory to the site calculating site 

air mass back trajectories53 using daily precipitation data from the Tropical Rainfall 

Measuring Mission (TRMM), and local δ18O rainfall monitoring from 2000 to 2018 (Strikis 

et al., in press). 

To explore the effect of leaf water enrichment on the isotope ratios we used an 

isotope model that considers changes in equilibrium and kinetic fractionation resulting from 

variations in temperature and vapor pressure deficit, stomatal conductance (gs), and 

changes during cellulose synthesis44,45. Because the parameters are chosen based on 

literature data of the species and region65 and not directly from the sampled trees, we tested 

different path lengths, stomatal conductance and changing the path length according to the 

transpiration rate87. 

Climate data 

The climate data for temperature, relative humidity and rainfall was compiled from 

surrounding meteorological stations that cover an area of nearly 1.5° × 1.5°, centered over 

the Cavernas do Peruaçu National Park, using the same list of meteorological stations in47. 

VPD was calculated using local temperature and relative humidity. We tested monthly 

climate correlations from May to April (next year) because the growing season starts in 

October and ends around March and whole growing season, summer means and totals to 

search the most relevant periods for the inferences about climate and growth. 

Local past conditions of rainfall, relative humidity and temperature were accessed 

using a general circulation model (GCM) of the National Center for Atmospheric Research 

(NCAR) Community Earth System Model (CESM) Last Millennium Ensemble (LME)88. 

Simulations correspond to a 2° cell grid centered at 14°04’S, 44°13’W. 

Tree-ring relation with instrumental and local speleothem records 

To assess growth responses to climate, we compared our tree-ring series with 

regional and local climate and speleothem records. The tests were performed for both 

species separately (check supplementary material) and together. Because the climate 

responses were coherent between species and stronger in the multi-species chronology, the 

main results discussed are from the series composed of both A. cearensis and C. fissilis 

trees. The standard Pearson’s correlation coefficients89 were used in different time 
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windows to understand high-frequency climate correlations. The existence of trends was 

tested using Piecewise linear regressions90. All analyses were carried in R84. 

Subfossil trees analyses  

Sample context and tree-ring analyses 

To associate any trees response to anthropogenic climate change the observations 

need to be put in a longer context within the local natural climate variability. This is a 

challenge for tropical trees that reach 200 years in average63 and the construction of long 

records of environmental variability relies on tree rings from long dead trees75. It is unlikely 

to find preserved wood in the tropics because the warm and moist conditions are not ideal 

for preservation. But these conditions were found in the karstic regions from Central-

Eastern Brazil, where tall conduits inside the caves created an environment that allowed 

the preservation of trunks (Figure S16). Such trunks were probably removed from the 

surrounding vegetation by large flooding events that transported them into the caves91 and 

here were dated using the radiocarbon wiggle-match approach59 (Figure S10, Table S3). 

With this unique set of data for tropical lowlands, the natural variability of the climate in a 

pre-industrial period was accessed using two subfossils trunk samples and local annual 

layered speleothem. Because of the strong common signal of A. cearensis47, the strong 

common signals in cellulose δ18O40, the independent techniques used to thoroughly date 

both tree ring and speleothems, and climate modeling for the past, all of this allowed that 

climate inferences using both living and subfossil trees could be made. 

Radiocarbon “wiggle match” dating 

 To obtain an accurate dating of these fossil trunks, we used the radiocarbon wiggle 

matching dating method59,92. This method consists of the radiocarbon dating of several 

years in a known interval to find a precise region of correspondence in the known 14C 

calibration curve. We found three Amburana cearensis inside cave conduits in the site, 

from each sample we selected from 3 to 5 tree rings with a known gap (number of rings 

between two consecutive samples), depending on how old and where in the calibration 

curve the sample was dated (Figure S17). We extracted the α-cellulose from the whole 

wood to perform the measurements93 with an acid-base-acid and bleaching extraction of 

individual rings as described by Ehrlich et al. (2017)94. Between 2-3mg of α-cellulose were 

graphitized using an EA-AGE3 system, composed of an elemental analyzer (EA, 'vario 

ISOTOPE SELECT' by Elementar), coupled to an automatic graphitization equipment 
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(AGE3 by Ionplus). The 14C content determination was made using an Accelerator Mass 

Spectrometer at the Dangoor Research Accelerator Mass Spectrometry (D-REAMS) 

laboratory at the Weizmann Institute95, and the results were calibrated and modelled using 

OxCal v 4.4.496 to the Southern Hemisphere calibration curve, SHCal2060 and the Post-

bomb atmospheric SH1-2 curve97. 

Acknowledgments 

Funding: this work was supported by the São Paulo Research Foundation – 

FAPESP (grant numbers: PIRE-CREATE project 2017/50085-3; MGV grant 

2018/07632-6 and BEPE 2019/09813-0. The radiocarbon research was supported by 

the Exilarch Foundation that supports the Dangoor Research Accelerator Mass 

Spectrometer (D-REAMS) Laboratory. We wish to thank the Kimmel Center for 

Archaeological Science and the George Schwartzman Fund for the laboratory and 

funding support for MGV in Israel. This study was partially financed by the 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - CAPES (Finance 

Code 001). The authors are deeply indebted to fieldwork support personnel, such as our 

cooks, Mrs. Anita and Nildinha dos Santos and our field guides, Mr. Lucimar dos 

Santos and Mr. Vandey Batista de Jesus whose help and knowledge are inmeasurable 

for this research. The authors also thank Paula Alecio and Eugenia Mintz for helping 

with sample preparation and laboratory procedures. 

 

Methods references 

70. Ministério do Meio Ambiente. diagnóstico do macrozoneamento ecológico-

econômico da bacia hidrográfica do Rio São Francisco. (2011). 

71. Leite, E. J. State-of-knowledge on Amburana cearensis (Fr. Allem.) A.C. Smith 

(Leguminosae: Papilionoideae) for genetic conservation in Brazil. J. Nat. Conserv. 13, 

49–65 (2005). 

72. Baker, J. C. A. et al. Oxygen isotopes in tree rings show good coherence between 

species and sites in Bolivia. Glob. Planet. Change 133, 298–308 (2015). 

73. Paredes-Villanueva, K., López, L., Brookhouse, M. & Cerrillo, R. M. N. Rainfall and 

temperature variability in Bolivia derived from the tree-ring width of Amburana 

cearensis (Fr. Allem.) A.C. Smith. Dendrochronologia 35, 80–86 (2015). 

74. Zuidema, P. A. et al. Tropical tree growth driven by dry-season climate variability. 



163 

 

Nat. Geosci. 15, 269–276 (2022). 

