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RESUMO 
 

Promover o estoque de carbono torna-se uma ferramenta importante para a mitigação de mudanças 
climáticas. Os ecossistemas neotropicais campestres e savânicos são ambientes inflamáveis, com 
alta diversidade de espécies e alto potencial para a provisão de serviços ecossistêmicos, como o 
estoque de carbono. Porém, a provisão deste serviço ecossistêmico pode ser modificada por 
mudanças no regime de fogo e pela invasão biológica, que são grandes ameaças a estes 
ecossistemas. O papel da mudança de regime de fogo (i.e., diferentes frequências) e da invasão 
biológica na dinâmica de carbono dos ecossistemas campestres e savânicos precisam ser 
analisados. O objetivo principal desta tese foi entender como o fogo e a invasão biológica afetam 
a dinâmica de carbono em ecossistemas campestres e savânicos do Cerrado. Para isso, avaliamos: 
(i) como o fogo afeta os fluxos de entrada e de saída de carbono (C) analisando os processos e os 
caminhos de mudanças destes fluxos (i.e., biomassa, diversidade); (ii) como o fogo afeta a 
biomassa subterrânea e a composição dos órgãos subterrâneos; e (iii) como diferentes frequências 
de fogo e  gramíneas africanas invasoras afetam os fluxos de entrada e saída do C. Para responder 
essas perguntas, utilizamos: áreas de campo sujo nas quais o fogo foi manipulado com diferentes 
frequências de fogo (pergunta i ,ii e iii), em um experimento na região central do Brasil (Reserva 
Natural Serra do Tombador, RNST); quatro outras áreas que compreendem ecossistemas 
campestres e savânicos ocorrendo do limite norte até a região sudeste do Cerrado (pergunta ii) ; e 
áreas invadidas por Urochloa brizantha e não invadidas (pergunta iii), localizadas também na 
região central do Cerrado (RNST). Foram mensurados a troca líquida de dióxido de carbono do 
ecossistema (NEE), a eficiência do uso de água no ecossistema (eWUE), e o carbono orgânico do 
solo (SOC), representando o fluxo de entrada de C no sistema. Medimos também a 
evapotranspiração do ecossistema (ET) e a respiração do solo, representando a saída de carbono 
do ecossistema. Coletamos atributos funcionais aéreos (área foliar específica, forma de 
crescimento, altura) e subterrâneos (área específica de raiz, matéria seca de raiz, densidade do 
tecido de raiz) relacionados com a dinâmica do C nas comunidades de campo sujo, além da 
biomassa aérea e subterrânea, incluindo raízes e órgãos. Os órgãos subterrâneos foram 
classificados de acordo com as suas funções relacionadas ao banco de gemas. No capítulo 1, 
demonstramos que o fogo aumenta o SOC, a diversidade funcional, e o investimento em biomassa 
de raízes. Porém, a relação entre o fogo e as modificações dos processos ligados ao fluxo de entrada 
de carbono (SOC e NEE) e a diversidade funcional não foi evidenciada em nosso estudo. No 
capítulo 2, evidenciamos que o fogo aumentou a biomassa total de raízes e a proporção de 
xilopódios. Também demonstramos que sem o fogo a biomassa de órgãos subterrâneos se manteve 
mesmo após 12 anos de exclusão, porém, houve variação na composição dos órgãos subterrâneos. 
No capítulo 3, demonstramos que áreas submetidas a alta frequência de fogo recuperam 
rapidamente as taxas de entrada de carbono (NEE), e que a presença de espécies invasoras leva a 
ausência de variação sazonal no fluxo de C como foi observado em áreas não invadidas. Os 
resultados desta tese ajudam a entender melhor como a dinâmica do C acontece no Cerrado, 
ajudando a criação de modelos e ações que contemplem o potencial serviço de estoque de C destes 
ecossistemas. 
 
Palavras-chave: dinâmica do carbono, regime de fogo, invasões biológicas, diversidade 
funcional, alocação de biomassa, Cerrado. 
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ABSTRACT 
 
Increasing carbon stocks become an important tool for mitigating climate change. Neotropical 
grassland and savanna ecosystems are fire-prone ecosystems, with high species diversity and a 
high potential for the provision of ecosystem services, such as carbon stock. However, the 
provision of this ecosystem service can be strongly modified by changes in the fire regime and by 
biological invasion, which are two of the major threats to these ecosystems. The role of fire (in the 
context of changes in fire regime, i.e., different frequencies) and biological invasion on carbon 
dynamics of grassland and savanna ecosystems needs to be analyzed. The main goal of this work 
was to understand how fire and biological invasion can affect carbon dynamics in Cerrado 
grassland and savanna ecosystems. We assessed: (i) how fire affects carbon (C) fluxes (outputs 
and inputs) by analyzing the pathways between fire and C fluxes (i.e., biomass, diversity); (ii) how 
fire affects belowground biomass and belowground organ composition; and (iii) how different fire 
frequencies and biological invasion by African grass affect C fluxes. To answer these questions, 
we used: areas of campo sujo where fire was manipulated according to different fire frequencies 
(question i, ii and iii), in an experiment in central Brazil (Reserva Natural Serra do Tombador, 
RNST); four other areas comprising grassland and savanna ecosystems occurring from the 
northern limit to the southeastern region of the Cerrado (question ii); and areas invaded by 
Urochloa brizantha and  uninvaded areas (question iii), also located in the central region of the 
Cerrado (RNST). Net ecosystem exchange carbon dioxide (NEE), ecosystem water use efficiency 
(eWUE), and soil organic carbon (SOC) were measured, representing ecosystem C input. We also 
measured ecosystem evapotranspiration (ET) and soil respiration, representing ecosystem C 
output. We collected aerial (i.e. specific leaf area, growth form, height) and belowground (i.e. 
specific root area, root dry matter content, root tissue density) functional traits related to the 
dynamics of C in the campo sujo communities, as well as the aerial and belowground biomass 
(including roots and organs). The belowground organs were classified according to their bud-
bearing functions. In Chapter 1, we demonstrated that fire increased SOC, functional diversity, 
and root biomass investment. However, the pathways between C input (SOC and NEE) and the 
functional diversity were not evidenced in our study. In chapter 2, we showed that fire increased 
the total root biomass and the proportion of xylopodia. We also demonstrated that 12 years of fire 
exclusion were not enough to change total belowground organs biomass. However, fire exclusion 
led to variation in the composition of belowground organs. In Chapter 3, we demonstrated that 
areas subjected to high fire frequencies quickly recovered C input rates (NEE). The presence of 
invasive species led to the absence of seasonal variation in C flux as observed in non-invaded 
areas. The results of this thesis help to better understand how C dynamics can be modified in the 
Cerrado, thus assisting the creation of models and actions implementation that addresses the 
potential C stock service of the Cerrado grassland and savanna ecosystem. 
 
Keywords: carbon dynamics, fire regime, biological invasion, functional diversity, biomass 
allocation, Cerrado.
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INTRODUÇÃO GERAL 
 

Um dos grandes desafios da atualidade é a mitigação das mudanças climáticas. As emissões 

de carbono atmosférico chegaram na última década (2010-2019) a marcas equivalentes a 59 ± 6.6 

giga toneladas de gás carbônico equivalente por ano (GtCO2-eq yr–1), valores nunca registrados na 

história humana (Dhakal et al. 2022). Mesmo com a redução de 5,8% do total de emissões em 

2020 devido a pandemia de COVID-19, em 2021 as emissões se igualaram as de 2019, com 

previsões de novos aumentos para os anos subsequentes (Friedlingstein et al. 2022). Este aumento 

está associado, entre outros, a queima de combustíveis fósseis e mudanças no uso da terra em 

regiões tropicais do globo, representando juntos a emissão de 39.3 GtCO2 -eq yr–1 no ano de 2021, 

o que corresponde a 76% do total de emissões (IPCC 2022; Friedlingstein et al. 2022). Assim, 

segundo os recentes acordos e cooperações globais, como o Acordo e Paris (UNFCCC 2015) e o 

Pacto Climático de Glasgow (UNFCCC 2021), são essenciais a implementação de medidas que 

diminuam essas emissões. Especificamente, estima-se que essas emissões devem ser reduzidas a 

taxas de 1.4 GtCO2 ao ano (Friedlingstein et al. 2022), para assegurar que as taxas de entrada e 

saída de carbono (i.e., balanço de carbono) limitem o aumento da temperatura da Terra a 1.5oC 

(IPCC 2022; Lecocq et al. 2022). 

Promover o estoque de carbono através da conservação e da restauração de ecossistemas, 

inclusive ecossistemas abertos pode ser uma importante ferramenta para ajudar a solucionar este 

problema (Griscom et al. 2017; Yang et al. 2019). Estima-se que com a restauração de ecossistemas 

campestres pode-se alcançar o sequestro anual de 3.4 GtCO2 -eq de carbono no solo (Bai & Cotrufo 

2022). E assim, potencialmente reduzindo as emissões até 2100 em magnitudes de até 248.7 ± 

154.6 GtCO2eq, se somente forem inclusos os ecossistemas campestres úmidos (Zou et al. 2022). 

Já a conservação de ecossistemas savânicos pode acumular anualmente de 52 a 26 giga toneladas 

de carbono (GtC) (Grace et al. 2006). Isso acontece porque ecossistemas campestres e savânicos 

representam 40% da cobertura terrestre (Dixon et al. 2014) e tem alto potencial para o 

armazenamento de carbono no solo (Jobbagy & Jackson 2000; Lloyd et al. 2008; Wigley et al. 

2020; Bai & Cotrufo 2022) e em biomassa, este último representando 17% do total de carbono 

estocado em biomassa no mundo (Spawn et al. 2020). Aproximadamente 85% do carbono 

armazenado em ecossistemas savânicos está embaixo da terra na forma de biomassa de raízes, 
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carbono orgânico do solo (SOC) (Bardgett et al. 2021; Zhou et al. 2022) e em estruturas de reservas 

portadoras de gemas (i.e., órgãos subterrâneos) (Fidelis et al. 2013; Bombo et al. 2022).  

Apesar destes ecossistemas armazenarem muito carbono no solo, eles representam regiões 

com altas emissões de carbono atmosférico (IPCC 2022). As emissões de carbono atmosférico 

estão relacionadas à alta conversão de áreas naturais abertas em áreas agricultáveis ou de pastagens 

plantadas (Conant et al. 2017; Bonanomi et al. 2019; IPBES 2019), e a um dos fatores naturais que 

mantém esses ecossistemas abertos: o fogo (Bond & Keeley 2005; Bond & Parr 2010; Hoffmann 

et al. 2012; Veldman, Buisson, et al. 2015; Pausas & Bond 2019). Anualmente a queima de 

ecossistemas campestres e savânicos representa 80% do total de áreas queimadas no planeta 

(Strömberg & Staver 2022). Assim, acordos mundiais focados na redução dos gases de efeito 

estufa através da conservação e restauração de ecossistemas (Jørgensen 2015), não incluem os 

ecossistemas campestres e savânicos como prioridade em suas ações, ou até mesmo priorizam o 

plantio de árvores em áreas nativas campestres e savânicas (Parr et al. 2014; Dudley et al. 2020; 

Buisson et al. 2022). Isto foi inicialmente promovido devido a identificação histórica dos 

ecossistemas campestres e savânicos como áreas sem funcionalidade e degradadas, com aptidão 

para o plantio de árvores (Veldman, Overbeck, et al. 2015; Veldman et al. 2017; Bastin et al. 2019; 

Stevens et al. 2022), porém desconsiderando e subestimando o serviço de armazenamento de 

carbono no solo (Fidelis et al. 2013; Bai & Cotrufo 2022; Zhou et al. 2022). 

Dentro deste contexto, identificar o papel dos ecossistemas abertos para a mitigação das 

mudanças climáticas torna-se essencial. Porém ainda não é claro quais são os mecanismos que 

regulam a dinâmica de carbono (i.e. entrada e saída de carbono) (Grace et al. 2006), e como as 

grandes ameaças destes sistemas (por exemplo, alteração dos distúrbios naturais e a invasão 

biológica) podem alterar estes mecanismos (Bond 2022). Principalmente em relação aos 

ecossistemas tropicais savânicos, que são ecossistemas inflamáveis caracterizados por clima 

sazonal (Staver et al. 2011; Buisson et al. 2019; Keeley & Pausas 2019). Isso porque, a dinâmica 

do carbono em ecossistemas savânicos depende não só da sazonalidade, mas da interação e 

feedback com o fogo, tornando-se ainda mais complexa (Pausas & Bond 2020b; Strömberg & 

Staver 2022). 
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1. Dinâmica do Carbono  

A dinâmica do carbono dos ecossistemas pode ser entendida como uma medida de fluxos 

de entrada (e.g., fotossíntese, produção primária líquida, do inglês net primary production, NPP, 

entre outros), e de saída (e.g., respiração, decomposição e consumo de plantas) de carbono 

(Baldocchi 2008). A fotossíntese fixa energia nos ecossistemas e suporta diretamente o 

crescimento das plantas. A fotossíntese produz material orgânico (i.e., serapilheira, exsudação de 

raízes, morte de raízes) que é consumido por animais e a microbiota do solo, movendo o carbono 

das plantas para o solo (i.e., SOC) (Norby & Jackson 2000; Chapin et al. 2011a). A perda de 

carbono nos ecossistemas acontece através da respiração de plantas, de sua morte total ou parcial, 

da secreção de compostos orgânicos voláteis, como também da transferência do carbono das 

plantas para microrganismos simbioticamente associados ou pelo consumo das plantas por 

distúrbios, e.g., fogo (Chapin et al. 2011b). Uma forma de mensurar esses processos se dá através 

da estimativa de NEE (do inglês net ecosystem exchange of carbon dioxide), que representa à 

diferença entre o dióxido de carbono (CO2) que as plantas conseguem assimilar pela fotossíntese, 

e a perda de CO2 pela respiração de plantas e da atividade microbiana (NEE, do inglês net 

ecosystem exchange of carbon dioxide) (Law 2005); de ET (do inglês evapotranspiration) que 

representa a perda de água pela transpiração das plantas e do solo; e da eficiência do uso de água 

(eWUE , do inglês ecosystem water use efficiency) que é a relação entre a assimilação de carbono 

e perda de água entre a superfície terrestre e a atmosfera (Tubiello et al. 1999). 

Todos esses processos ecossistêmicos são diretamente dependentes do clima (por exemplo 

variação interanual da temperatura e precipitação, sazonalidade), da estrutura, da composição e 

dos atributos funcionais presentes nas comunidades, já que esses fatores podem alterar tanto a 

disponibilidade como a eficiência no uso de diferentes recursos (i.e., água, incidência de luz e 

nutrientes) no sistema, limitando ou não o ganho de carbono ecossistêmico (Chapin et al. 2011b). 

Por exemplo, por muitas vezes serem mais eficientes no uso de recursos, ecossistemas com alta 

diversidade (funcional e taxonômica) tendem a apresentar maior capacidade em ganho de carbono 

em comparação aos menos diversos (Tilman et al. 1997; De Deyn et al. 2011; Chen et al. 2018; 

Yang et al. 2019). Em ecossistemas campestres e savânicos, no início da época chuvosa há um 

aumento de ET e NEE como consequência das altas taxas fotossintéticas no sistema (Miranda et 

al. 1997; Giambelluca et al. 2009). Isso acontece, devido ao aumento da área foliar produzida 
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durante a produção de biomassa, que encontra recursos favoráveis (água) para o seu crescimento 

(Giambelluca et al. 2009). Já durante o período seco, há a diminuição da ET como uma estratégia 

de conservação de água (Miranda et al. 1997; Giambelluca et al. 2009). 

 

1.1. Efeito do fogo na dinâmica do carbono em ecossistemas 

campestres e savânicos 

 

A dinâmica do carbono em ecossistemas campestres e savânicos é fortemente influenciada 

pela presença de distúrbios, como por exemplo o fogo (Weng et al. 2012; Beringer et al. 2015). O 

fogo é um distúrbio natural em ecossistemas savânicos e nos ecossistemas campestres tropicais, e 

um dos principais responsáveis pela manutenção do estado aberto destes ecossistemas, 

especialmente em regiões que as características climáticas suportam a existência de florestas 

(Buisson et al. 2019). Em ecossistemas inflamáveis abertos, o fogo atua reciclando o carbono e 

nutrientes (Pivello et al. 2010), assim seu regime influencia fortemente a entrada e a saída do 

carbono no sistema (Chapin et al. 2011b; Weng et al. 2012; Pellegrini et al. 2018). A saída de 

carbono nesses sistemas também acontece devido a queima da biomassa aérea e da serrapilheira 

(Figura 1). O consumo da biomassa pelo fogo, leva a emissão direta de carbono na atmosfera, e, 

para estes ecossistemas, é uma medida conhecida como ‘fluxo natural’ (i.e., fluxo de combustão, 

Grace et al. 2006). A emissão de carbono atmosférico, proferido pela queima destes ambientes 

inflamáveis, representa uma fonte de emissões da grandeza de 2.2 GtC o que equivale a 65.3% das 

emissões globais provenientes de queimadas (Van Der Werf et al. 2017). Porém, devido aos 

ecossistemas inflamáveis serem resilientes ao fogo (Keeley et al. 2011), eles rapidamente 

compensam a saída de carbono em magnitudes iguais ou superiores a sua condição antes da queima 

(Santos et al. 2003; Jones et al. 2019), através da rápida regeneração da vegetação (Keeley et al. 

2011; McLauchlan et al. 2020; Bowman et al. 2020; Simpson et al. 2021). 
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Figura 1. Visão geral dos maiores fluxos de carbono que compõem a dinâmica de carbono de ecossistemas 
savânicos. O carbono entra nos ecossistemas através da produção de biomassa (área e subterrânea) pela 
fotossíntese das plantas. Grande parte da biomassa é transferida para matéria orgânica do solo na forma de 
biomassa morta de raízes, exsudatos de raízes e serapilheira. A saída de carbono acontece através da 
respiração de plantas (folhas e raízes) e de microrganismos, e do consumo da biomassa através de distúrbios. 
No caso dos ecossistemas inflamáveis, a saída de carbono através do consumo da biomassa aérea, é uma 
medida conhecida como fluxo natural (i.e. fluxo de combustão), que representa a emissão de carbono 
atmosférico como resultado de queimas (Grace et al. 2006), rapidamente compensada através da rápida 
regeneração pós fogo. Nestes ecossistemas todos estes processos são influenciados pelo regime de fogo e 
sazonalidade. As setas azuis e vermelhas representam a entrada e saída de C respectivamente, mais 
específicas. Figura baseada em Chapin (2011b) e Bai e Cotrufo (2022). Os ícones utilizados são do 
thenoun.project.com: grass (Milena Zanotelli, Jhonatan, Angel Santos Freya), drought (Adrien Coquet), 
Flowers (Travis Bird), microbes (Dima Lagunnov), roots (Guilhem and Julia Amadeo), shrub (Sofscase). 
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1.2. Atividades antrópicas e a dinâmica do carbono em 

ecossistemas campestres e savânicos 

 

Atividades antrópicas podem modificar a dinâmica do carbono de ecossistemas campestres e 

savânicos (Scholze et al. 2006). A alteração do regime natural do fogo, através do aumento ou 

diminuição da frequência do fogo (Keeley & Pausas 2019; McLauchlan et al. 2020; Bowman et 

al. 2020), e/ou invasões biológicas (Ehrenfeld 2010; Simberloff et al. 2013) são umas destas 

atividades. Porém cada uma delas pode afetar diferentemente a dinâmica do carbono. O aumento 

da frequência do fogo em savanas tropicais promove a diminuição do material combustível, o 

aumento do solo descoberto (Rodrigues et al. 2021), e o aumento da mortalidade da vegetação 

lenhosa, levando a diminuição da evapotranspiração do solo e das taxas de NEE, comprometendo 

o sequestro de carbono do sistema (Quesada et al. 2004; Medeiros & Miranda 2008; Gomes et al. 

2020; Santos et al. 2021). Em seu outro extremo, a supressão do fogo pode levar ao adensamento 

lenhoso e substituições de espécies de savana por florestais (Abreu et al. 2017; Zhou et al. 2022). 

A mudança de composição e estrutura destes ecossistemas, pode levar a um aumento de ET (Honda 

& Durigan 2016; Schreiner-McGraw et al. 2020), a diminuição de eWUE do sistema (Scott et al. 

2014), e a possível diminuição de SOC, principalmente por que o crescimento subterrâneo da 

vegetação é desproporcionalmente menor do que o crescimento aéreo (February et al. 2020; Zhou 

et al. 2022). 

Por sua vez, a invasão por gramíneas, pode gerar modificação na dinâmica do carbono (Ens 

et al. 2015) mas seus efeitos em ecossistemas neotropicais são pouco conhecidos (Chong et al. 

2021). Processos relacionados ao uso de água e nutrientes, decomposição e produtividade, apesar 

de serem fortemente dependentes de condições ambientais (Ricciardi et al. 2021), podem ser mais 

eficientes em sistemas invadidos (Cavaleri and Sack 2010; Fei et al. 2014, Vila et al. 2011). Isso 

pode acontecer principalmente porque gramíneas invasoras quando comparadas a gramíneas 

nativas acumulam mais biomassa, crescem mais rápido, investem em folhas mais amplas e, em 

alguns casos, o investimento também pode ocorrer na biomassa subterrânea (Musso et al. 2021; 

Willians and Baruch 2000). Estas características podem influenciar positivamente os processos de 

assimilação de carbono na biomassa e no solo (Funk & Vitousek 2007; Garcia et al. 2022), 
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favorecendo a persistência e ocorrências das invasoras no sistema (Williams & Baruch 2000; 

Ehrenfeld 2010). 

Assim, apesar de representarem importantes ameaças a conservação de savanas abertas 

tropicais (Buisson et al. 2019), o efeito de diferentes frequências de fogo, e dos níveis de cobertura 

de espécies invasoras na dinâmica de carbono nestes ecossistemas são pouco avaliados (porém 

veja Garcia et al. 2022).  

 

 

2. Importância de estruturas subterrâneas em ecossistemas 

campestres e savânicos 

 

Em ecossistemas campestres e savânicos, as comunidades vegetais investem grande parte de 

sua biomassa nas partes subterrâneas (Figura 2, De Castro & Kauffman 1998; Poorter et al. 2012; 

Oliveras et al. 2013; Jackson et al. 2017; Ottaviani et al. 2020). O alto investimento em biomassa 

subterrânea, em conjunto com o carbono orgânico do solo, representa os principais componentes 

de estoque de carbono em ecossistemas abertos inflamáveis (Bai & Cotrufo 2022; Zhou et al. 

2022). A alocação de biomassa subterrânea nestes ecossistemas, caracteriza-se como uma 

importante estratégia adaptativa em ambientes inflamáveis (Veldman, Buisson, et al. 2015; 

Buisson et al. 2019; Ottaviani et al. 2020; Buisson et al. 2022). Este investimento acontece, em 

parte, através de órgãos subterrâneos, que são estruturas protetoras de gema e/ou com capacidade 

de reserva (Clarke et al. 2013; Klimešová et al. 2018), e de raízes (Figura 2, Gill & Jackson 2000; 

Mokany et al. 2006; Jackson et al. 2016). A presença de órgãos portadores de gemas e de reserva 

permite às comunidades de plantas destes sistemas persistir, através do rápido rebrotamento pós-

fogo (Clarke et al. 2013; Pausas et al. 2018). Por sua vez, alguns tipos de órgãos permitem 

aumentar a habilidade de colonização através do crescimento clonal (Klimešová et al. 2018; Pausas 

& Paula 2020). Já o investimento em produção de raízes, proporciona as espécies de plantas a 

rápida aquisição de recursos (Kramer-Walter et al. 2016; Hodge 2004). Esta rápida aquisição é 

tanto necessária para a regeneração pós-fogo, como para o alcance da maturidade reprodutiva 
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durante os períodos de condições ambientais favoráveis (Kramer-Walter et al. 2016; Simpson et 

al. 2019). 

A forma cuja biomassa subterrânea é alocada (i.e., tipo de órgãos subterrâneos e tipo de raízes) 

também pode determinar as respostas das plantas ao fogo, devido às diferenças funcionais (i.e., 

persistência, resistência, propagação lateral), morfológicas (i.e., número e localização de gemas, 

diâmetro de raízes) e anatômicas (i.e., meristemas de reserva, tipos de componente de reserva) 

destas estruturas (Fidelis et al. 2014; Pausas et al. 2018; Klimešová et al. 2019; Pilon et al. 2021; 

Zupo et al. 2021). Por exemplo, os rizomas proporcionam o crescimento clonal e a rápida 

regeneração de várias espécies herbáceas. Tais funções são relacionadas à ocupação do espaço e 

regeneração pós-fogo (Ottaviani et al. 2017; Pausas et al. 2018). Os rizomas produzem ramos 

horizontais subterrâneos, têm moderada quantidade de gemas (~10 a 100 gemas) protegidas por 

catafilos, e são estruturas de reserva de carboidratos, água e nutrientes (Lamont & Downes 2011; 

de Moraes et al. 2016; Pausas et al. 2018). Bulbos e cormos não têm capacidade clonal e possuem 

baixa quantidade de gemas (< 10) que são por sua vez altamente protegidas (Pausas et al. 2018). 

Assim essas estruturas proporcionam rápido rebrotamento pós-fogo, pois são relacionadas com o 

grande acúmulo de material de reserva (Al-Tardeh et al. 2008; Rodrigues & Estelita 2009; Pausas 

et al. 2018). Órgãos como root crowns não possuem capacidade clonal, mas tem banco de gemas 

localizados na superfície do solo, sendo associadas ao rebrotamento pós-fogo de raízes de espécies 

lenhosas (Pausas et al., 2018). Já os xilopódios são órgãos lenhosos de estrutura complexa, com 

alto potencial gemífero (muitas gemas, localizadas próximo ao solo), dependentes de estruturas de 

reserva adicionais como raízes com acúmulo de reservas (Appezzato-da-Glória et al. 2008; Pausas 

et al. 2018). Xilopódios e root crowns são característicos de plantas associadas a ecossistemas com 

alta frequência de fogo, principalmente as savanas tropicais da América do Sul (Appezzato-da-

Glória et al. 2008; Pausas et al. 2018). 
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Figura 2. Estruturas subterrâneas encontradas em ecossistemas campestres e savânicos. A- Rebrotamento 
pós fogo, a partir de órgãos subterrâneos portadores de gemas. Foto de Alessandra Fidelis. B- Xilopódio de 
Ichthyothere hirsuta Gardner. Foto de Alessandra Fidelis. C- Diversidade de órgãos subterrâneos 
portadores de gemas e/ou reserva coletados em área de campo sujo no centro do Brasil (reserva Natural 
Serra do Tombador, RNST, Góias). D- Xilopódio de Brosimum gaudichaudii Trécul. Foto de Aline Bombo. 
E- Sub amostra de raízes finas coletadas em área de campo sujo no centro-oeste do país (Parque Nacional 
Chapada dos Guimarães, PNCG, Mato Grosso do Sul). 
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O investimento em biomassa de raízes de ecossistemas campestres e savânicos, acontece na 

forma de raízes grossas (> 2mm, coarse roots) e finas (< 2mm) (Tomlinson et al. 2012; Wigley et 

al. 2019), nas camadas mais superficiais do solo, entre 0-30 cm de profundidade (De Castro & 

Kauffman 1998; Le Stradic et al. 2021). O investimento em raízes grossas, está relacionado com 

o suporte da rede de raízes finas e das estruturas da planta, e com o transporte de nutrientes e água 

aos ramos (Oliveira et al. 2005; Tobin et al. 2007). Mas é o investimento em raízes finas que está 

relacionado à aquisição e absorção de nutrientes (McCormack et al. 2015). O fogo estimula a 

produção de raízes finas principalmente de espécies graminóides nas camadas mais superficiais do 

solo (<20 cm de profundidade), caracterizando-se como uma estratégia eficiente para a o uso de 

recursos pós-fogo destes ecossistemas (Oliveras et al. 2013; Pellegrini et al. 2020; Le Stradic et al. 

2021), em que há um incremento de nutrientes no solo devido às cinzas provenientes da biomassa 

consumida durante a queima (Pivello et al. 2010). Por sua vez, é a biomassa de raízes que contribui 

mais do que a biomassa aérea para o carbono no solo em ecossistemas campestres e savânicos 

(Schenk & Jackson 2002; Wang et al. 2019). Também é a deposição de biomassa morta de raízes 

uma das formas mais comumente incorporadas em SOC nestes ecossistemas (Jackson et al. 2017; 

Bai & Cotrufo 2022). 

Alterações no regime de fogo nos ecossistemas campestres e savânicos, como por exemplo a 

diminuição da frequência de fogo, podem ocasionar a perda da resiliência e mudança de seu estado 

campestre e savânico para, por exemplo um estado florestal (Buisson et al. 2019). Isso acontece 

porque há a substituição de espécies herbáceas por lenhosas, levando a perda das estruturas 

subterrâneas das espécies herbáceas (Bombo et al. 2022), e a diferenças em alocação de biomassa 

(Le Stradic et al. 2021), em que o investimento é proporcionalmente maior na biomassa aérea do 

que na subterrânea (Zhou et al. 2022). Essas modificações podem levar a alterações na dinâmica 

de carbono, em especial em seu sequestro (Bai & Cotrufo 2022), levando a menores quantidades 

de carbono estocado em forma de biomassa subterrânea nestes ecossistemas (Zhou et al. 2022). 

Além do mais, devido a perda das estruturas subterrâneas das espécies herbáceas e graminóides, a 

regeneração pós-fogo desta vegetação, que é característica dos ecossistemas campestres e 

savânicos, pode não acontecer (Buisson et al. 2019; Buisson et al. 2022). Porém, apesar de já 

existirem estudos que quantificaram a relação do fogo com a alocação de biomassa subterrânea, 

considerando seus diferentes componentes (Fidelis et al. 2013; Fidelis et al. 2014; Bombo et al. 

2021; Le Stradic et al. 2021; Bombo et al. 2022), essa relação não é necessariamente linear, e pode 
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variar de acordo com o regime de fogo e fatores ambientais (como tipo de solo, e precipitação). 

Assim, é de suma importância compreender como a alocação de biomassa nestes ecossistemas é 

afetada pelo fogo, afetando a capacidade de regeneração e o investimento em carbono no solo, na 

forma de biomassa subterrânea. 

 

 

3. Fogo, diversidade funcional e a dinâmica de carbono em 

ecossistemas campestres e savânicos 

 

O fogo é o agente de seleção dominante em vários ecossistemas abertos (Cowling 1987; He et 

al. 2019; Lamont et al. 2019), estimulando a diversificação de espécies ao longo dos últimos 6-8 

milhões de anos (Simon et al. 2009; He et al. 2011; He et al. 2016). O fogo gera um aumento da 

biodiversidade, especialmente de plantas que possuem atributos selecionados pelo fogo (i.e., banco 

de gemas em órgãos subterrâneos, e rápido rebrotamento pós-fogo) (Coutinho 1990; Bond et al. 

2005; Bond & Parr 2010; Keeley et al. 2011; Pivello 2011; Buisson et al. 2019). Esses atributos 

garantem a persistência destas espécies em ambientes inflamáveis (Archibald et al. 2019). Em 

contrapartida, sem o fogo a biodiversidade destes ecossistemas é afetada com a diminuição de 

espécies de plantas (Abreu et al. 2017), resultando em uma mudança de estado em que a vegetação 

florestal substitui a campestre e savânica (Bond et al. 2005; Buisson et al. 2019). 

A variação na composição de comunidades de plantas em resposta ao fogo é associada com a 

variação de atributos funcionais (Loreau 2000; Keeley et al. 2011; Lamont et al. 2013). A variação 

de atributos funcionais é relacionada com a medida de diversidade funcional (Petchey & Gaston 

2002). Por sua vez, esta variação de atributos é importante para determinar as diferentes funções 

de um ecossistema (Dı́az & Cabido 2001; Tilman 2001; Garnier et al. 2016), como por exemplo, 

a provisão do estoque de carbono no solo (Petchey & Gaston 2006; Chen et al. 2018). Já se sabe 

que a diversidade de plantas é importante para a formação e o estoque de carbono no solo (Yang 

et al. 2019). A alta diversidade de plantas em ecossistemas campestres e savânicos aumenta o 

estoque de carbono no solo por elevar a entrada de carbono na forma de biomassa subterrânea (i.e., 

biomassa de raízes), promover o crescimento microbiano, turnover e deposição de necromassa 
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(Lange et al. 2015; Chen et al. 2018; Prommer et al. 2020). Isto acontece devido a atributos das 

plantas que são chave para a dinâmica de carbono: os atributos de raízes (De Deyn et al. 2008; 

Laughlin et al. 2021; Freschet et al. 2021; Carmona et al. 2021). 

Por exemplo, alto comprimento específico de raízes finas (SRL, specific root length, 

comprimento de raiz fina por unidade de massa investida), baixa densidade do sistema de raízes 

(RTD, root tissue density), e baixo diâmetro de raízes de espécies graminóides nas camadas 

superficiais do solo, promovem a estas plantas eficiência na aquisição de recursos (Freschet et al. 

2018; Linder et al. 2018; Case et al. 2020), e alta taxa de crescimento (Kramer-Walter et al. 2016; 

Simpson et al. 2020). Estas características se relacionam com o input de carbono (i.e., SOC e 

biomassa) na camada mais superficial do solo, devido ao maior crescimento, inclusive nas raízes, 

que leva ao investimento em biomassa de raízes finas (Jobbagy & Jackson 2000; De Deyn et al. 

2008; Pellegrini et al. 2020; Weemstra et al. 2020). Já alta profundidade de raízes e grande 

diâmetro, são atributos mais relacionados com o crescimento da vegetação lenhosa e ao uso de 

água em camadas profundas do solo (Case et al. 2020; Zhou et al. 2020). Espécies com estes 

atributos, podem estar relacionadas com o aumento de SOC nas camadas mais profundas do solo 

(Pellegrini et al. 2020; Pellegrini et al. 2021). 