75. Speer, B. J. H. Fundamentals of tree-ring research. 509 (2010). 

76. Krottenthaler, S. et al. A power-driven increment borer for sampling high-density 

tropical wood. Dendrochronologia 36, 40–44 (2015). 

77. Godoy-Veiga, M. et al. Shadows of the edge effects for tropical emergent trees: the 

impact of lianas on the growth of Aspidosperma polyneuron. Trees - Struct. Funct. 32, 

1073–1082 (2018). 

78. Hietz, P. A simple program to measure and analyze tree rings using Excel, R and 

SigmaScan. Dendrochronologia 29, 245–250 (2011). 

79. Holmes, R. Computer-assisted quality control in tree-ring dating and measurement. 

(1983). 

80. Peters, R. L., Groenendijk, P., Vlam, M. & Zuidema, P. A. Detecting long-term 

growth trends using tree rings: A critical evaluation of methods. Glob. Chang. Biol. 

21, 2040–2054 (2015). 

81. Cook, E. R. The Decomposition of Tree-Ring Series for Environmental Studies. Tree-

Ring Bull. 47, 37–59 (1987). 

82. Wigley, T. M. L., Briffa, K. R. & Jones, P. D. On the average value of correlated time 

series with applications in dendroclimatology and hydrometeorology. Journal of 

Climate & Applied Meteorology 23, 201–213 (1984). 

83. Bunn, A. G. A dendrochronology program library in R (dplR). Dendrochronologia 

26, 115–124 (2008). 

84. R Core Team (2022). R: A language and environment for statistical computing. R 

Found. Stat. Comput. Vienna, Austria (2022). 

85. Kagawa, A., Sano, M., Nakatsuka, T., Ikeda, T. & Kubo, S. An optimized method for 

stable isotope analysis of tree rings by extracting cellulose directly from cross-

sectional laths. Chem. Geol. 393–394, 16–25 (2015). 

86. Wieloch, T., Helle, G., Heinrich, I., Voigt, M. & Schyma, P. A novel device for 

batch-wise isolation of α-cellulose from small-amount whole wood samples. 

Dendrochronologia Technical note, 29, 115–117 (2011). 

87. Pereira, G. A. The climate response of Cedrela fissilis annual ring width in the Rio 

São Francisco Basin, Brazil. Tree-Ring Research, 74, 162–171 (2018).  

88. Otto-Bliesner, B. L., Brady, E. C., Fasullo, J., Jahn, A., Landrum, L., Stevenson, S., 

Rosenbloom, N., Mai, A., Strand, G., Climate variability and change since 850 CE an 

ensemble approach with the community earth system model. Bull. Am. Meteorol. Soc. 

97, 787–801 (2016). 

89. Blasing, T. J., Solomon, A. M. & Duvick, D. N. Response Functions Revisited. Tree-

Ring Bull. 44, 1–15 (1984). 



164 

 

90. Muggeo, V. segmented: an R Package to Fit Regression Models with Broken-Line 

Relationships. R news 8, 20–25 (2008). 

91. Coelho, M., Fernandes, G. & Sánchez-Azofeifa, A. Brazilian Tropical Dry Forest on 

Basalt and Limestone Outcrops. Trop. Dry For. Am. 55–68 (2013). 

92. Galimberti, M., Ramsey, C. B. & Manning, S. W. Wiggle-match dating of tree-ring 

sequences. Radiocarbon 46, 917–924 (2004). 

93. Linick, T. W., Long, A., Damon, P. E. & Ferguson, C. W. High-precision radiocarbon 

dating of bristlecone pine from 6554 to 5350 BC. Radiocarbon 28, 943–953 (1986). 

94. Ehrlich, Y., Regev, L., Kerem, Z. & Boaretto, E. Radiocarbon dating of an olive tree 

cross-section: New insights on growth patterns and implications for age estimation of 

olive trees. Front. Plant Sci. 8, 1–9 (2017). 

95. Regev, L. et al. D-REAMS: A New Compact AMS System for Radiocarbon 

Measurements at the Weizmann Institute of Science, Rehovot, Israel. Radiocarbon 59, 

775–784 (2017). 

96. Ramsey, C. B. Bayesian analysis of radiocarbon dates. Radiocarbon 51, 337–360 

(2009). 

97. Hua, Q., et al. Atmospheric radiocarbon for the period 1950 –019. Radiocarbon 64, 

723-745 (2022). 

  



165 

 

Supplementary information 

Tree growth does not decline due to increasing VPD in seasonally dry tropical forest 

Milena Godoy-Veiga1, Gabriel Assis-Pereira2, Bruno Barçante Ladvocat Cintra3, Nicolás 

Misailidis Stríkis4, Marília Harumi Shimizu5, Francisco William da Cruz6, Lior Regev7, 

Elisabetta Boaretto7, Ana Carolina Maioli Campos Barbosa8, Mario Tomazzelo-Filho9, 

Gregório Ceccantini1, Veronica Angyalossy1, Laia Andreu-Hayles9,10,11, Giuliano Maselli 

Locosselli12,13. 

1Institute of Biosciences, University of São Paulo, Rua do Matão 277, 05508-090 São Paulo, 

Brazil 
2Forestry Sciences Department, University of São Paulo, Av. Pádua Dias 11, 13418-900, 
Piracicaba, Brazil 
3 School of Geography, University of Leeds, Garstang North Building, Leeds LS2 9JT, UK 
4Geochemistry Department, Fluminense Federal University, 24020-141 Niterói, Brazil 
5General Coordination of Earth Sciences, National Institute for Space Research—INPE, São 
Paulo, Brazil 
6Institute of Geosciences, University of São Paulo, Rua do Lago 562, 05508-080 São Paulo, 

Brazil 
7D-REAMS Laboratory, Scientific Archaeology Unit, Weizmann Institute of Science, 7610001 

Rehovot, Israel 
8 Department of Forest Sciences, Federal University of Lavras, PO Box 3037, Lavras, Minas 
Gerais, Brazil 
9 Lamont-Doherty Earth Observatory, Columbia University, 61 Route 9W, Palisades, NY 10964, 

USA;  
10 CREAF, Bellaterra (Cerdanyola del Vallés), Barcelona, Spain 
11ICREA, Pg. Lluís Companys 23, Barcelona, Spain 
12Center for Nuclear Energy in Agriculture, University of São Paulo, Piracicaba, Brazil 
13Environmental Research Institute of the State of São Paulo, São Paulo, Brazil 

 

List of supplementary figures: 

 

Figures S1 to S4 -  Individual and multi-species tree-ring series, metrics, and tests. 

Figures S05 to S09 - Tree-ring chronologies correlations with local rainfall and VPD. 

Figures S10 to S12 - Tests for untangling the source signal from the evaporative 

enrichment signal in tree-ring δ18O. 

Figures S13 to S15 - Testing the effect of VPD on trees growth. 

Figures S16 to S21 - Subfossil samples context, dating and tests. 

 

 

 

 

 

 

 

 



166 

 

Figures S1 to S4 -  Individual and multi-species tree-ring series, metrics, 

and tests. 

 

 
Figure S01 – Tree-ring width chronologies, smoothing spline detrending curves, rbar and EPS for 

both species and site chronology using both. 

 

 

Figure S02 – Amburana cearensis and Cedrela fissilis tree-ring width chronology with 

correlations coefficient in 30-years windows. Correlations are significant (p < 0.01). 
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Figure S03 – Tree-ring ratio of oxygen isotopes (δ18O) of individual species and site mean. In A: 

Amburana cearensis individual tree and population tree-ring oxygen δ18O series. Letter before samples 

ID represent the sampling site, e: from driest epikarst areas; v: trees from less seasonal areas in the valley 

or deep soiled karstic areas; D: dead trees from valley or unknown origin. In B: Cedrela fissilis individual 

and population tree tree-ring δ18O series. In C: Different populations of Amburana cearensis and Cedrela 

fissilis mean tree-ring δ18O series. AmbEpi: A. cearensis trees from driest epikarst areas; AmbVal: A. 

cearensis trees from less seasonal in the valley or deep soiled karstic areas; AmbDead: dead A. cearensis 

trees from valley or unknown origin; Ced: C. fissilis trees sampled in more uniform microsite conditions 

in open areas. In D: Age and diameter at breast hight (DBH) of trees. Different colors correspond to the 

different populations in C. In E: Isotopic values of the different populations before and after 1980. Using 

Wilcoxon non-parametric to test difference between periods, the asterisc indicate significant difference 

(* p < 0.05, ** p < 0.01). 

 
Figure S04 - Amburana cearensis and Cedrela fissilis tree-ring δ18O chronology with 

correlations coefficient in 30-years windows. Low correlations are only observed in the 

same period the TRW chronologies also decreases, probably due to low sample replication 

and/or local disturbances since correlations are strong in the beginning of the series. 
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Figures S05 to S09 – Tree-ring chronologies correlations with local rainfall 

and VPD. 

 

Figure S05 – Tree-ring width (A-F) δ18O (G-L) series correlation with montly rainfall and VPD for 

both species separetly and togheter. Signifficant correlations in of the bootstrapped analisys are 

indicated by continuos lines. The letters bellow are the respective months from July to April, 

followed by the Gs: Growth season, and Su: Summer months. 

 

 

Figure S06 – Site tree-ring width chronology (brown) and total local rainfall from October 

to March (blue). Pearson correlation are shown for the period before and after 1980. 

Correlations are significant (p < 0.01). 
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Figure S07 – Site tree-ring δ18O chronology (orange) and local rainfall (blue). Pearson 

correlation are shown for the period before and after 1980. Correlations are significant (* 

p < 0.05). With a 5 years moving average in the tree-ring series, the correlations are r = -

0.17 (before 1980, not significant) and r = 0.35* (after 1980, p < 0.05). 

 

 

Figure S08 – Piecewise linear regressions of δ18O series from both species (Amb, Ced), 

multispecies (Ced_Amb) and the three subfossil samples of Amburana. Significant 

breakpoints are indicated in each plot by the year of the breakpoint and the p value. 
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Figure S09 – Multi species tree-ring δ18O chronology (light blue) and local summer VPD 

(red) raw and with a 5 years moving mean in both series. Pearson correlation are shown for 

the period before and after 1980. * p < 0.05, ** p < 0.01. 

 

Figures S10 to S12 – Tests for untangling the source signal from the 

evaporative enrichment signal in tree-ring δ18O 

 

Figure S10 – Air mass back trajectories calculated for the site. On the right panel the air 

mass total from October to March (top line, red) overall has no trend, but there is signs of 

the beginning of a decrease in 2010 (dashed red line), still not significant according to 

piecewise linear regression analysis. The blue line is the tree-ring δ18O and the correlations 

coefficients between series for the whole period, before, and after 2010. * p < 0.05, ** p < 

0.01. 
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Figure S11 – Local rainfal δ18O monitoring (orange) and local rainfall amount (blue). 

There is a negative trend in total rainfall in recent years (blue line, top left linear regression 

values), but the trend is less pronounced in the isotopes. Data collected by Strikis et al in 

press. 

 

Figure S12 – Heatmap of correlations between tree-ring series and speleothems (ONÇA 2-

4, Strikis et al.) proxies. Tests were performed for Amburana cearensis tree-ring width 

chronology (A_TRW), Cedrela fissilis tree-ring width chronology (C_TRW), site tree-ring 

width chronology (AC_TRW), followed by the tree-ring oxygen δ18O chronologies of 

Amburana cearensis (A_18O), Cedrela fissilis (C_18O) and site chronology (AC_18O). 

The TRW was smoothed (ACTRSmot) and the last three tests are with the previous three 

δ18O chronologies smoothed with a loess function with span = 0.1 (A_18Onorm, 

C_18Onorm, AC_18Onorm). The speleothem proxies, from left to right are: δ18O ONÇA 

4, δ18O ONÇA 2, δ18O ONÇA 2-4, δ18O ONÇA 2-4 detrended, δ13C ONÇA 2-4, δ13C 

ONÇA 2-4 detrended, speleothem deposition rate, deposition rate detrended, principal 
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component of isotopic proxes, principal component of all proxies and principal component 

of all proxies detrended. 

 

Figures S13 to S15 – Testing the effect of VPD on trees growth. 

 

Figure S13 – Diametric growth rate in diameter classes of A. cearensis and C. fissilis from 

the Peruaçu region (top) and togheter with data from the Juvenilia population, 50-100km 

from the site (Pereira et al., 2018). The blue boxplots represent the growth rate from 1940 

to 1970 and the red boxplots for 1988 to 2018. No difference was observed between growth 

rate comparing the two periods in any class. 
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Figure S14 – Tree-ring width chronologies, linear detrending lines, rbar and EPS for both species 

and site chronology using both. The series do not show signs of decrease in growth after 1980. 

Instead there is an increase in growth around 1990 followed by a decrease caused by a few extreme 

years after 2010. 

 
Figure S15 – Peruaçu spp. Tree-ring widht Basal Area Increment (BAI) series. Period after 

1980 is highlighted, where an increase in growth is observed around 2000, then an 

stabilization, a few extreme years after 2010 and return to increase in the last years. 
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Figures S16 to S21 – Subfossil samples context, dating and tests. 