Alterações no regime de fogo, podem produzir diferentes paisagens e selecionar diferentes 

atributos (Bond & Keeley 2005; Keeley et al. 2011; Enright et al. 2014). Por exemplo, menores 

frequências de fogo em ambientes inflamáveis, como as savanas do Cerrado (Pivello 2011), podem 

levar a uma mudança na composição de espécie (e.g., espécies arbóreas substituindo espécies 

graminóides e herbáceas). Com isso, esta alteração da frequência do fogo pode selecionar 

majoritariamente atributos relacionados com a maior alocação em biomassa aérea do que 

subterrânea (e.g., maiores valores para altura da planta, largura e comprimento de folhas), ao uso 

de recurso em camadas mais profundas do solo (e.g., altos valores para a profundidade de raízes), 

e com semelhante estratégia de regeneração (e.g., atributos com baixos valores para habilidade 

clonal e rebrotamento, ver Klimešová et al. 2019). Por sua vez, estas mudanças de atributos, podem 

resultar em alterações na dinâmica do carbono, através do comprometimento da entrada de carbono 

no solo (Chen et al. 2018). Isso acontece, por que os atributos selecionados a partir da diminuição 

da frequência de fogo, não estão relacionados a maior alocação de biomassa subterrânea (e.g., alta 

habilidade clonal e de rebrotamento, altos valores para densidade do sistema de raízes), como é 
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característico de ecossistemas campestres e savânicos do Cerrado (Pausas et al. 2018; Ottaviani et 

al. 2020; Le Stradic et al. 2021). 

Desse modo, a avaliação da diversidade funcional passa a ser fundamental para entender os 

mecanismos de modificação da dinâmica do carbono em resposta ao fogo, mas continua sendo 

ainda pouco explorada. 

 

 

4. Ecossistemas campestres e savânicos do Cerrado 

 

A vegetação do Cerrado é dominante no centro do Brasil e originalmente representava 23% do 

território nacional, mas atualmente representa apenas 12% do território (MapBiomas 2022). Essa 

vegetação é composta por diferentes fisionomias que formam um gradiente estrutural indo de 

ecossistemas campestres, savânicos até florestais (Oliveira-Filho & Ratter 2002). Os ecossistemas 

campestres no Cerrado (Figura 3), abrigam uma grande variedade de plantas intolerantes à sombra, 

com alta dominância de gramíneas perenes C4, formando um estrato graminóides contínuo (Eiten 

1972; Overbeck et al. 2022). Os filtros ambientais que limitam o crescimento de árvores nestas 

regiões são responsáveis pela formação e manutenção das diferenças destes ecossistemas 

campestres. Estes filtros são variáveis e podem ocorrem de forma conjunta, como por exemplo o 

fogo, e fatores edáficos (e.g., baixa fertilidade e caraterísticas físicas do solo), ou até mesmo em 

reposta ao regime hidrológico (Overbeck et al. 2022; Villalobos-Veja et al. 2014). Por exemplo, 

campos rupestres representam um dos ecossistemas campestres do Cerrado com o maior grau de 

endemismo no Brasil (BFG 2015), e seus principais filtros são: substrato pobre em nutrientes, 

grande proporção de afloramentos rochosos, baixa capacidade de retenção de água no solo 

(Silveira et al. 2016). Essa vegetação ocorre majoritariamente em altitudes superiores a 800-900 

m acima do mar, com grande proporção de afloramentos rochosos (Silveira et al. 2016). 

Já os ecossistemas savânicos são os ecossistemas dominantes no Cerrado, mas também 

ocorrem na Amazônia, Pantanal, Mata Atlântica e Caatinga (Figura 3, Overbeck et al. 2022). Os 

ecossistemas savânicos do Cerrado são caracterizadas por serem um ecossistema com seu extrato 

herbáceo composto majoritariamente por gramíneas C4, sob clima tropical sazonal (5 a 7 meses 

de estação seca), com a presença de arbustos e árvores esparsas, que variam em diferentes 
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densidades (menor densidade de árvores, campo sujo, cobertura arbórea < 5%) até fechadas (maior 

densidade de árvores, cerrado denso, cobertura arbórea de 50% a 70%) (Oliveira-Filho & Ratter 

2002; Ribeiro & Walter 2008). Estes ecossistemas savânicos do Cerrado possuem altos níveis 

riqueza, sendo considerada a savana mais rica em espécies de plantas do mundo (mais de 12 mil 

espécies plantas), em que a maior diversidade de plantas está no substrato herbáceo (~ 64%, Myers 

et al. 2000; Mendonça et al. 2008). O fogo interagindo com o clima, regime hidrológico e solo, é 

um filtro importante para definir e manter a heterogeneidade dos ecossistemas savânicos e 

campestres do Cerrado (Eiten 1972; Eiten 1978; Coutinho 1990). 

O fogo tem um papel chave para a definição desses ecossistemas savânicos do Cerrado (Bond 

& Keeley 2005; Bond et al. 2005), pois a condição climática onde eles estão localizados, com 

precipitação anual acima de 1000mm (Eiten 1972; Alvares et al. 2013), geralmente está associada 

à florestas (Whittaker 1965). Assim, de acordo com a frequência e a intensidade do fogo há a 

limitação ou não do estabelecimento e o crescimento de árvores (Bond & Keeley 2005; Pausas & 

Bond 2020a). Os ecossistemas savânicos abertos são presentes quando há maior frequência de 

fogo, enquanto as formações mais florestais ocorrem com menor frequência de fogo (Bond & 

Keeley 2005). Assim, a variação no regime de fogo possibilita que ecossistemas campestres co-

ocorram com ecossistemas savânicos abertos até os mais lenhosos ou florestais (Oliveira-Filho & 

Ratter 2002; Staver et al. 2011; Bueno et al. 2017).  

Porém, o inadequado manejo do fogo nestes ecossistemas (e.g., políticas de fogo zero) 

promoveu historicamente a sua degradação levando à homogeneização da vegetação através da 

diminuição de espécies herbáceas, e a mudança de seu estado aberto para um florestal (Pivello 

2011; Abreu et al. 2017; Durigan 2020). Essas políticas de fogo zero tiveram como consequência 

a ocorrência de grandes incêndios, com características muitos distintas dos fogos naturais, que são 

fogos superficiais, rápidos e de baixa severidade (Pivello 2011; Durigan & Ratter 2016; Fidelis et 

al. 2018). Em consequência aos impactos destas políticas de fogo zero, desde 2014 iniciaram-se 

políticas do Manejo Integrado do Fogo (MIF) em áreas protegidas, que buscam criar um mosaico 

de diferentes regimes de fogo na escala da paisagem através de queimas prescritas, para reduzir a 

prevalência de incêndios, proteger a vegetação sensível ao fogo e reduzir os conflitos entre gestores 

de áreas protegidas e comunidades locais (Schmidt et al. 2018; Schmidt & Eloy 2020)(Schmidt et 

al. 2018; Schmidt & Eloy 2020). Contudo, para que estas políticas avancem, mais estudos são 
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necessários, em especial os relacionados a entender qual é o efeito de diferentes regimes de fogo 

na dinâmica do carbono (Schmidt et al. 2018). 

As invasões biológicas também podem ser uma ameaça para estes ecossistemas (Buisson 

et al. 2019; Buisson et al. 2022; Stevens et al. 2022). Em especial, as gramíneas invasoras africanas, 

utilizadas como pastagem de gado, como as espécies do gênero Urochloa, como U. brizantha 

(Hochst. ex A.Rich.) R.D.Webster e U. decumbens (Stapf) R.D.Webster (Pivello et al. 1999; 

Durigan et al. 2007; Souza et al. 2020). Estas espécies foram escolhidas para a implementação de 

pastagens, pois elas apresentam maior produtividade e palatabilidade em comparação com as 

gramíneas nativas, além de se adaptarem bem ao clima do Cerrado (tolerância a seca) (Kornelius 

et al. 1979). Assim, por apresentarem atributos que conferem vantagens competitivas, como rápido 

crescimento e acúmulo de biomassa, alta capacidade de dispersão, altas taxas de reprodução e 

sobrevivência (Pyšek & Richardson 2007; Funk et al. 2008), estas espécies expandem sua área de 

ocorrência, e já se encontram por todos os ecossistemas campestres e savânicos do Brasil (Pivello 

et al. 1999; Assis et al. 2021; Overbeck et al. 2022). Estas espécies competem com as espécies 

nativas de gramíneas alterando a composição e a dinâmica da vegetação (Damasceno et al. 2018), 

podendo alterar o regime de fogo (Gorgone-Barbosa et al. 2015), e impactar a dinâmica de carbono 

destes ecossistemas (Garcia et al. 2022). Por fim, a mudança no regime de fogo também pode 

favorecer o processo de invasão nestes ecossistemas (Buisson et al. 2019). 

Os ecossistemas campestres e savânicos do Cerrado são excelentes modelos para entender 

os impactos das mudanças antrópicas na dinâmica do carbono em ecossistemas abertos 

inflamáveis, pois além de sua grande relevância para a conservação da biodiversidade, tem como 

uma das principais ameaças as mudanças no regime de fogo e invasões biológicas (Fidelis et al. 

2018; Buisson et al. 2019; Souza et al. 2020; Bond 2022; Stevens et al. 2022). 
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Figura 3. Ecossistemas campestres e savânicos do Cerrado. A- Parque Nacional Serra do Cipó, Minas 
Gerais, campo rupestre. B- Parque Nacional Campos Amazônicos, Rondônia, porção norte do Cerrado; C- 
Parque Nacional Chapada dos Guimarães, Mato Grosso do Sul, porção centro-oeste; D- Parque Nacional 
de Brasília, Distrito Federal, e E e F- Reserva Natural Serra do Tombador, Goiás, representam a porção 
central do Cerrado. B-F: representam fisionomias de campo sujo. E: Fotografia de Alessandra Fidelis. 
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5. Objetivos 

O objetivo geral desta tese foi investigar como o fogo (diferentes frequências de fogo) e 

invasões biológicas afetam a dinâmica do carbono (fluxo de entrada e saída de carbono) em 

savanas tropicais, utilizando o Cerrado como nosso modelo de estudo (Figura 4). Para isso, 

buscamos entender: 

(i) como o fogo afeta a entrada (i.e., NEE, eWUE, SOC) e a saída (i.e. ET, e respiração do 

solo) de carbono analisando processos ligados a esses fluxos, e avaliando os potenciais 

mecanismos de mudanças (i.e., variação da diversidade funcional e biomassa) desses 

fluxos (Capítulo 1); 

(ii) como o fogo afeta a alocação de biomassa e os diferentes componentes da biomassa 

subterrânea em diversos ecossistemas campestres e savânicas (Capítulo 2);  

(iii) como o fogo e a invasão biológica afetam a entrada (i.e., NEE, eWUE) e saída (i.e. ET) 

de carbono, e como estes fluxos interagem com a variação sazonal destes ecossistemas 

(Capítulo 3). 

 
Figura 4. Resumo esquemático da estruturação geral desta tese com base nos pontos de investigação 
realizados em savanas abertas do Cerrado. As setas representam os possíveis efeitos e interações estudadas 
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neste trabalho. O círculo pontilhado representa o conjunto de interações estudadas. O efeito da invasão 
biológica foi testado diretamente na dinâmica de carbono  
 
 
 
 

6. Estrutura da Tese  
 

Para atingir os objetivos desta tese, elaboramos três capítulos (Figura 5), em que no primeiro 

capítulo “Fire promotes functional plant diversity and modifies soil carbon dynamics in tropical 

savanna” (“O fogo promove a diversidade funcional de plantas e modifica a dinâmica do carbono 

no solo em savanas tropicais”) buscamos entender como o fogo impactou as funções 

ecossistêmicas ligadas a dinâmica do carbono além da estrutura e da diversidade do sistema 

(objetivos i). Hipotetizamos que o fogo promove a entrada de carbono no sistema e reduz a sua 

saída, através do aumento de alocação em biomassa subterrânea e da promoção da diversidade 

taxonômica e funcional. Para responder a esta pergunta comparamos uma área de savana 

frequentemente queimada (queimas bienais) com uma área excluída do fogo há mais de 16 anos 

no centro do Brasil, onde mensurados atributos funcionais, biomassa e NEE, ET, eWUE e SOC, 

em parcelas pertencentes a um experimento de fogo de longo-prazo (Projeto FAPESP 2015/06743-

0, “How does fire season affects Cerrado Vegetation?”) (Figura 5).  

No segundo capítulo, “Does fire affect belowground biomass allocation and composition 

in tropical grasslands and savannas?” ("O fogo afeta a alocação e composição de biomassa 

subterrânea em formações tropicais campestres e savânicas?”) buscamos entender como o fogo 

afeta a alocação e a composição da biomassa subterrânea analisando tanto as raízes e os órgãos 

subterrâneos (objetivo ii). Hipotetizamos que o fogo aumenta a alocação de biomassa subterrânea 

através do investimento em órgãos subterrâneos e de raízes finas e promove diferenças na 

composição de órgãos subterrâneos. Analisamos biomassa subterrânea incluindo raízes e órgãos 

além de avaliar a composição em órgãos subterrâneos portadores de gemas e reserva em cinco 

diferentes áreas que compreendem ecossistemas campestres e savânicos do Cerrado, comparando 

áreas frequentemente queimadas com áreas excluídas do fogo há pelo menos mais de 12 anos. 
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Figura 5. Experimentos de fogo de longo prazo parte do projeto “How does fire season affects Cerrado 
Vegetation?”, coordenado pela Profa. Dra. Alessandra Fidelis. Neste experimento, foram estabelecidas 
parcelas de 30m x 30m em uma área de campo sujo onde se manejam os seguintes tratamentos de queima 
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com quatro réplicas cada: anuais, bienais, trienais (desde 2011 queimas em Maio, Julho e Outubro 
representando o período prévio, o meio e o final da estação seca) e controles (excluídas do fogo desde 2011) 
para mais detalhes veja Rissi et al (2017) e Rodrigues et al. (2021). A- Parcelas experimentais estabelecidas 
desde 2011 na Reserva Natural Serra do Tombador (RNST), no município de Cavalcante, Goiás. Foto de 
Marco Chiminazzo. B-Equipe de brigadistas da RNST durante uma das queimas experimentais. C- 
Medições dos parâmetros do fogo realizadas durante a queima experimental em julho de 2021 pelos 
cientistas do Laboratório de Ecologia da Vegetação (LEVeg), da Universidade Estadual Paulista (UNESP, 
Rio Claro). D- Pós-queima imediato. E- Três meses após a queima experimental realizada em maio de 2021. 
Do lado esquerdo parcela bienal não queimada. 

 

 

No terceiro capítulo “Ecosystem dynamics in response to fire frequency and biological 

invasion in the Cerrado” (“A dinâmica do ecossistema em resposta a frequência de fogo e a 

invasão biológica no Cerrado”) investigamos como distintas frequências de fogo e invasão 

biológica podem afetar a dinâmica do carbono durantes as estações seca e chuvosa em formações 

campestres do Cerrado (objetivo iii). Nós esperamos que a diminuição da frequência de fogo irá 

diminuir a entrada de carbono do sistema quando comparada a altas frequências de fogo. Durante 

a estação chuvosa, esperávamos um aumento nas taxas de entrada de carbono nas áreas 

recentemente queimadas, porque a produção de biomassa viva é estimulada (rebrotamento da 

vegetação). Nas áreas em que houve a diminuição da frequência de fogo, esperávamos maiores 

taxa de saída de carbono durante a estação chuvosa, devido a maiores taxas de transpiração das 

plantas. Na estação seca, esperávamos a redução nas taxas de entrada de carbono nos sistemas sob 

altas frequências de fogo, e maiores taxas na entrada de carbono no sistema com a diminuição da 

frequência de fogo, devido o maior acúmulo de biomassa deste sistema. Em relação à invasão 

biológica, esperamos que áreas invadidas promovam maior entrada e saída de carbono no sistema 

quando comparadas a áreas não invadidas, principalmente na estação seca. Isso acontece porque 

as espécies invasoras podem apresentar alta eficiência no uso da água para o investimento em 

carbono (i.e., biomassa) quando comparadas as nativas. Para que pudéssemos responder essa 

pergunta, mensuramos NEE, ET e eWUE durante a estação seca e a chuvosa em uma área 

experimental de savana no centro do Brasil (Figura 6), onde se é manipulada queimas anuais, 

bienais e exclusão do fogo, e onde existem áreas invadidas pela gramínea africana Urochloa 

brizantha (Hochst. ex A.Rich.). 

Ao final apresentamos as Considerações Finais deste trabalho. Nesta sessão retomamos 

os principais resultados encontrados, suas aplicações para o avanço da ciência e precedentes para 

estudos potenciais. Também indicamos como os achados desta tese podem subsidiar ações de 
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manejo e tomadores de decisões que reconheçam e conservem os potenciais serviços 

ecossistêmicos promovidos pelos ecossistemas campestres e savânicos que, por sua vez, podem 

auxiliar o controle das mudanças climáticas. 