 

 

Figure S16 – Subfossil samples of Amburana cearensis site context and wood anatomy. In 

A is the view of the Arco do André (André’s Arch), one of the many arches and caves were 

conduits (B) are found filled with wood debris of many species (C). Macroscopic view of 

a 15mm core of a living tree (D) and a subfossil sample (E), with the transversal 

microscopic cross-section view bellow (scale bar = 500µm). 
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Figure S17 – Modelled age of subfossil samples. The red dots on the scanned image of the 

samples represent the rings selected for the wiggle matching. In the panels are shown the 

parameters (fraction of 14C with measurement standard deviation, gap between rings, 

agreement of each sample in the model, and calibration curves) used in the D_sequence in 

OxCal to calibrate and date the subfossil samples. The results are in Table S3. 
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Figure S18 – Subfossil tree-ring width (detrended with smooth spline) and δ18O floating 

series of the two Amburana cearensis samples that overlap 70 (TRW) and 57 (δ18O) years 

with correlation coefficient between series. 

 

Figure S19 – δ18O series of living and subfossil trees of Amburana (orange) with local 

speleothem ONÇA 2-4 δ18O (light blue). Top panel: Living trees, correlation coefficient 

for the whole period is r = 0.21 and from 1980 to 2016, r = 0.29. Bottom panel: series are 

shown for the period from 1460 to 1755 (widest range of possible ages for the subfossil 

trunks according to the 14C wiggle matching). Both raw and smoothed with 5 year moving 

mean (thin line) are shown. 
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Figure S20 – Raw subfossil tree-ring width series. No significant growth changes are 

apparent besides the growth release common to species attaining the canopy in 6937. 

 

 

Figure S21 – Spatial correlations of tree-ring δ18O with CRU gridded rainfall data over 

South America. The chronology using both species was correlated with rainfall from 1970 

to 2017 (A) and 1940 to 1970 (B). C and D are the results for the species separately from 

1970 to 2017.   
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Table S1 - Correlation among Amburana tree-ring δ18O (amb), speleothem δ18O, and 

CESM-LME model series of VPD and rainfall raw values and smoothed with a 15 year 

moving mean. 

The time windows correspond to an initial less arid period, followed by a period with 

increasing VPD and natural δ18O series increase, and a final period were VPD values drop 

but are higher than the initial state. 

Raw 

values   

amb x 

vpd 

amb x 

rainfall 

amb x 

speleo 

speleo x 

vpd n df 

p 

5% 

p 

1% 

 1530 - 1608 -0.20 0.17 0.27 -0.11 79 77 0.22 0.29 

 1608 - 1637 0.34 -0.57** 0.47** 0.25 30 28 0.36 0.46 

 1637 - 1690 0.07 0.06 0.05 -0.31* 54 52 0.27 0.35 

15 yr moving mean 

amb x 

vpd 

amb x 

rainfall 

amb x 

speleo 

speleo x 

vpd n df 

p 

5% 

p 

1% 

 1530 - 1608 -0.09 0.00 0.53** -0.26* 79 77 0.22 0.29 

  1608 - 1637 0.41* -0.87** 0.86** 0.75** 30 28 0.36 0.46 

 1637 - 1690 -0.51** -0.25 0.20 -0.60** 54 52 0.27 0.35 

n : number of observations ; df : degrees of freedom ; and critical p values. * p < 0.05, ** 

p < 0.01. 

 

Table S2 - Statistics of extreme years analysis. 
    

Four climate states are compared: Mean state, and years were the observed Rainfall or 

VPD was more than 1 standard deviation higher than record mean. Some years 

experienced extreme values in both parameters. 

climate count mean sd median IQR min max amp 

Mean 3512 3.09 2.1 2.7 2.78 0 17.5 17.5 

Rain 234 2.4 1.88 1.94 2.18 0.22 11 10.8 

VPD 399 2.28 1.74 1.83 2.09 0 12.1 12.1 

VPD_Rain 210 2.53 2 1.91 2.02 0.23 14.1 13.8 

         

p values of pairwise comparisons between groups using Wilcoxon rank sum test with 

continuity correction 

 Mean Rain VPD      

Mean - - -      

Rain 4.50E-08 - -      

VPD 1.10E-15 0.57 -      

VPD_Rain 9.50E-06 0.5 0.15      

count: observations; mean; sd: standard deviation; median; IQR: interquartille range; min: 

minimum; max: maximum; amp: amplitude. 
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Table S3 Calibrated and modelled results for each Amburana subfossil sample. 

A D_Sequence was used in OxCal calibration software, using the known gap between each two dated individual rings. The results were 

calibrated with SHCal20 (samples 6884B and 6893) or Post-bomb SH1-2 (sample 6937) calibration curves. 

Sample/ring F14C , sd Unmodelled (BC/AD), 68.3% Unmodelled (BC/AD), 95.4% Modelled (BC/AD), 68.3% Modelled (BC/AD), 95.4% 

6884B -80 0.81766, 0.00218 
434AD (15.9%) 454AD 

466AD (52.3%) 526AD 
419AD (95.4%) 542AD 476AD (68.3%) 518AD 464AD (95.4%) 524AD 

6884B -57 0.82079, 0.00239 

474AD (23.7%) 511AD 

520AD (27.2%) 550AD 

556AD (17.5%) 577AD 

432AD (95.4%) 581AD 498AD (68.3%) 540AD 488AD (95.4%) 548AD 

6884B -17 0.82482, 0.0024 540AD (68.3%) 595AD 523AD (95.4%) 638AD 540AD (68.3%) 582AD 530AD (95.4%) 590AD 

6884B last 0.82457, 0.00279 536AD (68.3%) 596AD 
476AD (5.0%) 510AD 

520AD (90.4%) 638AD 
556AD (68.3%) 598AD 546AD (95.4%) 606AD 

6893 -40 0.95719, 0.00197 
1510AD (63.5%) 1582AD 
1622AD (4.8%) 1628AD 

1502AD (79.6%) 1595AD 
1615AD (15.9%) 1640AD 

1508AD (68.3%) 1550AD 
1500AD (80.2%) 1560AD 
1571AD (15.2%) 1602AD 

6893 -20 0.95524, 0.00195 

1503AD (9.7%) 1514AD 

1542AD (48.8%) 1595AD 

1615AD (9.7%) 1626AD 

1490AD (95.4%) 1632AD 1528AD (68.3%) 1570AD 
1520AD (80.2%) 1580AD 

1591AD (15.2%) 1622AD 

6893 last 0.95906, 0.00252 

1510AD (38.0%) 1549AD 

1561AD (12.9%) 1577AD 

1623AD (17.3%) 1641AD 

1506AD (71.4%) 1592AD 

1617AD (24.1%) 1648AD 
1548AD (68.3%) 1590AD 

1540AD (80.2%) 1600AD 

1611AD (15.2%) 1642AD 

6937 -130 0.95826, 0.00232 

1510AD (39.5%) 1550AD 

1560AD (17.0%) 1579AD 

1623AD (11.7%) 1635AD 

1505.AD (75.2%) 1593AD 

1617AD (20.3%) 1645AD 

1621.32AD (68.3%) 