 

 
Figura 6. Mensuração dos processos relacionados aos fluxos de entrada e saída de carbono. A- 
Detalhamento de medições realizadas em campo, através do rastreamento: (1) da respiração do solo; (2) da 
diferença entre o dióxido de carbono (CO2) que as plantas conseguem assimilar pela fotossíntese, e a perda 
de CO2 pela respiração das plantas e da atividade microbiana (NEE, do inglês net ecosystem exchange of 
carbono dioxide); e da perda de água de transpiração das plantas e do solo (ET). As medidas de NEE e ET 
demostradas nessa figura, foram realizadas através da utilização de um equipamento que registra ao longo 
do tempo as taxas de CO2 e vapor de água. Para que isso aconteça, o equipamento é colocado preso a um 
tripé, em conjunto com dois ventiladores elétricos de 15 cm de diâmetro, e coberto por uma câmara de 
polietileno rip-stop (0.49 m2 de área total e 0.37 m3 de volume). A ventilação artificial tem a função de 
misturar o ar dentro da câmara, para que não haja um aumento de temperatura dentro da câmara. O 
polietileno rip-stop mantém as temperaturas constantes durante as medições (e.g., o aumento da 
temperatura durante a medição não excede 1oC). Como o NEE integra a absorção de CO2 pelas plantas via 
fotossíntese, e a liberação de CO2 pela respiração do solo (respiração de raízes e microrganismos), estima-
se individualmente a liberação média de CO2 do solo. B- Equipamento utilizado para estimar as taxas de 
CO2 do solo. 
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Abstract: Fire is an evolutionary environmental filter in tropical savanna ecosystems altering 

functional diversity and associated C pools in the biosphere and fluxes between the atmosphere 

and biosphere. Therefore, alterations in fire regimes (e.g. fire exclusion) will strongly influence 

ecosystem processes and associated dynamics. In those ecosystems C dynamics and functions are 

underestimated by the fire-induced offset between C output and input. To determine how fire 

shapes ecosystem C pools and fluxes in an open savanna across recently burned and fire excluded 

areas, we measured the following metrics: (I) plant diversity including taxonomic (i.e. richness, 

evenness) and plant functional diversity (i.e. functional diversity, functional richness, functional 

dispersion and community weighted means); (II) structure (i.e. above- and below-ground biomass, 

litter accumulation); and (III) functions related to C balance (i.e. net ecosystem carbon dioxide 

(CO2) exchange (NEE), ecosystem transpiration (ET), soil respiration (soil CO2 efflux), 

ecosystem water use efficiency (eWUE) and total soil organic C (SOC). We found that fire 

promoted aboveground live and belowground biomass, including belowground organs, coarse and 

fine root biomass and contributed to higher biomass allocation belowground. Fire also increased 

both functional diversity and dispersion. NEE and total SOC were higher in burned plots compared 

to fire-excluded plots whereas soil respiration recorded lower values in burned areas. Both ET and 

eWUE were not affected by fire. Fire strongly favored functional diversity, fine root and 

belowground organ biomass in piecewise SEM models but the role of both functional diversity 

and ecosystem structure to mediate the effect of fire on ecosystem functions remain unclear. Fire 

regime will impact C balance, and fire exclusion may lead to lower C input in open savanna 

ecosystems. 

 
keywords: carbon dynamics, functional diversity, above and belowground interactions, fire-
prone ecosystems, neotropical savanna, resilience. 
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INTRODUCTION 
 

Disturbances (e.g., fire) can alter carbon (C) dynamics and overall C balance by shifting 

the amount of C input and output from ecosystems consequently altering stocks in the biosphere 

and fluxes between the atmosphere and biosphere (Goetz et al., 2007). Fire is fundamental for the 

maintenance of C balance and ecosystem function at fire prone-ecosystems, such as open tropical 

savannas (McLauchlan et al., 2020). However, currently fire regimes of many fire-prone systems 

have been deeply changed across the globe (Archibald, 2016; Rogers et al., 2020) potentially 

altering C dynamics in fire-dependent ecosystems. Some studies already suggested that fire 

suppression in savannas will lead to changes of C dynamic equilibrium, decreasing the ecosystem 

C sink capacity (Beringer et al., 2015; Yin et al., 2020). Even so, the indirect and direct impacts 

of changes in fire regimes on C dynamics remain still poorly understood and are not explicitly 

analyzed addressing interfaces of fluxes between the atmosphere and biosphere alongside with C 

stocks to capture overall C dynamics (Pausas and Bond, 2020; Yin et al., 2020).  

Changes in tropical savanna fire regimes (i.e., increase or decrease of fire frequencies) will 

lead to changes in vegetation structure or soil composition for example, causing plant-soil 

feedback that might modify the global C dynamics (Da Silva and Batalha, 2008; Grace et al., 2006; 

Pellegrini et al., 2020). Those plant-soil feedback alterations may occur due to differential 

responses of vegetation regrowth after fire (C input) (Archibald et al., 2018), soil respiration 

modification (C release), variations on soil organic carbon (SOC, C input), and changes in 

microbial activities (C fixing, Chapin et al., 2011; Dove et al., 2021; Pressler et al., 2019). Fire 

exclusion may increase aboveground biomass, decreasing grasses fuel load, affecting thus fire 

intensity (Fidelis et al., 2018, 2013). Thus, due to changes in fuel load and vegetation structure by 

the replacement of grassy by woody vegetation, C input after fire as a result of regrowing 
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vegetation may be compromised. First, because fire exclusion can negatively impact the 

herbaceous layer, since some species may disappear after some time without fire (Pilon et al., 

2021b) . Secondly, in fire-excluded areas, as a consequence to increasing woody cover, the release 

of C to the atmosphere will contribute more in case of fire, compromising C balance (Richards et 

al., 2011; Simpson et al., 2021). In addition, woody encroachment caused by fire exclusion may 

lead to changes in SOC pool, i.e. SOC losses and decrease in soil respiration which are 

fundamental properties of interconnections between the biosphere and the atmosphere (Abreu and 

Durigan, 2011; Chen et al., 2003; February et al., 2020; Jackson et al., 2002). On the other hand, 

SOC may increase after fire exclusion due to the stabilization of soil organic matter (Pellegrini et 

al., 2021) and thus, further studies about the effects of changes in fire regimes are needed to 

elucidate carbon dynamics in different fire-prone ecosystems. 

Moreover, changes in fire frequency will lead to changes in biomass allocation and 

belowground traits, both greatly influencing soil C pools and fluxes balance (Jackson et al., 2000). 

Indeed, higher C investment in belowground biomass in tropical grassy biomes is partly in 

response to fire (De Castro and Kauffman, 1998; Fidelis et al., 2013) , where plants shift their 

strategy by allocating resources from above to belowground (Archibald et al., 2019, 2018). The 

belowground biomass investment represents the major component of C input in grassy biomes (De 

Castro and Kauffman, 1998; Ottaviani et al., 2020). Belowground traits, especially root traits, are 

key functional traits that shape several ecosystem processes (Freschet et al., 2021) and are subject 

to be affected by fire and changes in vegetation structure (Loiola et al., 2015). For example, root 

traits from grasses such as higher specific root length and dense root system in the superficial soil 

layer promote efficiency of water and nutrients use (Case et al., 2020; Freschet et al., 2018; Linder 

et al., 2018) being related to ecosystem C input mainly at shallow soil layer (Jobbagy and Jackson, 
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2000). Root traits (e.g. rooting depth) from trees and shrubs are more correlated with tree growth 

and water uptake at deeper soil promoting efficiency of water use (Case et al., 2020; Zhou et al., 

2020), and ecosystems C input at deep soil layer (Pellegrini et al., 2021, 2020). In addition, root 

traits (e.g. specific root length, root length density) also are related to ecosystem C loss due to 

plant-soil respiratory processes (Bardgett et al., 2014; De Deyn et al., 2008). Further, any changes 

in root functional traits can have consequences on C flux balance by altering root depth, root 

respiration, microbial communities or nutrient uptake for example (Bardgett et al., 2014; De Deyn 

et al., 2008; Freschet and Roumet, 2017).  

Fire modifies C flux balance by affecting both taxonomic(Abreu et al., 2017; Finn et al., 

2013) and functional diversity (De Deyn et al., 2008; Hoffmann et al., 2012; Keeley et al., 2011). 

Fire maintains species richness and fitness in tropical savanna ecosystems (Lamont et al., 2018; 

Pilon et al., 2021a). Thus, fire can influence ecosystem function (Petchey and Gaston, 2006) by 

filtering species with functional traits that are key to ensure higher plant fitness and are related to 

C cycling in such ecosystems (Bardgett et al., 2014; De Deyn et al., 2008). Fire should therefore 

promote functional diversity through functional dispersion (Silva et al., 2013) and, by selecting 

plant-soil response and further positively impacting C dynamics flux balance (Freschet and 

Roumet, 2017; Hanif et al., 2019). 

Our study aimed to integrate total environment responses -atmospheric and biosphere 

dynamics- by understanding whether fire impacts (I) ecosystem C and water dynamics (i.e., total 

SOC, net ecosystem carbon dioxide (CO2) and water exchange, ecosystem water use efficiency 

and soil respiration), ecosystem diversity (i.e. plant taxonomic and functional diversity) and 

ecosystem structure (i.e. above and belowground biomass) on open Cerrado (Brazilian savanna) 

physiognomy; and (II) how changes in ecosystem diversity and/or structure in response to fire will 
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affect ecosystem C dynamics. We hypothesized that: (a) fire occurrence modifies the overall 

balance between C release and input, increasing C input while reducing C output through changes 

in both functional diversity and biomass allocation; (b) fire increases C input in the system, by 

increasing biomass allocation in the belowground compartment; and (c) fire will promote higher 

taxonomic and functional diversity in Cerrado open physiognomy compared to areas excluded 

from fire. 

 

MATERIAL AND METHODS  

Study site 

We conducted our study at the Reserva Natural Serra do Tombador (RNST hereafter; 13° 35-

38’ S and 47° 45’-51’ W, 8900ha, 560–1118m a.s.l., Figure S1), a protected area of Cerrado 

(Fundação Grupo Boticário, 2011). RNST exhibits a mosaic of fire history, with a fire-interval in 

open savannas of ca. 2-4 years (Daldegan et al., 2014) and a prevalence of open savannas 

(Fundação Grupo Boticário, 2011). Our study site at the RNST is classified as open savannas 

(campo sujo), a species-rich open savanna mainly composed of C4 grasses mixed with forbs and 

scattered dwarf trees and shrubs, representing overall low tree cover (< 5%) and basal area 

(Coutinho, 1978; Ribeiro and Walter, 2008). The climate is marked by two seasons: dry (May to 

October) and wet (November to April) (Fundação Grupo Boticário, 2011). The region of the study 

site has year-round average temperatures of ~23oC, and annual precipitation of ~1778mm, of 

which 82% is concentrated between the months of November and April (Fick and Hijmans, 

2017).We performed all measurements during the rainy season (January-February 2019) at the 

peak of vegetation productivity (Cornelissen et al., 2003; Díaz et al., 2016; Pérez-Harguindeguy 

et al., 2013).  
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We selected one area (~3600 m2) subjected to long-term fire experiment established in the area 

since 2013 (for more details, see Rissi et al., 2017), and one area with long-term fire exclusion (~ 

0.36 ha). Before the establishment of the fire experiments, the area was subjected to high fire 

frequency (i.e. 2-3 year fire interval, Daldegan et al., 2014). Both areas presented two contrasting 

fire frequencies: the first area was experimentally burned every two years (fire hereafter) in the 

middle of the dry season (July since 2013) and mimic campo sujo historical fire interval (Pivello, 

2011). Fire intensity in the area is 1850 - 2700 kW.m-1, being characterized by a surface fire with 

high combustion efficiency (>90%, Rissi et al., 2017; Rodrigues et al., 2021). The second area was 

excluded from fire for 16 years (one fire event in the last 20 years, referred as fire exclusion 

hereafter) (Figure S1). Within each area, we randomly selected 12 1m2 plots (12 plots × 2 

treatments = 24 plots), with a minimum distance of 2 m between plots. All measurements for both 

fire frequencies were carried within those 1m2 plots, 18 months after fire experiments in the burned 

plots.  

 

Method 

Net Ecosystem C fluxes and Soil C pools  

We determined fire effects on interconnected fluxes between the atmosphere and the 

biosphere by measuring net ecosystem exchange by assessing CO2 and water (H2O) vapor 

exchange between the biosphere and the atmosphere by tracking the net ecosystem C exchange 

(NEE; µmols CO2 m-2 s-1) and water exchange (ET; ecosystem evapotranspiration; µmols H2O m-

2 s-1). We estimated NEE at each plot in both fire frequencies before biomass sampling, during the 

rainy season (March 2019) by recording the flux of CO2 and H2O vapor on three separate sunny 

days (March 23rd, 25th, and 26th 2019) between 11a.m. and 2p.m. to ensure maximum ecosystem-
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level photosynthetic activity. NEE and ET from each plot was measured using the LiCOR 7500 

infrared gas analyzer (Li-Cor Inc.,) mounted on a tripod and two 15cm diameter electric fans to 

mix the air within a chamber (0.49m2 total area and 0.37m3 volume) covered with woven rip-stop 

polyethylene that reduced PAR by 25% while maintaining temperatures constant (e.g., temperature 

increasing during measurement period did not exceed <1°C). The chamber was placed in each plot 

for 120 seconds where CO2 was recorded overtime for 90 seconds- the first 30 seconds we allowed 

for the air to mix and stabilize (Arnone and Obrist, 2003; Huxman et al., 2004; Potts et al., 2006a). 

Linear declines in CO2 and increases in H2O vapor concentrations during the measurement periods 

demonstrate the alterations in water vapor were not significant to alter stomatal conductance, 

canopy photosynthesis or soil respiration (Huxman et al., 2004). NEE of CO2 and H2O vapor were 

analyzed using Jasoni et al. (2005) approach to estimate fluxes at the system level. As the NEE 

integrated both CO2 uptake by the vegetation via plant photosynthesis and CO2 release by soil 

respiration (roots and microorganism respiration, respectively), to clearly measure soil CO2 

release, alone we measured soil respiration which is soil average efflux (μ mol CO2m-2 s-1) with a 

LI-6400 gas analyzer (Li-Cor Inc., Lincoln, NE, USA). Finally, ecosystem water use efficiency 

(eWUE, μ mol CO2 / μ mol H2O m-2 s-1) was determined by calculating the ratio of NEE per 

amount of ET. 

 

Plant and Soil C Stocks 

Within each 1m2 plot, we harvested all the aboveground biomass in one subplot of 0.5m × 

0.5m and we sampled the belowground biomass in one subplot of 0.25m x 0.25m with 0.2m depth. 

to quantify biomass of coarse roots (roots > 2mm) and belowground organs (i.e., rhizomes, bulbs, 

xylopodia). Within each subplot used for the belowground biomass, fine roots (roots < 2 mm) were 
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quantified based on a soil core sample using an auger of 5 cm diameter and 20 cm depth since 50% 

of root biomass is found in the top 20cm of the soil (De Castro and Kauffman, 1998; Delitti et al., 

2001; Loiola et al., 2015).  

We sorted all aboveground biomass into litter, live and dead biomass, and then dried the 

samples at 80°C for 48h. The sum of live and dead biomass represented the total aboveground 

biomass. We washed the belowground biomass to remove soil particles and separate coarse root 

biomass from belowground organs. Fine root (< 2mm) samples were sieved at 2mm, 1.40mm and 

850 µm before being washed. For assessing fine root biomass, we considered all fine roots (roots 

< 2 mm) as a result of the sum of acquisitive and transport roots (McCormack et al., 2015). The 

total belowground biomass was the sum of belowground organs, coarse and fine roots. 

We used total aboveground biomass, live and dead biomass, litter, total belowground 

biomass, belowground organs biomass, coarse and fine root biomass measurements to characterize 

the system structure metrics. To evaluate biomass allocation, we considered the ratio of total 

aboveground: total belowground biomass and live aboveground: fine root biomass to evaluate 

biomass allocation for each plot.  

We determined total SOC through total soil organic matter (SOM) of sieved soil samples 

taken in each plot (remaining soil from fine root samples sieve at 850 µm). SOM was determined 

by the Soil Lab from the Universidade de São Paulo– ESALQ, Brazil, through organic matter 

titration of dichromate solution added to soil samples (Camargo et al., 2009). We used the WB 

method (Walkley and Black, 1934) to determine total SOC using the following formula: SOM 

(g.kg-1) = SOC (g.kg-1) × 1.724.  

 

Plant diversity 
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In the 24 1m2 plots, we determined overall plant community species richness and 

percentage cover of each plant species (see Table S4) using a modified Braun-Blanquet scale 

(Wikum and Shanholtzer, 1978, using intervals of 10%). Species richness, Simpson’s index and 

evenness index were used as the system taxonomic diversity metrics. The taxonomic diversity 

metrics were obtained by using the R package vegan (Oksanen et al., 2019). 

We measured three above and three belowground plant functional traits on the dominant 

species from each fire and fire exclusion plots (30m x 30m) to determine functional diversity, 

richness, evenness, community weight means (CWM) and dispersion.  We measured (i) 

aboveground functional traits: growth-form, specific leaf area (SLA), individual height; and (ii) 

belowground traits: root specific length (SRL), root dry matter content (RDMC) and root tissue 

density (RTD). Plant functional traits selected are associated with C dynamics (e.g. C stock) 

because they reflect individual ecophysiological adaptations and trade-off mainly related to 

resources allocations and acquisition (Bardgett et al., 2014; De Deyn et al., 2008; Pérez-

Harguindeguy et al., 2013). 

We considered as dominant plant species, those plants which represented 80% of 

vegetation cover at community level from each fire frequency. For fire plots, 25 species 

represented 80% of total cover, and 12 species accounted for 80% of total cover in the fire 

exclusion area (see Table S5). Aboveground functional traits have been assessed in 10 different 

individuals for each species and belowground in 5 different individuals for each species 

(Cornelissen et al., 2003). Since in savannas several plants may have clonal growth (Lamont et al., 

2011; Pausas et al., 2018), each individual was sampled at least three meters from the nearest 

neighbor of the same species to avoid measuring the same genet.  
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To measure the roots functional traits, roots were first washed under water and then fine 

roots (<2mm) were classified in acquisitive (first three root order) and transport roots (McCormack 

et al., 2015). To measure the root morphological traits (i.e., SRL, RDMC and RTD), a sub-sample 

of acquisitive roots was used. Each sub-sample was weighed (fresh roots), digitized using a 

scanner EPSON Perfection V800 (Copyright© 2015 Epson America, Inc.) at resolution of 

1200dpi. Root volume, diameter, and length was assessed with the software WinRHIZOTM 2013e 

(Copyright© 1996-2019 Régent Instruments Inc., Canada) (Bouma et al., 2000; Rose and Lobet, 

2019) using digitized images. After image analysis, each sub-sample was dried 72h at 50°C in an 

oven and weighed to determine dry biomass. Specific root length (SRL, m g-1) was measured as 

the ratio between root length and root dry mass, root dry matter content (RDMC, mg g-1) was 

measured as the ratio between fresh wet (in mg) and dry weight (in g), and root tissue density 

(RTD, g cm-3) was assessed as the ratio between root dry mass and root volume 

System functional diversity metrics were represented by functional richness (FRich) 

(Villéger et al., 2008), functional evenness (FEve), functional dispersion (FDis) (Laliberté and 

Legendre, 2010), functional diversity (FDp) (Petchey and Gaston, 2006, 2002) and the CWM 

index which is the abundance-weighted mean trait value for a community (Kleyer et al., 2012). 

FRich, FEve, FDis and CWM index were obtained by using the R package FD (Laliberté et al., 

2014) and FDp using package picante (Kembel et al., 2010). 

 

Data analysis 

To quantify the direct effect of fire frequencies on system diversity, structure, and 

ecosystem C balance, we performed the Effect-size test using Cohen’s D index (Cohen, 1988). We 

calculated the standardized effect size (d) by assessing the standardized mean difference between 
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the fire plots (mt) and fire exclusion plots (control, mc) of the value of a given system metric, using 

the pooled standard deviation of the same component in the treatment (sdt) and control (sdc) plots, 

with a correlation of the two samples (fire exclusion and fire) to make it less biased (McGrath and 

Meyer, 2006), as the following formula: 

(1)  

A positive value of Cohen’s D index for a given system metric means that fire increases 

the ecosystem metric in relation to fire exclusion. A value of Cohen’s D index near zero means 

that fire has no effect on the given system metric. All NEE values were multiple by -1 to simplify 

results interpretation. To examine how changes in diversity and structure promoted by fire will 

lead to direct and indirect changes on ecosystem C balance we used a piecewise structural equation 

model (piecewiseSEM; Lefcheck, 2016). Piecewise SEM’s has a non-significant p-value (p>0.05) 

as an indicative of a well-fit model, similarly to the lower AIC value (Lefcheck, 2016). We built 

four different piecewise SEM models based on our hypothesis from the results of our effect-size 

analyses, using variables that have shown significant effect according to fire and supporting our 

theoretical hypothesis (Figure 1, hypothesis one is in brown, hypothesis two is in black). Also, to 

ensure good explanatory power at each of our piecewiseSEM models, we respected the general 

rule of the ratio of the total number of observations to the number of variables as d=5 (Grace et 

al., 2015). Based on this, each of the four piecewise SEM model, representing our hypothesis, 

considered only one system structure metric at a time respectively the live aboveground biomass 

(first piecewise SEM and first hypothesis), fine root (second), coarse root (third), and belowground 

organ (forth) representing our second hypothesis. 
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Figure 1. Conceptual model based on our hypothesis examined within our piecewise SEM models. (A) 
Hypothetical model regarding the general pathways of the effect of fire presence on system diversity, 
structure and thus system function to carbon balance. (B) Detail of our hypothetical model, considering the 
metrics we used in our piecewiseSEM models. Hypotheses one and two are represented by the brown and 
black arrows, respectively. To ensure good explanatory power at our piecewiseSEM models, belowground 
biomass components from our second hypothesis, were separately analyzed in our piecewiseSEM models. 

 

Each SEM model was built from five linear mixed effect models (lme) (see supplementary 

material, Table S3). The first lme aims to explain total SOC as the response variable according to 

system structure (i.e., fine roots biomass, belowground organ biomass, coarse roots biomass, live 

aboveground biomass) and fire frequencies as predictor variables. The second lme aims to explain 

system structure (i.e., live aboveground biomass, fine roots biomass, belowground organ biomass, 

coarse roots biomass) as the response variable according to fire frequencies and functional 



Fogo e a dinâmica de carbono___________________________________________Capítulo I 

___________________________________________________________________________ 62 

diversity (FDp index). The third lme used NEE as the response variable, and the functional 

diversity, soil respiration, total SOC, fire frequencies and system structure (i.e., aboveground 

biomass, fine root biomass, belowground organ biomass, coarse root biomass) as explanatory 

variables. The fourth lme aims to explain soil respiration according to system structure, fire 

frequencies and NEE as predictor variables. Finally, the fifth lme examined functional diversity as 

a response to fire frequencies. We log-transformed all response and predictor variables to achieve 

normality assumptions. We kept fire frequency as a categorical variable, and to check the 

contribution of each category in the model (fire and fire exclusion), we performed an estimated 

marginal mean analysis for each significant model (Lefcheck, 2019). We used Fisher’s C to assess 

the completeness of our model. We included plot as a random variable in all model regressions 

and we did not remove non-significant links in our final SEM.  

All analyses were conducted using the R version 3.6.3 environment (R Development Core 

Team, 2020) and package piecewiseSEM (Lefcheck, 2016), nlme (Pinheiro et al., 2020) and 

package effsize (Torchiano, 2017). 

 

RESULTS 

Direct effect of fire on ecosystem diversity, structure & function  

 Fire impacted all three system components: system diversity, structure, and system function 

(Figure 2). Fire has a positive effect on diversity by promoting functional diversity and functional 

dispersion. However, fire did not impact taxonomic diversity metrics (Figure 2, Table S1-S2).  

Fire promoted live biomass and all belowground biomass components including 

belowground organs, coarse and fine roots biomass (Figure 2). The ratio between above- and 

belowground biomass responded negatively to fire, indicating a higher biomass allocation to 
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belowground with fire (Figure 2). Fire had no effect on dead biomass and litter, as well as on the 

ratio between live aboveground biomass and fine roots. 

Finally, fire impacted system function, positively affecting NEE and total SOC while 

negatively impacting soil respiration. Fire had no effect on ET and eWUE.  

 

Figure 2. Effect of fire on (A) system function to carbon balance considering total soil carbon content 

(SOC), rates of net ecosystem exchange (NEE), ecosystem evapotranspiration (ET), ecosystem water use 

efficiency (eWUE) and soil respiration, (B) system structure considering total aboveground biomass as well 

as live and dead biomass, and total belowground biomass in addition to fine root, coarse root and 

belowground organs biomass, total aboveground biomass:belowground biomass ratio and live aboveground 

biomass:fine root biomass, and litter biomass; and (C) system diversity considering plant community 

taxonomic diversity (i.e. richness, Simpson, and evenness index) and functional diversity: functional 

richness (FRich), functional evenness (FEve), functional dispersion (FDis); functional diversity plot-based 
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dendrogram (FDp), community weighted means (CWM).  (C) Positive values mean that fire promotes the 

system variable while negative values indicate that fire negatively affects the system variable. Values near 

zero indicate that fire did not have a significant effect. The values were based on Cohen’s D index (ci=95%), 

obtained from plots located in burned and fire excluded areas. 

 

Fire impacts on ecosystem C dynamics through shifts in structure & diversity 

Models consistently indicated a fire-induced increase on SOC (Figure 3, Table S3) and a 

decline in soil respiration (Figure 3C). All piecewise SEM models showed strong positive and 

direct relation between fire and plant functional diversity (Figure 3, Table S3). The models also 

showed that fire induced greater belowground biomass input, especially fine root and belowground 

organ biomass (Figure 3B and D) whereas coarse roots biomass was minimally affected by fire 

(Figure 3C). NEE in most models (except Figure 3D) was positively, besides marginally, affected 

by fire (Figure 3).  

Overall, the model that included fine root biomass was the best model to explain how fire 

impacted ecosystem C stocks and fluxes (Fisher’s C= 2.194, AIC=58.194, p- value= 0.7, Figure 

3B). In that model, fire marginally reduced soil respiration while promoting NEE, leading towards 

higher ecosystem C flux input. Further, fire affected positively and directly both functional 

diversity and fine root biomass (Figure 3B).  Although our models showed a marginal positive 

relationship between fire and NEE, they did not allow us to establish a direct relationship between 

fire and NEE, or a clear indirect relation mediated by functional diversity, belowground biomass, 

soil respiration or SOC.  
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Figure 3. Piecewise structural equation model (SEM) depicting the direct and indirect effects of fire 

frequency on system diversity, structure and system function associated with carbon balance. (A) Piecewise 
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SEM based on our first hypothesis that considers live-aboveground biomass as a system structure metric. 

The model presented the lower goodness of fit for our data: Fisher's C = 3.266, AIC=59.266, p-value=0.514. 

The following piecewiseSEM models were based on our second hypothesis that considered separately the 

different belowground biomass components: (B) fine roots biomass, (C) coarse roots biomass and (D) 

below organs biomass. (B) The model considering the fine root biomass presented the best good fit for our 

data: Fisher's C = 2.194. AIC=58.194, p-value=0.7. (C) The model with coarse roots biomass, also 

presented a good fit for our data: Fisher’s C=6.757, AIC= 62.757, p-value=0.149. (D) The last model 

considered below organs biomass and has a good fit for our data: Fisher's C = 5.364, AIC=59.266, p-

value=0.252. Partial R2 values are under each predicted variable, and standardized path estimates are 

provided next to each path with line thickness scaled based on the magnitude of the estimated variable. Red 

and dark blue arrows indicate positive and negative relationships, respectively. Grey dashed arrows 

represent non-significant paths (p>0.05), and the green represents the marginally significant paths. 

Asterisks (*) indicate significance (p < 0.05). Black dashed block indicates the model with the best fit for 

our data. 

 

DISCUSSION 

In Cerrado open savanna, fire is promoting C input in the system through increases in live 

above- and belowground biomass as well as a higher biomass allocation belowground, ultimately 

promoting the input of C into soils. Our results also showed a higher NEE and total SOC with fire 

whereas soil respiration declined i.e., soil C efflux (C output), corroborating the higher C input in 

burned compared to unburned areas. While fire enhanced functional diversity, our results did not 

support positive fire effects on taxonomic diversity as found in other studies (Abreu et al., 2017; 

Gomes et al., 2020; Pilon et al., 2021a). Although our results support direct effects of fire in 

ecosystem functions associated with C dynamics (i.e., NEE, total SOC or soil respiration), how 

ecosystem structure and diversity mediated these relationships remain less straightforward.  

Our results highlighted that fire modifies C balance with higher NEE in burned plots, 

illustrating a higher C input and lower C release. C flux is very cyclic in the Cerrado (Santos et al., 

2003; Vourlitis and da Rocha, 2010) and compared to unburned savanna areas, frequently burned 
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savannas rapidly become a stronger sink for CO2 (Santos et al., 2003). However, after 12 months, 

the negative impact of fire (i.e. C release, biomass lost) on the open savannas is eliminated, 

indicating the potential of the system to compensate for C losses due to combustion (Potts et al., 

2006; Potts et al., 2012). The increase of photosynthetic activities promoted by the newly produced 

leaves from the vegetation regrowth compensates the C loss, providing the whole system C uptake 

(e.g., greater NEE in burned than unburned plots) (Baldocchi, 2008; Huxman et al., 2004; Potts et 

al., 2012).  

Fast regeneration in open savanna is primarily ensured by the quick regeneration of grass 

species that produce newly photosynthetic leaves (Pilon et al., 2021a), since grasses are the most 

resilient growth form to fire in savannas (Bond, 2004). Graminoids morphological architecture 

that protects buds and meristems ensures fast recovery (Linder et al., 2018; Pilon et al., 2021a; 

Wigley et al., 2020), being also the most flammable element of the fuel load (Simpson et al., 2016). 

Also, high annual productivity of grasses can be related to the energetic cost investment of 

resprouting, that is focused on the production of photosynthetically active tissue (Linder et al., 

2018; Simpson et al., 2021). Frequent fires will promote mainly grasses live aboveground biomass 

as shown in our results. In savannas, fire occurrence is closely related with grass abundance (De 

Castro and Kauffman, 1998), favoring grass species over woody species (Bond et al., 2005; Bond 

and Keeley, 2005). 

C input in burned plots is also shown through the increase in belowground biomass. Our results 

showed that fire enhanced total belowground biomass, especially fine root and belowground organ 

biomass and promoted biomass allocation in the belowground compartment, corroborating with 

our hypothesis. In open tropical savannas, plants allocate a large proportion of biomass in 

belowground compartments (Fidelis et al., 2013; Jobbagy and Jackson, 2000; Poorter et al., 2011). 
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Fire is indeed expected to lead towards plant investment to belowground organs, for bud 

protection, resource storage and resource acquisition, allowing plants to survive and quickly 

resprout after fire (Clarke et al., 2013; Enright et al., 2014; Lawes and Clarke, 2011). Further, fire 

stimulates fine root biomass production at the shallow soil layer (0-20cm depth) to improve the 

nutrient acquisition (Jackson et al., 2002; Le Stradic et al., 2021; Oliveras et al., 2013; Pellegrini 

et al., 2020). However, at deeper soil (> 30cm-100cm), Cerrado open savannas areas with different 

fire histories and frequencies did not show differences on fine root biomass (Le Stradic et al., 

2021). 

Higher total SOC in burned areas illustrates the overall increase in C input in tropical open 

savannas. Grassy ecosystems can boost SOC at the shallow soil layer because of the higher grass 

root biomass in the upper 20 cm of the soil (Berhongaray et al., 2019; February et al., 2020, 2013; 

Le Stradic et al., 2021). Indeed, the increase of total SOC may be related to higher grass fine root 

decomposition which represents the great deal of organic matter input in the soil (De Deyn et al., 

2011). However, in burned sites we also observed a reduction of soil respiration which suggests a 

reduced microbial activity. Fire can enhance plant microbiome diversity and composition (Dove 

et al., 2021) that might affect C input into soil through modification in microbial activities and 

increase in microbial by-product (Rossi et al., 2020). In addition, increases in belowground organ 

and fine roots at the shallow soil layer due to fire, can overtime contribute towards greater soil C 

through slow decomposition and mycorrhizal association (Freschet et al., 2013; Godbold et al., 

2006). Although the belowground communities seem to play an important role in the soil 

respiration and for soil C input, further studies are needed to understand how they may affect C 

flux and storage in a fire-prone environment (Pressler et al., 2019). 
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In Cerrado open savannas, litter deposition and decomposition is relatively slow (Carvalho et 

al., 2012; Kauffman et al., 1994; Valenti et al., 2008), especially due to recalcitrant compounds of 

C4 grasses that decompose more slowly relative to C3 plants (Martin et al., 1990). Indeed, most 

of the dead grass material remains attached in the tussocks (Wragg et al., 2018) which slows down 

substrate quantity deposition and may decrease soil respiration (Chapin et al., 2011). In addition, 

in case of recurrent and frequent fires like in Cerrado, litter accumulation is limited and removed 

frequently by fire, which may reduce microbial activity related to litter decomposition. Cerrado 

soils are relatively nutrient poor with acidic pH (Pivello et al., 2010), which may also limit soil 

microbial activities, lowering therefore soil respiration, and thus C loss from microbial activities 

(Fierer and Jackson, 2006; Funakawa et al., 2014; Rousk et al., 2010). Finally, microbial activity 

associated with soil respiration may also be limited in post-fire environments since fire may have 

burned superficial microbial communities.  

Overtime, fire promoted functional diversity in plant communities with greater trait 

variability across species (Dantas et al., 2013). Post-fire conditions promote new opportunities for 

plant colonization (Fidelis et al., 2012; Pausas et al., 2003), due to higher environmental 

heterogeneity and higher resource availability (He et al., 2019; Krawchuk and Moritz, 2011; 

Pivello et al., 2010), and increasing niche availability generating species coexistence and greater 

diversity. High diversity of post-fire strategies is associated with higher trait diversity, dispersion 

and consequently trait divergence (Lhotsky et al., 2016; Mason et al., 2013) as highlighted by our 

results. In addition, functional diversity can be stimulated by fire because over time species could 

complement each other in the resource use by capturing resources with different strategies (Garnier 

et al., 2016). Functional diversity associated with functional divergence may influences plant-soil 

feedback responses, such as plant and soil respiration, and efficiency on water and nutrients use, 
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and thus impacting the ecosystem function of C balance (De Deyn et al., 2008; Jackson et al., 

2000; Petchey and Gaston, 2006), besides our results did not allow to conclude about that. 

However, we may hypothesize belowground communities seem to play an important role in the 

processes of plant-soil feedback responses and C balance. Further studies are needed to understand 

how belowground community dynamics affect C flux and storage in a fire-prone environment 

(Pressler et al., 2019). 