1628.74AD 

1617.7AD (95.4%) 

1632.5AD 

6937 -66 0.98121, 0.0047 

1693AD (16.9%) 1728AD 
1809AD (7.7%) 1825AD 

1830AD (31.4%) 1894.AD 

1922AD (10.3%) 1943AD 

1943AD (1.1%) 1946AD 

1946AD (0.5%) 1948AD 

1948AD (0.4%) 1949AD 

1674AD (25.4%) 1739AD 

1757AD (1.0%) 1763AD 

1775AD (0.6%) 1779AD 

1798AD (67.8%) 1950AD 

1952AD (0.7%) 1955AD 

1685AD (68.3%) 1693AD 1682AD (95.4%) 1697AD 

6937 -51 0.98141, 0.00196 

1698AD (18.5%) 1724AD 

1810AD (3.8%) 1816AD 

1834AD (3.6%) 1839AD 

1844AD (19.1%) 1871AD 

1875AD (11.3%) 1892AD 

1923AD (11.6%) 1941AD 

1691AD (22.9%) 1728AD 

1808AD (53.2%) 1896AD 

1905AD (2.4%) 1914AD 

1920AD (17.0%) 1950AD 

1700AD (68.3%) 1708AD 1697AD (95.4%) 1712AD 
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1942AD (0.2%) 1943AD 

1945AD (0.3%) 1946AD 

6937 -36 0.98445, 0.00198 

1712AD (5.6%) 1719AD 

1813AD (20.8%) 1836AD 

1863AD (0.7%) 1865AD 

1881AD (3.1%) 1887AD 
1888AD (0.3%) 1889AD 

1890AD (35.7%) 1925AD 

1942.3AD (1.0%) 1944AD 

1945.3AD (1.1%) 1947AD 

1699AD (11.7%) 1723AD 

1811AD (22.9%) 1839AD 

1845AD (11.3%) 1870AD 

1877AD (44.4%) 1931AD 
1936AD (4.8%) 1947AD 

1949AD (0.1%) 1949AD 

1954AD (0.3%) 1955AD 

1715AD (68.3%) 1723AD 1712AD (95.4%) 1727AD 

6937 last 0.97417, 0.00251 

1671AD (14.3%) 1686AD 

1732AD (16.1%) 1748AD 

1752AD (15.0%) 1767AD 

1772AD (10.9%) 1782AD 

1796AD (9.5%) 1806AD 

1950AD (0.5%) 1951AD 

1952AD (2.0%) 1954AD 

1665AD (21.3%) 1697AD 

1724AD (68.4%) 1810AD 

1839AD (0.5%) 1844AD 

1871AD (0.5%) 1875AD 

1944AD (0.2%) 1945AD 

1947AD (4.5%) 1955AD 

1751AD (68.3%) 1759AD 1748AD (95.4%) 1763AD 

F14C (fraction modern carbon) is the measured value by the AMS. sd is the measurement standard deviation
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Discussão Geral e Conclusões 

 

 A presente tese deu um passo significativo para estudos 

dendroclimatológicos e isotópicos na região central do Brasil utilizando a espécie 

Amburana cearensis em um dos hot spots de aquecimento global nos trópicos. Os 

resultados obtidos a partir dos anéis de crescimento puderam ser analisados 

conjuntamente com espeleotemas locais, cumprindo um dos principais objetivos do 

projeto temático no qual esta tese se insere. Primeiramente, foi desenvolvida uma 

nova metodologia para melhorar a observação dos anéis de crescimento e para 

explorar a diversidade de espécies encontradas na região. A espécie escolhida no 

local foi Amburana cearensis, previamente utilizada na América do Sul e com 

grande potencial dendroclimático (Baker et al., 2015; Brienen & Zuidema, 2005; 

López et al., 2022; Paredes-Villanueva et al., 2015) e dela foram construídas 

cronologias da largura e dos isótopos estáveis de oxigênio dos anéis de crescimento. 

As cronologias de largura e isótopos estáveis de oxigênio de A. cearensis e Cedrela 

fissilis mostraram um excelente sinal climático de precipitação (largura dos anéis) e 

déficit de pressão de vapor (VPD, com os isótopos de oxigênio). Portanto, a tese 

consolidou uma nova espécie em uma nova região do Brasil, trazendo desde avanços 

metodológicos a discussões de questões fundamentais relacionadas ao aquecimento 

global e como o crescimento de espécies arbóreas responde em um local 

extrematente exposto (Figura 1). Isso foi realizado com a colaboração de 

especialistas em diversas áreas de conhecimento para explorar um conjunto único 

em regiões tropicais de amostras subfósseis e fazer correlações com espeleotemas 

locais para verificar quais os efeitos de mudanças climáticas atuais e passadas 

árvores de matas tropicais sazonalmente secas. 

Capítulo 1 – Desafio: Dificuldade de visualização dos anéis de crescimento em 

áreas com grande diversidade anatômica  

No primeiro capítulo, uma nova metodologia para melhorar a visualização 

dos anéis de crescimento foi testada explorando a autofluorescência da madeira. 

Utilizando um estereomicroscópio de fluorescência e um conjunto de filtros em 
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diferentes comprimentos de onda, comumente encontrados em institutos de 

pesquisa, espécies com diferentes características anatômicas foram testadas em 

busca de melhoras na visualização das camadas de crescimento. Dentre as 38 

espécies testadas, mais da metade das mostrou melhoras na visualização e 

interpretação de algum aspecto anatômico. Por exemplo, uma espécie emblemática 

nessas regiões de matas secas, a barriguda (Cavanillesia arborea), previamente 

descrita como não possuindo camadas de crescimento visíveis em uma área próxima 

(Barbosa et al., 2018), teve suas camadas de crescimento reveladas devido à 

autofluorescência mais intensa dos limites do anel em relação a matriz de células 

produzidas durante a estação de crescimento. Já em espécies muito utilizadas na 

dendrocronologia tropical, como Cedrela sp. e Hymenaea sp., a técnica também 

auxiliou na distinção entre anéis de crescimento verdadeiros e falsos, mostrando sua 

utilidade na datação cruzada em porções das amostras de difícil interpretação. As 

diferenças anatômicas entre os anéis verdadeiros e falsos, como células de 

parênquima maiores e mais finas nos anéis falsos de Hymenaea (Locosselli et al., 

2016) são rapidamente localizadas com a técnica. Portanto conseguimos 

desenvolver e testar uma nova metodologia para observação e interpretação de 

camadas de crescimento em madeira que pode auxiliar cientistas no processo de 

contagem e datação cruzada, além de também oferecer imagens de qualidade e com 

grande contraste para estudos anatômicos quantitativos. 