Finally, in a context of climate changes and modification of fire regimes, it seems essential 

to better understand mechanisms between fire and the ecosystem C cycle which are complex in 

different fire-prone ecosystems. Quantifying tropical open savannas potential C pools and fluxes 

is not trivial and identifying system pathways trajectories and mediation will provide a way to 

assess and describe fluctuations in ecosystem function in response to modification in fire regime 

under climate change. Furthermore, our findings also should help ecosystem base restoration and 

fire management plans in savanna open ecosystems to maintain system structure, diversity, and 

function. We acknowledge that our results dealt with the C pool at the shallow soil layer of an 

open savanna, and we did not account for C in the deeper soil layers, which may have a higher 

contribution of trees and shrubs. Whereas our results showed that fire promoted SOC at the soil 

surface, fire may decrease SOC in deeper soil layer, as shown by other study in a temperate 

savanna (Pellegrini et al., 2020). In addition, in savannas where the woody cover has a higher 

importance, the presence of trees and shrubs is expected to differently affect C balance. In woody 

tropical savannas, fire may decrease C stock in soil and plant biomass due to a reduction on nutrient 

mineralization rates, and nitrogen viability, that decreases tree net primary production and 

consequently soil and plant C input (Cook et al., 2005; Richards et al., 2011; Williams et al., 2004). 
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CONCLUSIONS 

Our study showed that high fire frequency in Cerrado open savannas lead overall to C input 

into the system by increasing soil C, plant belowground biomass and by declining C fluxes from 

the biosphere back to the atmosphere. However, we need to acknowledge that the relationship and 

the underlined mechanisms between functional diversity, changes in biomass allocation and 

changes in ecosystem functions remained unclear. In addition, our findings also highlight the 

importance of fire to promote functional diversity on Cerrado open ecosystems. Once fire is 

excluded, functional diversity was reduced, so potentially the diversity of response to disturbances 

and environmental changes. Functional diversity losses could be an issue in terms of regeneration 

possibility after a fire, should limit system resilience in areas excluded from fire for long-time, 

limiting vegetation regeneration and jeopardizing the ability of the natural system to compensate 

for the C lost during combustion altering biosphere and atmosphere dynamics.  
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Material Suplementar 
 

Os seguintes materiais suplementares para este capítulo estão disponíveis em 

https://doi.org/10.1016/j.scitotenv.2021.152317.  

 

Todos os dados que suportam os achados desse estudo estão disponíveis no repositório Zenodo 

(https://doi.org/10.5281/zenodo.5796239).  
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Figure S1. Location of the study area at (A) Reserva Natural Serra do Tombador (RNST; 13° 
35-38’ S and 47° 45’-51’ W, 8900ha, 560–1118m a.s.l), a protected area of Cerrado with a 
mosaic of fire history. The black points represent the two fire frequencies areas studied (referred 
as fire treatments in this study). (B) Detail of the study area from left to right: overview of long-
term fire experiment (see Rissi et al., 2007), area of the biennial fire interval treatment, and area 
where fire has been excluded for 16 years (fire exclusion). Background images: ©Esri, NOA and 
USGS.
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Table S1. System diversity, structure and function variables (mean±SE) measured in fire 
treatment and fire exclusion treatment (<16 years without fire) in open savannas, Central 
Brazil. FRich (functional richness); FEve (functional evenness); FDis (functional dispersion); 
FDp (functional diversity); CWM (community weight means). 
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Table S2. Effect size results based on Cohen’s D index to quantify the effect of fire treatment on system 
diversity, structure and function in an open savanna, in Central Brazil. 
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Table S3. Piecewise structural equation models (SEM) coefficients results. 
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Table S4. Species list sampled in this study in both fire treatment areas (fire and fire exclusion) at the Reserva 

Natural Serra do Tombador (RNST). 

Site Cerrado 
phytophysiognomy Family Species 

Serra do Tombador (GO,Brazil) Campo sujo  Acanthaceae Justicia lanstyakii Rizzini 

Serra do Tombador (GO,Brazil) Campo sujo  Acanthaceae Ruellia angustifolia (Nees) Lindau 

Serra do Tombador (GO,Brazil) Campo sujo  Acanthaceae  Ruellia nitens (Nees) Wassh. 

Serra do Tombador (GO,Brazil) Campo sujo  Annonaceae Annona tomentosa R.E.Fr. 

Serra do Tombador (GO,Brazil) Campo sujo  Apocynaceae  Aspidosperma sp1.  

Serra do Tombador (GO,Brazil) Campo sujo  Apocynaceae  Hemipogon acerosus Decne. 

Serra do Tombador (GO,Brazil) Campo sujo  Arecaceae Syagrus sp.  

Serra do Tombador (GO,Brazil) Campo sujo  Asteracea Aldama grandiflora (Gardner) E.E. Schill & Panero 

Serra do Tombador (GO,Brazil) Campo sujo  Asteraceae Ayapana amygdalina (Lam.) R.M.King & H.Rob. 

Serra do Tombador (GO,Brazil) Campo sujo  Asteraceae  Ichthyothere hirsuta Gardner 

Serra do Tombador (GO,Brazil) Campo sujo  Bignoniaceae  Anemopaegma arvense (Vell.) Stellfeld ex de Souza 

Serra do Tombador (GO,Brazil) Campo sujo  Calophyllaceae  Kielmeyera sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Calophyllaceae  Kielmeyera abdita Saddi 

Serra do Tombador (GO,Brazil) Campo sujo  Calophyllaceae  Kielmeyera rubriflora Cambess var. major 

Serra do Tombador (GO,Brazil) Campo sujo  Connaraceae  Connarus suberosus Planch. 

Serra do Tombador (GO,Brazil) Campo sujo  Convolvulaceae Ipomoea echicoides Choisy 

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Bulbostylis sp.  

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Bulbostylis paradoxa (Spreng.) Lindm. 

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Morfotype 2  

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Rhynchospora consanguinea (Kunth) Boeckeler 

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Rhynchospora globosa (Kunth) Roem. & Schult. 

Serra do Tombador (GO,Brazil) Campo sujo  Cyperaceae Rhynchospora hirta (Nees) Boeckeler 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae Bernardia hirsutissima (Baill.) Müll.Arg. 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae Croton antisyphiliticus Mart. 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae Croton gracilescens Müll.Arg. 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae Euphorbia potentilloides Boiss. 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae Euphorbia sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Euphorbiaceae  Manihot kalungae M.J. Silva & R.C. Sodré 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae Bauhinia dumosa Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae Chamaecrista claussenii (Benth.) H.S.Irwin & Barneby 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae Mimosa pteridifolia Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Aeschynomene sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Calliandra dysantha Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Chamaecrista isidorea (Benth.) H.S.Irwin & Barneby 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  
Chamaecrista ochrosperma (H.S.Irwin & Barneby) 
H.S.Irwin & Barneby 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Eriosema congestum Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Galactia sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Harpalyce brasiliana Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Mimosa flavocaesia Barneby 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Mimosa gracilis Benth. 
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Continue Table S4… 

Site Cerrado 
phytophysiognomy Family Species 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Mimosa leiocephala Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  
Senna corifolia (Benth.) H.S.Irwin & Barneby var. 
corifolia 

Serra do Tombador (GO,Brazil) Campo sujo  Fabaceae  Stylosanthes sp.   

Serra do Tombador (GO,Brazil) Campo sujo  Gentianaceae  Calolisianthus sp.  

Serra do Tombador (GO,Brazil) Campo sujo  Iridaceae Trymezia sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Iridaceae Trimezia juncifolia (Klatt) Benth. & Hook.f 

Serra do Tombador (GO,Brazil) Campo sujo  Iridaceae  Cipura xanthomelas Klatt 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae Eriope glandulosa (Harley) Harley 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae Medusantha mollissima (Benth.) Harley & J.F.B.Pastore 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae  Gymneia chapadensis Harley 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae  Hypenia sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae  Hyptis remota Pohl ex Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Lamiaceae  Hyptis sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Lythraceae  Cuphea ericoides Cham. & Schltdl. 

Serra do Tombador (GO,Brazil) Campo sujo  Lythraceae  Diplusodon punctatus Pohl 

Serra do Tombador (GO,Brazil) Campo sujo  Malpighiaceae Banisteriopsis pannosa Griseb. 

Serra do Tombador (GO,Brazil) Campo sujo  Malpighiaceae Heteropterys campestris A. Juss. 

Serra do Tombador (GO,Brazil) Campo sujo  Malvaceae Byttneria jaculifolia Pohl 

Serra do Tombador (GO,Brazil) Campo sujo  Malvaceae  Pavonia grandiflora A.St.-Hil. 

Serra do Tombador (GO,Brazil) Campo sujo  Melastomataceae Tibouchina sp.  

Serra do Tombador (GO,Brazil) Campo sujo  Melastomataceae  Miconia albicans (Sw.) Triana 

Serra do Tombador (GO,Brazil) Campo sujo  Melastomataceae  Miconia sp 

Serra do Tombador (GO,Brazil) Campo sujo  Melastomataceae  Tibouchina melastomoides (Naudin) Cogn. 

Serra do Tombador (GO,Brazil) Campo sujo  Moraceae Brosimum gaudichaudii Trécul 

Serra do Tombador (GO,Brazil) Campo sujo  Morfotype Morfotype 4. 

Serra do Tombador (GO,Brazil) Campo sujo  Myrtaceae  Eugenia paracatuana O.Berg 

Serra do Tombador (GO,Brazil) Campo sujo  Myrtaceae  Myrcia lauruoteana Cabess. 

Serra do Tombador (GO,Brazil) Campo sujo  Myrtaceae  Myrcia sp1 

Serra do Tombador (GO,Brazil) Campo sujo  Myrtaceae  Myrcia sp2 

Serra do Tombador (GO,Brazil) Campo sujo  Ochnaceae  Ouratea lanceolata (Pohl) Engl. 

Serra do Tombador (GO,Brazil) Campo sujo  Oxalidaceae Oxalis goyazensis Turcz. 

Serra do Tombador (GO,Brazil) Campo sujo  Poacea 
Oncorachis ramosa (Zuloaga & Soderstr.) Morrone & 
Zuloaga 

Serra do Tombador (GO,Brazil) Campo sujo  Poacea Morfotype 5 

Serra do Tombador (GO,Brazil) Campo sujo  Poacea Schizachyrium consaguineum Stapf 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Anthaenantia lanata (Kunth) Benth. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Aristida sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Aristida setifolia Kunth 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Axonopus aureus P. Beauv. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Axonopus sp1. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Elionurus muticus (Spreng.) Kuntze 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Trichantecium sp. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Morfotype 3 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae Andropogon villosus (nees) Ekman 
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Continue Table S4… 

Site Cerrado 
phytophysiognomy Family Species 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae 
Trichanthecium cyanescens (Nees ex Trin.) Zuloaga & 
Morrone 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae  Mesosetum ferrugineum (Trin.) Chase 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae  Paspalum pectinatum Nees ex Trin. 

Serra do Tombador (GO,Brazil) Campo sujo  Poaceae  Trachypogon spicatus (L.f.) Kuntze 

Serra do Tombador (GO,Brazil) Campo sujo   (Trin.) Chase Mesosetum lolliforme 

Serra do Tombador (GO,Brazil) Campo sujo  Rhamnaceae  Crumenaria choretroides Mart. ex Reissek 

Serra do Tombador (GO,Brazil) Campo sujo  Rubiaceae Morfotype 1 

Serra do Tombador (GO,Brazil) Campo sujo  Rubiaceae Borreria poaya (A.St.-Hil.) DC. 

Serra do Tombador (GO,Brazil) Campo sujo  Rubiaceae Spermacoce tenella Kunth 

Serra do Tombador (GO,Brazil) Campo sujo  Rubiaceae  Declieuxia lancifolia J.H.Kirkbr. 

Serra do Tombador (GO,Brazil) Campo sujo  Salicaceae Casearia sylvestris Sw. 

Serra do Tombador (GO,Brazil) Campo sujo  Turnecaceae Turnera incana Cambess. 

Serra do Tombador (GO,Brazil) Campo sujo  Velloziaceae  Vellozia squamata Pohl 

Serra do Tombador (GO,Brazil) Campo sujo  Verbenaceae Lippia grandiflora Mart. & Schauer 

Serra do Tombador (GO,Brazil) Campo sujo  Vivianiaceae Caesaria  sp. 
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Table S5. Average of individual traits measurements at species representing 80% of cover dominance from fire biennial treatment (25 species total) 
and fire exclusion treatment (12 species total). We measured (i) aboveground functional traits: growth-form, specific leaf area (SLA), individual height 
in 10 different individuals; and (ii) belowground traits: root specific length (SRL), root dry matter content (RDMC) and root tissue density (RTD) have 
been assessed in 5 different individual species, classifying separately fine roots (<2mm) in acquisitive and transport roots (see McCormack et al., 2015). 
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Abstract 
 
Aims: Belowground biomass, i.e. roots and belowground organs, plays a significant role in open 

fire-prone ecosystems although the relationship between fire and the belowground compartment 

is undervalued. We analyzed the fire effect on belowground biomass by testing i) if fire promotes 

belowground allocation and ii) if fire affects belowground organ composition, in five tropical open 

ecosystems (open savanna and grassland) under distinct fire regime. 

Locations: Five open savannas of the Cerrado in central Brazil (campo sujo; Brasília National 

Park Brasília [PNB], Reserva Natural Serra do Tombador [RNST], Chapada dos Guimarães 

National Park [PNCG]), Southwest Brazil (campo rupestre; Serra do Cipó National Park [PNSC]), 

and in an open savanna enclave in Brazilian Amazon (campos amazônicos; Campos Amazônicos 

National Park [PNCA]). 

Methods: In each site, we assessed plant biomass in twenty 0.25 m × 0.25 m plots for belowground 

biomass and twenty 1m × 1m plots for aboveground biomass according to two distinct fire regimes: 

burnt and fire-excluded areas. Biomass was sorted as: live aboveground, belowground organs, 

coarse (>2 mm) and fine roots (< 2 mm). We also estimated belowground biomass allocation by 

quantifying the ratio of belowground dry biomass and live aboveground biomass. Belowground 

organs were classified into bud-bearing organ types according to functional categories (e.g., 

xylopodia, woody rhizome, fleshy rhizome). 

Results: Fire promoted total belowground biomass as well as belowground allocation in Cerrado 

open savannas, primarily by increasing root biomass. We did not observe variation in belowground 

organ biomass with fire. Fire also drove change in belowground organ composition through the 

increase in the proportion of Xylopodia with fire, a bud-bearing organ associated with fire 

presence. Without fire most structures were related to lateral spread. 
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Conclusions: Fire primarily affect root biomass and drove variation in the importance of 

belowground organs composition, increasing the proportion of organs without clonal ability. 

Keeping species with diverse regeneration strategies are crucial for the biodiversity conservation 

of fire-prone ecosystems.  

 
Keywords: open savannas, belowground allocation, belowground organs, biomass, fire, Cerrado.
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INTRODUCTION 

 

High allocation belowground in open ecosystems reflects plant adaptation and community 

structure in response to the evolutive environmental factors such as fire (Veldman et al. 2015; 

Buisson et al. 2019; Ottaviani et al. 2020; Buisson et al. 2022) . Indeed, greater biomass allocation 

belowground and the presence of different belowground structures such as bud-bearing organs and 

roots are a major plant strategy to survive and persist during fire especially in open ecosystems 

(Fidelis et al. 2013; Fidelis et al. 2014; Jackson et al. 2016; Pausas et al. 2018; Le Stradic et al. 

2021). Resprouting from belowground structures is the dominant persistence strategy in fire-prone 

open ecosystems, ensured by the well-protected and insulated buds from fire (Clarke et al. 2013; 

Pausas et al. 2018). However, biomass allocation belowground is not straightforward and may 

vary according to fire regime and other environmental factors (i.e., soil, nutrient content, 

precipitation) (Le Stradic et al. 2021). We then need to understand whether fire may modify 

belowground biomass allocation independently of different environmental factors. Despite the 

importance of the belowground components in fire-prone open ecosystems, the relationship 

between fire and belowground biomass distribution remains undervalued, especially when 

considering the different belowground structures (but see Fidelis et al. 2014; Bombo et al. 2021; 

Le Stradic et al. 2021; Bombo et al. 2022). To estimate this relationship will contribute to the 

overall understanding of the impact of fire on the regeneration capacity of open ecosystems (Pilon 

et al. 2021; Zupo et al. 2021) and the potential belowground carbon contribution from open 

ecosystem on global carbon stocks (De Castro & Kauffman 1998; Silva et al. 2006; Bai & Cotrufo 

2022; Zhou et al. 2022). 

In fire-prone ecosystems, how biomass is allocated belowground (i.e., root and 

belowground organ types) will strongly determine plant responses to fire, due to anatomical (i.e., 
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meristems reserve, type of storage component), morphological (i.e., number and location of 

dormant buds, root diameter) and functional differences (i.e., persistence, resprouting, lateral 

spread) (Pausas et al. 2018; Klimešová et al. 2019; Pilon et al. 2021). For example, 80% of the 

biomass invested belowground in those ecosystems correspond to the root production in the upper 

soil layer (< 30 cm) (De Castro & Kauffman 1998; Oliveira et al. 2005). Plant allocation towards 

root biomass allows rapid resource acquisition by plant species, necessary to the post-fire 

regeneration, and to reach reproductive maturity during favorable environmental conditions 

(Kramer-Walter et al. 2016; Simpson et al. 2019). Fine roots (< 2mm) are primarily related to the 

acquisition and uptake of soil resources (McCormack et al. 2015). Coarse roots (> 2mm) instead, 

support the fine roots network and plant structures, the transport of nutrients and water to shoots, 

and are more associated with woody vegetation (Oliveras et al. 2013; Le Stradic et al. 2021). In 

tropical open systems, fire stimulates fine root production mainly from graminoids species at the 

upper soil layer (Oliveras et al. 2013; Le Stradic et al. 2021). These fine roots allow plants to use 

resources in post-fire environments (resprouting and persistence); as fire leads to a short nutrient 

input due to ash deposition (Pivello et al. 2010). 