Capítulo 2 – Desafio: Estabelecer uma nova cronologia em região tropical 

No segundo capítulo, foi estabelecida a primeira cronologia brasileira da 

largura dos anéis de Amburana cearensis, com um forte sinal climático a nível 

populacional e individual que permitiu a identificação de áreas de refúgio climático 

no PNCP (Godoy-Veiga et al., 2021). Graças a cronologia com árvores bem datadas, 

confirmado por análises detalhadas de radiocarbono no período do pico-da-bomba 

(Hua et al., 2013), foi possível adotar uma estratégia menos conservadora e fazer 

inferências para além do sinal populacional. Exploramos a nível individual a 

sensibilidade climática de cada árvore em uma paisagem com diferentes níveis de 

sazonalidade mensurados por índices de vegetação obtidos de imagens de satélite. 
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Utilizando uma análise de agrupamento hierárquico dos coeficientes de correlação 

entre as séries de anéis normalizadas de cada árvore com dados mensais de 

temperatura e precipitação, foram encontrados grupos de árvores com sensibilidade 

climática distinta. Nas áreas com sazonalidade mais intensa, onde os valores do 

índice de vegetação (NDVI) variavam mais entre as estações secas e chuvosas, as 

árvores apresentam grande sensibilidade as variações de precipitação e temperatura. 

Já nas áreas mais baixas e com solos mais profundos do PNCP, a largura dos anéis 

das árvores não é tão sensível as variações médias do clima.  

Essas árvores estão menos expostas às mudanças climáticas, demorando 

mais para sofrerem os impactos negativos dos previstos aumentos de temperatura e 

provável redução em precipitação (IPCC WGI, 2021). Isso traz repercussões ao 

local visto que a abordagem adotada permitiu identificar árvores em chamados 

refúgios climáticos (Morelli et al., 2020), que no caso do PNCP correspondem a um 

quarto de sua área. Entretanto, em anos de condições extremas de alta temperatura 

e pouca chuva, todas as árvores do local sofrem impactos negativos no crescimento. 

Portanto, esta espécie e nossa abordagem podem auxiliar na confecção de propostas 

de manejo em locais com paisagem complexa indicando regiões em que as medidas 

serão mais efetivas (Morelli et al., 2020; Trouillier et al., 2018). Isso é útil em locais 

com poucos recursos, como normalmente é o caso dos Parques Nacionais e 

Unidades de Conservação no geral, que podem usar essa abordagem para focar em 

áreas de refúgio climático e garantir o desenvolvimento das espécies locais. 

Capítulo 3 – Desafio: Aumentar o poder de inferências paleoclimáticas em regiões 

tropicais unindo diferentes arquivos naturais. 

No terceiro capítulo investigamos o efeito de mudanças climáticas no 

crescimento de árvores em uma região de intenso aumento de temperatura nos 

últimos anos utilizando um conjunto único em regiões tropicais de amostras 

subfósseis e correlacionando os dados de anéis de árvores com espeleotemas. 

Utilizando cronologias multicentenárias de Amburana cearensis que já continham 

um forte sinal comum, e unindo dados de Cedrela fissilis para a construção de séries 

robustas e bem datadas, a largura e isótopos estáveis puderam ser analisadas com 
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espeleotemas anuais locais. Isso foi possível após a obtenção dos resultados do 

segundo capítulo investigando todas as possíveis respostas individuais e 

populacionais de A. cearensis e de uma extensiva datação por radiocarbono de 

amostras de tronco preservadas, algo raro em regiões tropicais.  Todos os registros 

analisados mostram um enriquecimento nos isótopos de oxigênio, reflexo do 

aumento de VPD no local, mas o crescimento das árvores ainda não foi impactado. 

O enriquecimento dos valores isotópicos observados recentemente é 

majoritariamente devido ao enriquecimento a nível da folha provocado pelo 

aumento de VPD, mas alterações no sinal da fonte podem começar a contribuir para 

esse aumento nos próximos anos.  

Aumentos na demanda evaporativa, regulados pelos aumentos de 

temperatura e déficit de vapor de pressão, podem causar fechamento dos estômatos, 

reduzir a taxa fotossintética e assim reduzir o ganho de biomassa das árvores, 

importantes componentes do ciclo de carbono terrestre (Grossiord et al., 2020; Pan 

et al., 2013; Running, 1975). Estes períodos de alta demanda evaporativa podem 

ocorrer naturalmente e provavelmente ocorreram no período da Pequena Idade do 

Gelo como apontado pelos registros de espeleotemas (Novello et al., 2012; Strikis 

et al in press) e amostras subfósseis de A. cearensis, em que mais uma vez, nenhuma 

alteração no crescimento foi encontrada. Isso ocorre porque as árvores do local 

crescem reguladas pela disponibilidade hídrica entre os meses de outubro a março, 

e não são tão sensíveis as condições de alta demanda evaporativa.  Porém vale notar 

que os valores de δ18O observados nos últimos anos são maiores do que o das 

amostras subfósseis, assim como o período de exposição a altas condições de VPD. 

Portanto, as consequências dessa longa exposição a condições de altas temperaturas 

e demanda evaporativa podem ter efeitos negativos no crescimento dessas árvores 

caso o local fique mais seco.  

Dessa forma, o último capítulo desta tese mostrou que a união de espécies, 

indicadores e registros naturais podem auxiliar a elucidar os efeitos das mudanças 

climáticas que já afetam o meio biótico (fisiologia das árvores) e abiótico (sinal 

isotópico dos espeleotemas). Os dados de amostras de árvores subfósseis e 

espeleotemas que cresceram antes da intensa liberação de carbono na atmosfera 
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provém um amplo contexto para verificar os efeitos das atuais mudanças climáticas 

no sistema hídrico regulado pela Monção da América do Sul. Visto que as projeções 

de quantidade de chuvas na região não são tão claras como as de temperatura (IPCC 

WGI, 2021), continuar a produzir séries isotópicas de registros naturais pode 

auxiliar a entender as variações no Sistema de Monção da América do Sul, 

principalmente no funcionamento da Zona de Convergência do Atlântico Sul, 

responsável pela chuva no local e abastecimento de milhões de pessoas. Nossos 

resultados apontam uma superestimação dos efeitos do aumento de temperatura no 

crescimento dessas florestas e podem subsidiar modelos de resposta de vegetação 

mais realistas. 

Do projeto inicial aos resultados finais: Dificuldades práticas, resultados 

negativos, dados em aberto e indicação de próximas investigações 

Este projeto foi iniciado em maio de 2018, resistiu a uma pandemia e foi 

defendido em julho de 2023. Durante os cinco anos de sua execução, alguns pontos 

mudaram em relação ao planejamento inicial, seja pelas dificuldades inerentes à 

dendrocronologia tropical, ou pelas restrições impostas pela pandemia de corona 

vírus. Inicialmente, foi proposto a criação de cronologias de duas espécies do PNCP: 

Amburana cearensis e Commiphora leptophloeos. Para A. cearensis, a delimitação 

dos anéis e a datação cruzada foram feitas à contento comparado a espécies que 

tínhamos experiência em outros locais, como Aspidosperma polyneuron (Godoy-

Veiga et al., 2018), Hymenaea courbaril (Locosselli et al., 2016, Locosselli et al., 

2017), Podocarpus lambertii (Locosselli et al., 2016b), e as espécies do PNCP que 

começamos a analisar, como Goniorrhachis marginata, Parapiptadenia zehnteneri, 

Handroanthus sp. e Commiphora leptophloeos. Para esta última, a contagem dos 

anéis foi iniciada, mas a dificuldade de visualização dos anéis em imagens 

escaneadas dificultou o estabelecimento de uma cronologia durante a pandemia. As 

análises com autofluorêscencia (Godoy-Veiga et al., 2019) mostraram bons 

resultados para a espécie, mas devido ao acesso restrito aos laboratórios durante a 

pandemia e não foi possível finalizar uma cronologia para esta espécie.  
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Até o momento foram contados 27 raios de 11 indivíduos de C. leptophloeos, 

e, tudo indica que a espécie pode atingir idades elevadas, de mais de 180 anos 

(Figura 2A). Apesar de possuir madeira de densidade mais baixa que A. cearensis, 

a taxa de crescimento diamétrica é de apenas 0.38 cm/ano, menor do que os 0.70 

cm/ano de A. cearensis no mesmo local (Godoy-Veiga et al., 2021). Dois desses 

indivíduos tiveram três anéis datados por radiocarbono (14C), e mesmo sem uma 

cronologia e sem a datação entre árvores, aparentemente algumas árvores podem 

apresentar poucos anéis problemáticos. A diferença entre o ano esperado pela 

contagem de anéis e pela datação por 14C foi de apenas um ano até 1974 para uma 

das amostras (Figura 2B). Já a segunda árvore analisada tinha mais anéis ausentes, 

sendo que o anel contado para 1985 foi datado e calibrado em 1980 (5 aneis 

ausentes) e o anel contado para 1974 tinha um conteúdo de 14C que indicou o ano 

de 1963, portanto, 10 anéis ausentes nesse período (Figura 2C). Dessa forma, esta 

espécie pode ter potencial para estudos dendrocronológicos, mas a construção das 

cronologias pode tomar mais tempo do que de outras espécies. Dentre as 

dificuldades estão à dificuldade de visualizar os anéis em imagens, anéis localmente 

ausentes e grande diferenças na anatomia da madeira do cerne e do alburno. 

Contudo, a longevidade e a dominância de C. leptophloeos na região a torna uma 

espécie chave para entender a dinâmica do local. Os problemas anatômicos podem 

ser superados dada a grande quantidade de discos de árvores mortas (mais de dez) 

e subfósseis (7 amostras) e assim permitir com que longas cronologias sejam 

construídas e informações valiosas sejam retiradas dos anéis desta espécie. 

Além dos dados em aberto com árvores vivas, 21 amostras subfósseis de pelo 

menos 7 espécies também tiveram os anéis mais externos datados por radiocarbono 

(14C), compondo um material raríssimo em regiões tropicais para obter informações 

paleoclimáticas e paleoecológicas (Tabela 1). As amostras de madeira preservada 

são discos completos em boas condições e têm em média 80 anos, sendo que 13 

deles têm mais de 60 camadas visíveis. Estudos dendrocronológicos usando madeira 

preservada em regiões tropicais são muito raros e nesta tese já conseguimos obter 

informações paleoclimáticas utilizando A. cearensis graças a uma abordagem multi 

proxy. De acordo com nossos resultados, outras espécies como a C. leptophloeos e 
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Figura 2 – Em A, diâmetro (cm) por idade cambial dos raios de Commiphora 

leptophloeos analisados. Em B e C são apresentadas as datações de radiocarbono 

(14C) de duas amostras, sendo que para cada uma, três anos (1974, 1977 e 1985) 

contados pelos anéis de crescimento foram calibrados de acordo com seu conteúdo 

de 14C. 

P. zehnteneri também podem oferecer informações paleoecológicas ou 

paleoclimáticas inéditas. Ambas as espécies têm pelo menos 5 amostras, com pelo 

menos duas próximas dos 100 anos. Essas espécies possuem características 

ecológicas distintas, por exemplo em relação a densidade da madeira e riqueza no 

parque. Pelo observado durante as expedições ao PNCP, quando comparado à C. 

leptophloeos existe uma aparente alta taxa de mortalidade de P. zehnteneri, evidente 

pela grande quantidade de árvores mortas e maior dificuldade em localizar árvores 

vivas. Portanto, essas duas espécies podem oferecer registros complementares do 

local para serem exploradas em estudos futuros.  

Tabela 1 - Amostras subfósseis encontradas na região, explicitando a quantidade 

de anéis observados e quantas datações de 14C foram feitas. 