The belowground biomass investment in tropical open ecosystems is also related to the 

belowground bud-bearing organs (Clarke et al. 2013; Fidelis et al. 2013; Pausas et al. 2018). Some 

belowground organs concede several functions to plants like to colonize new areas and to help the 

post-fire resprouting due to their nutrient storage capacity (e.g. both fleshy and woody rhizomes, 

gemiferous roots) (Ottaviani et al. 2017; Pausas et al. 2018). Other organs allow plants to resprout 

after fire (e.g., xylopodia, root crown), guarantee important bud bank, but do not have clonal ability 

(Appezzato-da-Glória et al. 2008; Pausas et al. 2018). Bulbs and corms, on the other hand, do not 

have a large bur bank, but they provide great bud protection and great storage capacity ensuring 
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quick post fire regeneration (Apezzato-da-Glória 2015; Almeida et al. 2015; Ottaviani et al. 2017). 

In addition, the diversity and composition of bud-bearing organs in fire-prone ecosystems might 

be influenced by fire frequency. Some studies showed greater diversity in belowground organs at 

more frequently burned areas when compared to unfrequently ones (Fidelis et al. 2014; Bombo et 

al. 2021; Bombo et al. 2022). Structures such as xylopodia and root crown are mainly related to 

areas under high fire frequency (Fidelis et al. 2014; Pausas et al. 2018; Bombo et al. 2022). Under 

fire exclusion, those structures might disappear or drastically decrease in total numbers (Fidelis et 

al. 2014; Bombo et al. 2022). Also, bulbs and corms can be related to areas with low fire frequency 

or fire exclusion, as founded in South African savanna (Bombo et al. 2021). Therefore, any 

variation in fire frequency leading to changes in composition of belowground organs might then 

impact post-fire regeneration strategies (Keeley et al. 2016; Pilon et al. 2021; Simpson et al. 2021). 

Our study aimed to investigate how fire affects belowground biomass allocation in tropical 

open ecosystems analyzing i) the biomass allocation between the different belowground 

compartments, i.e., roots and belowground organs, and ii) the biomass distribution of belowground 

organs, between areas frequently burned and areas excluded from fire (i.e., last 12 years excluded 

from fire). We used as a model five different sites of fire-prone open ecosystems in Cerrado, to 

test if the relationship between fire and belowground was similar. Those systems present great 

belowground allocation, both in fine roots and belowground organs (Abdala et al. 1998; De Castro 

& Kauffman 1998; Fidelis et al. 2013). First, we tested the effect of fire on belowground root 

biomass (i.e., fine roots and coarse roots) and on belowground organs biomass. Secondly, we tested 

whether fire is changing the biomass composition in belowground organs compared to unburned 

sites. We expected that burnt plant communities would have higher investment in belowground 

biomass both in roots and in belowground organs, compared to plant communities excluded from 



Fogo e alocação de biomassa____________________________________________Capítulo II 

___________________________________________________________________________ 
 

105 

fire. We expected that the high belowground investment in burnt areas will be mainly driven by 

the occurrence of greater biomass from belowground organs such as xylopodia as they are 

associated with rapid resprouting in fire-prone ecosystems. Plant communities frequently burnt 

will also present an increase of fine root biomass due to the need to increase soil resources 

acquisition as a response to post-fire nutrient input. 

 

METHODS 

We chose five sites of open ecosystems spread over Brazil from northern limit of Cerrado 

in Amazonian forest (latitude 8°22'53.71"S) to southeast limit (Minas Gerais, latitude 

19°20'58.61"S, Figure 1), to take into account the diversity of Cerrado open savannas and 

grasslands (Coutinho 1990; Overbeck et al. 2022). All grassland sites are characterized by a ground 

layer dominated by C4 grasses, and open savannas have a graminoid layer scattered with small 

palms, shrubs and trees representing < 5% of total cover (Ribeiro & Walter 2008). All sites are 

subject to two marked seasons, a dry and a rainy season, with >70% of the total amount of annual 

precipitation occurring in the rainy season (Eiten 1972). Length of the dry season varies between 

5 to 7 months (Oliveira & Marquis 2002), with July and August as the driest months (Eiten 1972). 

In each site we selected one area frequently burned (between 5 to 16 fires in the last 35 years, 

Table 1), and where the last fire occurred at least 4 years before sampling (fire hereafter). We also 

selected one area per site that burnt between 1 to 7 fires in the last 35 years, and was excluded 

from fire for at least 12 years before sampling (exclusion hereafter, Table 1).  

The first site location is in the Serra do Cipó National Park, located at the southeast of 

Brazil (PNSC hereafter, -19°20'34.20" S and -43°37'5.99" W). Sampling was carried out in sandy 

grasslands of campo rupestre. Vegetation is composed by species-rich herbaceous layers with 
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some subshrubs and almost no shrub occurring on shallow and acidic soils developed from nutrient 

poor-rocks (Le Stradic et al. 2015; Silveira et al. 2016). The other three sites’ location are in the 

Cerrado open savannas in Central Brazil, as followed: Brasília National Park (PNB hereafter, -15° 

44' 10.19" S and -47° 55' 21.59" W), Chapada dos Guimarães National Park (PNCG hereafter, -

20° 14' 60.00" S and -46° 29' 59.99" W), and Reserva Natural Serra do Tombador (RNST hereafter, 

13° 35-38′ S and 47° 45′-51′ W). Vegetation is dominated by C4 grasses and forbs, with scattered 

shrubs and dwarf trees (Oliveira-Filho & Ratter 2002), occurring on acidic nutrient-poor soils, 

eventually with small rocky outcrops (Ribeiro & Walter 2008). The last site is the Campos 

Amazônicos National Park (PNCA hereafter, 8° 22' 4" S and 61° 15' 50" W), an open ecosystem 

enclave located in southern Brazilian Amazon (ICMBio 2016; Alves & Pérez-Cabello 2017) called 

campos amazônicos. Campos amazônicos are tropical open savanna dominated by grasses and 

sedges with scattered shrubs and small trees, occurring on sites with a short period of dry season, 

and on sandy or stony soils with high soil exposures amplifying the dry season water deficit 

(ICMBio 2016). 
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Figure 1. Geographic location of the five selected study sites of fire-prone ecosystems in Brazil (A). 
Study sites encompass the diversity of Cerrado open ecosystems (B). Two types of areas were selected: 
burnt (Fire) and unburnt (exclusion) areas (Table 1). Numbers (bottom right corner) represent the time 
since last fire (in years). For more detail about the fire regime see Table 1. The map was modified from 
Pivello et al. (2021). The icons were modified from the original version designed by Yadi RS (fire, A-B) 
from thenounproject.com. Abbreviations means: RNST- Reserva Natural Serra do Tombador; PNB- 
Brasilia National Park; PNCG: Chapada dos Guimarães National Park; PNSC- Serra do Cipó National 
Park ; PNCA- Campos Amazônicos National Park. 
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Table 1. Fire and general information about the different sampling areas of open ecosystems including geographical coordinates, 
temperature, rainfall, altitude, fire regime (i.e., fire and exclusion), time since last fire in relation to the sampling period (in years), 
number of fires (between 1985 and 2019) and year of the last fire. Year-round average temperatures and rainfall were obtained 
through WordClim2 data set (Fick & Hijmans 2017). Abbreviation means: RNST- Reserva Natural Serra do Tombador; PNB- Brasília 
National Park; PNCG- Chapada dos Guimarães National Park; PNSC- Serra do Cipó National Park; PNCA- Campos Amazônicos 
National Park. 

Sites 
Open 

ecosystem 
type 

coordinates 
Temperature Rainfall Altitude 

Fire  Time since 
last fire 

Number of 
fires             

(last 35 
years) 

Year of the 
last fire (min. - max. year-

round average) (annual) (a.s.l.) 

PNSC grassland  

-19°17'11.09"S; 

 15°C - 27°C 1550 mm 
1180m Fire  4 5 2014 

-43°35'43.34"W 
-19°14'50.37"S; 

1290m Exclusion 19 1 1999 
-43°30'48.81"W 

PNB savanna 

-15°40'31.61"S; 

 16°C - 27°C 1573 mm 
1249m Fire  1 6 2018 

-47°53'1.77"W 
-15°40'30.82"S; 

1115m Exclusion 12 4 2007 
-47°53'2.49"W 

PNCA savanna 

8º28'35"S; 
61º38'48"W 

20°C - 31°C 2414 mm 
224m Fire  2 8 2017 

8º25'59"S; 
61º38'49"W 220m Exclusion 16 5 2003 

PNCG savanna 

15°26'6.88"S; 
55°51'37.59"W 

17°C - 29°C 1542 mm 
634m Fire  2 16 2017 

15°21'1.44"S; 
55°49'50.33"W 329m Exclusion 14 6 2005 

RNST savanna 

13°40'53.50"S; 

18.5°C - 29°C  1778 mm 
831m Fire  2 19 2017 

47°48'37.26"W 
13°39'30.15"S; 

770m Exclusion 17 7 2002 
47°49'27.75"W 
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Sampling design and plant biomass measurements 

At each sampling area, at the peak of the vegetation growth (rainy season, January-April 2019), 

we randomly established three transects of 30 m x 1 m, at least 10 m apart from each other. At 

each transect, every 3 m, we established 1 plot of 0.25 m2  (0.5 x 0.5 m) to harvest all aboveground 

biomass totaling 30 plots at each area (fire and exclusion). At the laboratory, aboveground biomass 

was sorted into live and dead biomass (i.e., standing dead biomass) and then dried at 80°C for 48 

h before being weighed. We considered total biomass the sum of live and dead biomass. 

Within each plot we established one subplot of 0.25 x 0.25 m with 0.2 m depth, for soil 

sampling to quantify biomass of coarse roots (roots >2 mm diameter) and belowground organs 

(see below for more details). More than half of the total belowground organ and root biomass is 

found in the top 20 cm of the soil (De Castro & Kauffman 1998; Delitti et al. 2001; Le Stradic et 

al. 2021). All soil samples were water-washed to remove soil particles and to separate 

belowground organs from coarse roots. Belowground organs were classified into bud-bearing 

organ types according to functional categories (i.e., woody rhizome, fleshy rhizome, bulb/corm, 

xylopodia, root crown and gemiferous roots) based on an adapted version of Bombo et al. (2021), 

Pausas et al. (2018) (see Table S1 at supporting information). All samples were dried at 80°C for 

48h before being weighed. We considered total belowground organ biomass the weight of all bud-

bearing organs. 

To assess fine root biomass (roots ≤2 mm diameter), we sampled soil cores using an auger 

of 5 cm diameter and up to 20 cm depth within each plot. Soil samples were sieved at 2 mm, 1.40 

mm and 850 μm before being washed with water to remove soil, stones, and vegetal debris from 

fine roots. Roots were dried at 60°C for 72h before being weighed. In total, we had 450 samples 

(5 sites x 2 fire frequencies x 15 plots/fire frequency/site=150 samples for each/aboveground 
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biomass, belowground biomass and fine roots biomass). We considered total root biomass the sum 

of coarse and fine root biomass (all values were standardized by g/m2 before the sum). The total 

belowground biomass was the sum of belowground organs and root biomass. 

To estimate belowground allocation, we calculated root:shoot ratio and organs:shoot ratio 

respectively as the ratio of total root biomass to the total live aboveground biomass, and as the 

ratio of total belowground organ biomass to the total live aboveground biomass. Total 

belowground allocation (B:A ratio) was calculated as the ratio between total belowground biomass 

and live aboveground biomass.  

 

Data Analyses 

Generalized linear mixed effect models (GLMM) were performed to test if fire increased 

belowground allocation (i.e., B:A ratio, organs:shoot and root:shoot ratio), and the different 

belowground  biomass (i.e., belowground organs, coarse and fine root biomass). Fire (fire and 

exclusion) was the fixed factor, and the different sites were considered as the random factor. Log 

transformation was performed for belowground allocation, belowground organ biomass, fine root 

biomass, root:shoot and organs:shoot data to fulfill normality and variance homogeneity 

requirements of gaussian family models (Zuur et al. 2009). All GLMM were also performed for 

each site individually to understand the fire effect within sites. 

To understand how fire could affect the composition of belowground organ types we 

performed a permutational multivariate analyses of variance (Anderson 2001) considering the 

biomass of the different belowground organs as the response variable and fire as the explanatory 

variable. The statistical significance of the multivariate variance components, and dispersion was 

tested using 999 unrestricted permutations of the raw data (p < 0.05, bootstrap 999) (Anderson 
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2001; Anderson & Braak 2003), and pairwise comparisons. We adjusted p-value results by 

Bonferroni’s correction to avoid the risk of a type I error as we are making multiple statistical tests 

(Cabin & Mitchell 2000; Legendre & Legendre 2012). We use Bray-Curtis as the dissimilarity 

distance, after square root transformation of raw data to achieve a metric dissimilarly index, down-

weighting dominant organ types and bringing out the signal of non-dominant types (Legendre & 

Gallagher 2001; Legendre & Legendre 2012; Anderson & Walsh 2013). 

All analyses were performed at R environment version R.4.1.1. (R Core Team 2021), using 

glmmMTB (Bolker 2019), psych (Revelle 2021), DHARMa (Hartig & Lohse 2021), performance 

(Lüdecke et al. 2021), randomForest (Liaw & Wiener 2002), and vegan (Oksanen et al. 2020) 

packages. We used package ggplot2 (Wickham et al. 2020) for data visualization. 

 

RESULTS 

Biomass allocation and belowground biomass  

Burned open savannas and grasslands had belowground biomass, mostly due to the higher 

amount of root biomass (both fine and coarse roots) (Figure. 2A, Table S4). All analyzed variables 

were significantly higher in burned and excluded areas, except total belowground organs biomass 

and organs:shoot ratio that were not significantly different (Figure 2A). Further, when fire and 

exclusion areas were analyzed within each site, we noticed great variability in belowground 

biomass responses (Figure 2B). However, except for PNCG, it is possible to observe that the total 

belowground and fine root biomass followed the general trend to increase at fire areas, although 

no significant difference was always observed. The overall trend was also observed for B:A and 

root:shoot ratio (Figure 2B), with high biomass allocated belowground in fire areas. We may 

observe deviation from the general trend for total belowground organ biomass and coarse root 
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biomass when looking at the different sites. At PNSC, PNB and PNCG the tendency highlights 

greater belowground organ biomass at exclusion area, and at PNB, PNCA and PNCG higher coarse 

root biomass at exclusion area compared to fire area (Figure 2B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Belowground biomass (g.m-2) comprising total belowground, belowground organs, coarse and 
fine root biomass, and belowground allocation comprising belowground: aboveground (B:A ratio), 
root:shoot and organs: shoot ratio, between burnt (fire in blue) and fire-excluded areas (exclusion in 
brown) considering all sites (A) and within each site (B). Significant effects were distinguished by red 
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asterisk (p<0.05) resulting from generalized linear mixed models (Table S4 and S6). Abbreviations 
means: RNST- Reserva Natural Serra do Tombador; PNB- Brasilia National Park; PNCG- Chapada dos 
Guimarães National Park; PNSC- Serra do Cipó National Park; PNCA- Campos Amazônicos National 
Park. PNSC is a grassland. RNST, PNB, PCG, PNCA are open savannas. 
 

Belowground organ composition 

 We found differences in the proportion of belowground organ types between fire and 

exclusion areas (Figure 3A). Overall, although no significant differences were found, fire areas 

had a higher proportion of xylopodium compared to exclusion areas (Figure 3A). Rhizomes were 

the most common belowground organs in both fire and exclusion areas, but the proportion of 

rhizomes tended to decrease in fire areas. The composition of belowground organs varied with 

fire at PNCG and RNST (p<0.05), with higher proportion of xylopodium in burnt areas (Figure 

3B, Table S5). At RNST, xylopodia just occurred in fire areas (Figure 3B). The same trend was 

observed for PNB, with an increasing proportion of xylopodium with fire (Figure 3B). The other 

belowground organs, i.e. bulbs, corms and root crowns, had the lowest proportion. These organs 

were present only at RNST fire areas and PNB exclusion areas (Figure 3B, Table S5). Woody 

rhizomes did not show any patterns, but the proportion of woody rhizomes was higher in 

excluded areas for PNB, PNCA and RNST, compared to fire areas whereas it was the contrary in 

PNSC and PNCG. At RNST we found a slight decrease of gemiferous root proportion in fire 

area (Figure 3B). 
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Figure 3. Proportion (%) of each type of belowground organ considering (A) all sites and (B) within each site between burnt (fire) and fire-
excluded areas (exclusion). Significant effects were distinguished by gray asterisk (p<0.05) resulting from permutational multivariate analysis of 
variance (PERMANOVA) with p-values adjusted by Bonferroni correction. Abbreviation means: RNST- Reserva Natural Serra do Tombador; 
PNB- Brasilia National Park; PNCG- Chapada dos Guimarães National Park; PNSC- Serra do Cipó National Park; PNCA- Campos Amazônicos 
National Park. PNSC is a grassland. RNST, PNB, PCG, PNCA are open savannas. 
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DISCUSSION 

 

Our study showed that belowground biomass was higher at fire compared to exclusion 

areas, primarily due to the greater root biomass investment. This finding indicates that root 

biomass is one of the first variables to respond to fire in tropical open ecosystems. Higher root 

biomass allows the increase of nutrient uptake (Qi et al. 2019), mainly by the investment in 

absorptive fine roots (Le Stradic et al. 2021). Great biomass investment in the root system might 

be an adaptation of plants from nutrient-poor environments, as Cerrado grasslands and savannas, 

to effectively increase the nutrient uptake, especially from the nutrients released from ash after fire 

at soil surface (Pivello et al. 2010; Oliveras et al. 2013). The increase of nutrient uptake promotes 

plant shoot regrowth as part of the plant regenerative strategy in those ecosystems (Le Stradic et 

al. 2021). Coarse root biomass was greater at fire areas than in exclusion areas, but we also 

observed variations between sites: at RNST and PNSC, coarse root biomass was higher at fire 

areas, in the other sites coarse biomass was higher in exclusion areas. In all those cases the increase 

of coarse root biomass might just mirror the increase in fine roots in fire area, once the main 

function of coarse root is to support fine roots network (Oliveira et al. 2005; Tobin et al. 2007). 