Espécie SPFw Local Anéis Datações 

Amburana cearensis 6884 Arco do André (Central) 80 4 

Amburana cearensis 6893 Arco do André (Superior) 86 4 

Amburana cearensis 6937 Arco da Brejal 177 5 

Parapiptadenia zehntneri 6896 Arco do André 51 Anel externo 

Parapiptadenia zehntneri 6891 Arco do André 64 Anel externo 

Parapiptadenia zehntneri 6963 Arco do André 88 Anel externo 
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Parapiptadenia zehntneri 6965 Arco do André 103 Anel externo 

Parapiptadenia zehntneri  8231 Arco do André (Cobra) 100 Anel externo 

Commiphora leptophloeos 6887 Arco do André (Grutinha) 54 Anel externo 

Commiphora leptophloeos 6889 Arco do André (Superior) 75 Anel externo 

Commiphora leptophloeos 6962 Arco do André 65 Anel externo 

Commiphora leptophloeos 6966 Arco do André 99 Anel externo 

Commiphora leptophloeos 6967 Arco do André 105 Anel externo 

Commiphora leptophloeos 6968 Arco do André 52 Anel externo 

Commiphora leptophloeos 6976 Arco do André 71 Anel externo 

Handroanthus sp. 6919 Arco da Brejal - Anel externo 

Handroanthus sp. 6972 Arco do André 89 Anel externo 

Handroanthus sp. 7036 Arco do Boi - Carlúcio - Anel externo 

Hymenaea sp. 6888 Arco do André (Grutinha) 56 Anel externo 

Lecythidaceae cf. 8232 Arco do André (Cobra) 44 Anel externo 

Maclura tinctoria 6890 Arco do André (Superior) 57 Anel externo 

 

A partir desse conjunto de amostras subfósseis, obtivemos muitos dados de 

datações de 14C, apresentados na Figura 3. Na figura destaca-se os períodos da 

Pequena Idade do Gelo Antiga, do inglês Late Antique Little Ice Age (LALIA), 

Anomalia Climática Medieval, do inglês Medieval Climate Anomaly (MCA) e 

Pequena Idade do Gelo, do inglês Little Ice Age (LIA). Nota-se uma boa 

sobreposição das amostras na pequena idade do gelo, período que vai de 1400 a 

1900 CE (IPCC, 2021), de grande importância para estudos paleoclimáticos dentro 

do contexto da Monção Sul-Americana e de estudos relacionados a ocorrência de 

mudanças climáticas abruptas. Nesse período, a forçante vulcânica aparentemente 

exerceu forte influência sobre o local de estudo, como observado no mundo todo 

(IPCC, 2021). Erupções vulcânicas que de alguma forma deslocam a Zona de 

Convergência Intertropical para o hemisfério Sul, ou que intensifiquem a atividade 

convectiva da Zona de Convergência do Atlântico Sul poderiam causar eventos de 

precipitação extrema na região (Strikis et al., 2012; Vera et al., 2006) e mega-

enchentes no rio Peruaçu (Coelho, 2013) que levaram. Estes eventos potencialmente 

mobilizaram essas árvores subfósseis da floresta para o interior das cavernas, sendo 
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que algumas amostras foram encontradas em condutos a mais de 30 metros acima 

do nível atual do rio Peruaçu. Próximos trabalhos podem medir a composição dos 

isótopos estáveis de oxigênio e elementos traço para reconstruir esses eventos 

extremos de chuva. Além disso, também se abre também caminhos para medir a 

composição dos isótopos estáveis de carbono, comparar às árvores vivas e explorar 

efeitos do aumento da concentração de gás carbônico no crescimento das árvores 

nos dias atuais. Tanto os resultados já publicados, quanto os ainda em análise, 

reforçam a singularidade da região do PNCP como um local ideal para estudos 

paleoclimáticos unindo os já estabelecidos resultados de espeleotemas com os anéis 

de crescimento de árvores. 

Tanto os dados em aberto das árvores vivas de Commiphora leptophloeos, 

quanto as datações e medições dos subfósseis não puderam ser extensamente 

analisados durante a duração deste projeto, mas continuarão sendo analisados. As 

dificuldades em relação a visualização dos anéis e datação cruzada encontradas 

durante esta tese são comuns a outras regiões e espécies tropicais (Worbes, 2002). 

Entretanto, foi possível finalizar a publicação de dois trabalhos e a organização de 

um terceiro artigo para submissão em uma revista de alto impacto, mesmo tendo 

focando em apenas uma espécie. Para garantir que as conclusões a partir de uma 

espécie resultassem em um trabalho de alto impacto no último capítulo da tese, 

fizemos colaborações, facilitadas pelo Projeto Temático PIRE-CREATE. Assim, 

incluímos a cronologia de Cedrela fissilis, a comparação com espeleotemas e 

modelos climáticos para o passado produzidos por colaboradores. Portanto, os 

produtos finais da tese foram resultado de tomadas de decisões que optaram por 

investir as análises na espécie da região cuja cronologia tinha um forte sinal 

climático e complementar o conjunto de dados através de colaborações, assim os 

resultados puderam ser discutidos com robustez na duração da tese. 
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Figura 3 - Amostras subfósseis datadas com número da coleção SPFw e anel 

datado por radiocarbono (14C). Em destaque estão os períodoo climáticos com 

mudanças abruptas no clima descritos no texto. Para cada indivíduo é apresentado 

a distribuição de probabilidades de idades (ano) resultantes da calibração com a 

curva de 14C para a América do Sul. 
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Conclusões  

A produção de séries de dados centenárias de largura e de razão dos isótopos 

estáveis de oxigênio (δ18O) dos anéis de crescimento de árvores permitiu entender 

respostas de crescimento das árvores da região frente as mudanças climáticas. Além 

de compreender a distribuição e intensidade dessas variações climáticas nos últimos 

500 anos na região, com enfoque no sistema hidroclimático estabelecido pelo 

Sistema de Monção da América do Sul. O Parque Nacional Cavernas do Peruaçu 

está inserido em uma das regiões tropicais de hot spot de aquecimento global, e em 

sua paisagem e florestas complexas foram encontrados refúgios climáticos. Nesses 

refúgios, as árvores crescem em um microambiente desacoplado das variações 

regionais médias de chuva e temperatura. Entretanto, em anos extremos de pouca 

chuva e altas temperaturas, até mesmo as árvores nesses refúgios sofrem efeitos 

negativos em seu crescimento. Já os aumentos de VPD que causam o aumento na 

demanda evaporativa e a tendência de enriquecimento nas cronologias de δ18O a 

partir da década de 1980 ainda não afetam o crescimento dessas árvores e a 

quantidade de chuva se mantém como o principal fator limitante ao crescimento. 

Dentre as possibilidades de trabalhos futuros a partir desta tese estão estudos 

mensurando a composição de isótopos estáveis de carbono e análise de elementos 

traço. Também é interessante a procura por discos de árvores mortas ou madeira 

preservada para estender as cronologias atuais e tentar construir séries flutuantes 

quando amostras preservadas forem encontradas. Com mais registros como estes, 

teremos ferramentas para mensurar as consequências das mudanças climáticas e 

assim auxiliar na produção de medidas de mitigação para a população. 
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