The important biomass investment in roots in fire area led to higher biomass allocation 

belowground in relation to aboveground biomass. Fire removed aboveground biomass and then 

increase the demand for belowground resources to promote shoot regrowth (Mokany et al. 2006; 

Le Stradic et al. 2021). We expected greater belowground organ investment compared to live 

aboveground biomass at fire areas compared to exclusion areas, because at fire-prone ecosystems 

the allocation of biomass belowground is primarily through belowground organs (Pausas et al. 

2016; Ottaviani et al. 2020). However, we did not find any differences in our study, which might 

reflect the absence of differences found for belowground organ biomass between fire and exclusion 
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areas. Fire is expected to enhance biomass allocation in belowground organs as a strategy to 

enhance vegetation ability to persist in fire-prone ecosystem through resprouting (Lamont & 

Wiens 2003; Simon & Pennington 2012; Pilon et al. 2021; Zupo et al. 2021). Areas with long 

intervals without fire can show a lower amount of belowground organs in some open ecosystems, 

such as tropical wet grasslands (Fidelis et al. 2014) and opens savannas (Bombo et al. 2022). 

However, belowground organs are long-lived structures and can remain in the system for many 

years (Pausas et al. 2018; Ott et al. 2019). The absence of differences found in the total 

belowground organ biomass in our study may be related to the great capacity of belowground 

organs to remain in the system, even after 12 years of fire exclusion, or sometimes more (e.g.  19 

year of fire exclusion at PNSC). However, at RNST, 17 year of fire exclusion decreased drastically 

belowground organs biomass, indicating that fire exclusion might impact the belowground organ 

biomass. 

Fire also drove variation in belowground organ composition. As we hypothesized, fire 

areas had a higher proportion of xylopodia. Xylopodia is a bud-bearing organ commonly found in 

Cerrado plants, mostly related to areas under high fire frequency (Appezzato-da-Glória et al. 2008; 

Bombo et al. 2022). Xylopodia are usually associated with storage structures (i.e., stems or 

tuberous roots) that have non-structural carbohydrate, and a protected bud bank under soil surface 

(Rizzini & Heringer 1961; Appezzato-da-Glória et al. 2008; Pausas et al. 2018). These traits 

guarantee rapid production of new aboveground shoots after fire, promoting plant resprouting and 

persistence after fire (Clarke et al. 2013; Pausas & Keeley 2014). Fleshy rhizomes decreased at 

fire areas, but they remain as the dominant belowground organ. Fleshy rhizomes are structures 

related to grasses that increase their ability to survive after aboveground biomass removal (Pausas 
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et al. 2018; Pausas & Paula 2020), indicating the greater resilience capacity of graminoids species 

(Edwards et al. 2010). 

At exclusion areas we observed a change in the importance of belowground organs related 

with strategies of persistence in burnt systems, to belowground organs more related to strategy of 

exploration of new locals thought lateral spread. Exclusion areas had a lower proportion of 

xylopodia. Xylopodia is highly related to areas under frequent fires (Pausas et al. 2018), once fire 

is excluded, this is the first structure to be affected, since it decreases in proportion (Fidelis et al. 

2014; Bombo et al. 2022). We also observed in exclusion areas a high proportion of woody and 

fleshy rhizomes, indicating the important presence of lateral spread. Woody rhizomes are long-

lived structures that grow horizontally, accumulating dormant buds and producing new aerial 

stems using its own carbohydrate storage (Tiedemann et al. 1987; Alves et al. 2013; Pausas et al. 

2018). Fleshy rhizomes are more associated with more diverse types of carbohydrate (e.g., starch 

or oligosaccharides), mineral nutrient and water storage in grasses (Almeida et al. 2015; de Moraes 

et al. 2016) rather than accumulation of buds, leading to rapid clonal growth and the formation of 

large networks of interconnect ramets (Herben et al. 2016; Herben & Klimešová 2020). The 

carbohydrate storage from those belowground organs ensure great efficiency for plants to occupy 

available niche (Keeley & Rundel 2005; de Moraes et al. 2016; Ottaviani et al. 2017; Vesk & Yen 

2019). 

 Looking at each site, we observed variation of belowground allocation and biomass in 

response to fire. The differences in time since last fire, fire frequencies, vegetation composition or 

edaphic factors such as differences in water soil holding capacity, physical and chemical soil 

composition could also play a role in belowground allocation, explaining the great variability 

found among sites. For example, sites that historically registered contrasting fire regimes as in 
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RNST, showed clear biomass allocation belowground with fire. Areas that recorded a more recent 

increase of number of fire as PNB, did not show any significant differences between fire and 

exclusion areas. In such case, the recent increase of fire might be not enough to promote significant 

differences between fire and exclusion areas. Also, some areas sharing the same time since the last 

fire, presented marked difference between fire and exclusion areas (e.g., RNST, PNCA), whereas 

others did not (PNCG). In addition, for some sites such as PNSC and PNCA, edaphic factors such 

as soil nutrients or water soil holding capacity might be more relevant to explain biomass allocation 

and belowground biomass than fire. 

 

CONCLUSION 

Fire primarily increased root biomass: a prompt response to increase resource uptake 

provided by post-fire environment, and to ensure vegetation recovery. Our findings also 

highlighted that even after long period of fire exclusion (>12 years) belowground organs were still 

present in both fire- and fire-excluded areas. However, fire exclusion also led to differences in 

belowground allocation, changing the importance of organs related to strategy of persistence in 

disturbed/burnt systems, to organs related to strategy of exploration of new locals through lateral 

spread. Those changes might influence system regeneration, because the species with belowground 

organs with clonal capacity can quickly colonized new sites, whereas, for the species without 

clonal capacity, the colonization of new sites can be slow or not even possible. This is an important 

information for fire-prone open ecosystem management and restoration actions, that should focus 

on conservation of belowground plants structures to guarantee the recovery of plant richness and 

functions (Nerlekar & Veldman 2020; Buisson et al. 2022). Those goals could be achieved through 

the reestablishment of feedbacks among fire and vegetation to stimulate the increase of 
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belowground bud bank (Bombo et al. 2021; Buisson et al. 2022). Furthermore, the biomass 

allocation belowground in fire-prone open ecosystems considering the distinct belowground 

structures and the heterogeneity of those ecosystems should be more investigated. 
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Material Suplementar 

 

 

Até o momento da publicação desse manuscrito, todos os dados que suportam os achados desse 

estudo estarão disponíveis no repositório Zenodo. 
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Table S1. Belowground organ classification according to bud-bearing functions based on Bombo 
et al. (2021) and Pausas et al. (2018). 
 

Underground 
organ type 

General description Function 

Bulb/corm 
Swollen underground structures with 
one or few buds (i.e. bulb, corm). 
 

persistence and resprouting.  

xylopodium 

Woody basal burls with buds located 
at the upper part of the structure and 
associated with roots. 
 

persistence and resprouting (if associated 
with storage structures). 

root crown 
Buds located at the root shoot 
transition zone with no basal burls. 
 

in situ persistence and resprouting. 

woody rhizome 

Woody burls with buds located at the 
knots or rhizome associated with 
stems growing horizontally. 
 

persistence, resprouting and lateral 
spreading. 

rhizome 

The sum of herbaceous subterranean 
axis stems with buds that grow 
horizontally or semi vertically from a 
parent plant without a defined limit 
(i.e., fleshy rhizomes) and stems that 
grow downwards with buds deeply 
buried and that give rise to roots (i.e., 
rhizophores).  
 

persistence, resprout, and lateral spreading. 

gemiferous roots 

Roots with buds that produced 
vertical suckers, or one or few stems 
(i.e., taproot tuber, bud bearing root, 
adventitious roots tuber). 
 

persistence, resprouting and lateral 
spreading. 

others 
Non identify fragment of bud-bearing 
organs that could not fitted in the 
categories pervious described. 

- 

 

Reference 

Bombo, A., Siebert, F., & Fidelis, A. 2021. Fire and herbivory shape belowground bud banks in a semi-

arid African savanna. African Journal of Range & Forage Science. doi: 

10.2989/10220119.2021.1982004 

Pausas, J.G., Lamont, B.B., Paula, S., Appezzato-da-Glória, B., & Fidelis, A. 2018. Unearthing 

belowground bud banks in fire-prone ecosystems. New Phytologist 217: 1435–1448. 
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Table S2. Belowground allocation variables (mean ± SE) measured in tropical open ecosystems comparing areas frequently burn (i.e., the last 35 
years burned 5-19 times, fire hereafter) to areas excluded from fire in the last 12 years (i.e., the last 35 years burned 1-7 times, exclusion hereafter). 

  

Total 
belowground 

biomass (gm-2) 

Total 
belowground 

organ biomass 
(gm-2) 

Total coarse 
root biomass 

(gm-2) 

Total fine root 
biomass (gm-2) 

B:A 
allocation 

Organs:shoot 
ratio 

Root:shoot 
ratio 

Exclusion 

All 966.27±110.37 558.60±91.37 56.35±15.14 351.31±30.68 5.53±0.69 2.82±0.45 2.71±0.35 

PNC 2057.43±227.40 1470.26±228.70 30.35±9.17 556.83±85.18 6.44±0.62 4.52±0.57 1.93±0.30 

PNB 889.62±200.73 475.86±145.60 109.31±71.35 304.45±23.07 8.45±2.95 4.53±1.83 3.93±1.34 

PNCA 550.39±55.25 122.56±22.17 47.74±15.80 380.09±39.77 5.23±0.90 1.05±0.15 4.18±0.80 

PNCG 984.40±213.78 504.98±155.85 47.71±20.48 431.71±63.95 4.13±1.03 2.09±0.70 2.05±0.39 

RNST 405.56±106.22 250.20±99.32 47.54±13.89 107.83±13.51 3.60±0.72 2.00±0.50 1.60±0.33 

Fire 

All 1246.35±135.89 621.88±99.62 155.73±48.27 468.74±32.97 6.99±0.51 3.13±0.39 3.86±0.30 

PNC 1935.70±186.98 1141.73±160.85 99.86±42.67 694.11±104.97 9.28±1.02 5.55±1.04 3.73±0.46 

PNB 816.00±110.73 391.10±117.38 19.20±11.58 405.71±57.46 6.70±0.87 2.89±0.68 3.80±0.78 

PNCA 831.96±77.69 194.69±34.97 23.57±5.33 613.71±65.06 6.40±0.92 1.52±0.35 4.89±0.72 

PNCG 628.65±197.57 282.00±163.44 15.07±9.44 331.58±46.28 5.11±1.02 1.97±0.73 3.14±0.63 

RNST 1948.05±406.76 1063.56±293.93 538.74±161.44 345.76±15.48 7.57±1.38 3.83±0.91 3.74±0.67 
Abbreviations: B:A, belowground :aboveground. 
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Table S3. Belowground organ types (mean ± SE) measured in tropical open ecosystems comparing areas frequently burn (i.e., the last 
35 years burned 5-19 times, fire hereafter) to areas excluded from fire in the last 12 years (i.e., the last 35 years burned 1-7 times, 
exclusion hereafter). 
 

    

Bulb/corm 
(gm-2) 

Xylopodium 
(gm-2) 

Root 
Crown (gm-

2) 

Woody rhizome 
(gm-2) Rhizome (gm-2) Gemiferous 

roots (gm-2) 
others 
 (gm-2) 

Exclusion 

All 0.00±0.00 3.78±1.82 0.25±0.25 33.13±17.93 509.69±91.25 5.31±2.56 6.45±3.39 
PNC 0.00±0.00 3.04±2.23 0.00±0.00 0.98±0.98 1465.18±228.62 0.00±0.00 1.06±0.89 
PNB 0.00±0.00 12.80±8.49 1.28±1.28 118.27±83.50 324.13±94.83 1.63±1.22 17.74±13.63 
PNCA 0.00±0.00 2.98±2.04 0.00±0.00 13.60±13.60 104.50±22.19 0.00±0.00 1.49±1.08 
PNCG 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 504.98±155.85 0.00±0.00 0.00±0.00 
RNST 0.00±0.00 0.41±0.41 0.00±0.00 32.82±26.68 182.37±104.18 23.15±10.48 11.45±9.48 

Fire 

All 0.49±0.49 143.31±54.45 0.00±0.00 20.89±12.67 431.16±66.92 8.90±4.65 17.14±9.17 
PNC 0.00±0.00 1.99±1.99 0.00±0.00 62.47±62.477 1073.75±174.57 0.11±0.11 3.41±2.77 
PNB 0.00±0.00 86.34±68.93 0.00±0.00 2.29±1.73 278.97±112.73 0.00±0.00 23.50±13.98 
PNCA 0.00±0.00 6.32±6.32 0.00±0.00 6.24±6.24 182.13±28.49 0.00±0.00 0.00±0.00 
PNCG 0.00±0.00 130.66±130.66 0.00±0.00 32.72±32.72 112.02±18.75 0.00±0.00 6.61±6.608 
RNST 2.08±2.08 421.47±179.72 0.00±0.00 7.56±4.93 549.53±129.74 37.73±17.86 45.19±36.61 

 

 



Fogo e alocação de biomassa______________________________________________________________________________________Capítulo II 
 

____________________________________________________________________________________________________________________ 133 

Table S4. Statistical models to analyze belowground allocation (biomasses in g.m-2) variables relative to areas frequently burn (i.e., the last 35 years 
burned 5-19 times, fire hereafter) and to areas excluded from fire in the last 12 years (i.e., the last 35 years burned 1-7 times, exclusion hereafter) in 
Cerrado open ecosystems. Estimates of predictive variables are informed together with confidence intervals (inside the parenthesis). The model 
intercepts are also presented. More details on the statistical analyses are available in the main text.  
 

  Belowground 
Belowground 
organs Coarse root Fine root B:A allocation Root:shoot ratio 

Organs:shoot 
ratio 

(Intercept) 6.56*** 5.58*** 53.32 5.66 *** 1.43*** 2.72*** 0.42 

 (6.17 – 6.95) (4.90 – 6.26) 
(-
48.78 – 155.42) (5.32 – 6.00)    (1.18 – 1.68) (1.92 – 3.52) (-0.10 – 0.94) 

Fire- Exclusion 0.34** (log) 0.33 (log) 95.82* 0.41*** (log) 0.38* (log) 1.15** (log) 0.32 (log) 
 (0.08 – 0.59) (-0.11 – 0.76) (4.52 – 187.13) (0.23 – 0.59) (0.13 – 0.63) 0.28 – 2.01 (-0.09 – 0.73) 

N local 5 5 5 5 5 5 5 
Marginal R2 / 
Conditional R2 0.047 / 0.303 0.015 / 0.283 0.035 / 0.159 0.109 / 0.441 0.073 / 0.153 0.059 / 0.120 0.019 / 0.190 
Abbreviations: B:A, belowground :aboveground. Bold text indicates significance (*** p < 0.001; ** p < 0.01; * p < 0.05). (log) refers to log transformation. 
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Table S5. Permutational multivariate analysis of variance (PERMANOVA) for the dissimilarities 
(999 bootstrap, p < 0.05) of the underground organ types between areas comparing areas frequently 
burn (i.e., the last 35 years burned 5-19 times, fire hereafter) to areas excluded from fire in the last 
12 years (i.e., the last 35 years burned 1-7 times, exclusion hereafter) in Cerrado open ecosystems. 
Adjusted p-values were obtained though Bonferroni correction. Bold text indicates significance 
(p<0.05).  
 

    F-model R2 p-value p-value 
adjusted  

 

Fire vs Exclusion 

All 1.416 0.014 0.274 0.234  

PNC 0.700 0.040 0.652 0.323  

PNB 0.998 0.053 0.427 0.426  

PNCA 1.551 0.079 0.161 0.088  

PNCG 3.250 0.153  0.004* 0.007*  

RNST 4.002 0.160  0.003* 0.001*  
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Table S6. Statistical models to analyze belowground allocation and biomass (g.m-2) variables relative to areas frequently burn (i.e., the last 35 years 
burned 5-19 times, fire hereafter) and areas excluded from fire in the last 12 years (i.e., the last 35 years burned 1-7 times, exclusion hereafter), in 
each one of the Cerrado open ecosystem sampled. Estimates of predictive variables are informed together with confidence intervals (inside the 
parenthesis). The model intercepts are also presented. More details on the statistical analyses are available in the main text. 
 

    Belowground 
Belowground 

organs Coarse roots Fine roots B:A ratio 
Root:shoot 

ratio 
Organs:shoot 

ratio 

 (Intercept) 2057.43*** 1470.26*** 30.35 6.22*** 1.73*** 1.68*** 4.52*** 

PNC  (1676.66 – 2438.20) (1105.79 – 1834.72) (-22.59 – 83.30) (5.96 – 6.49) (1.64 – 1.83) (1.46 – 1.94) (3.05 – 5.98) 

 Fire- Exclusion -121.74 -328.52 69.51(*) 0.24(log) 0.91* (log) 0.78**(log) 1.03 

  (-674.98 – 431.51) (-858.08 – 201.03) (-7.42 – 146.43) (-0.15 – 0.62) (0.85 – 0.98) (0.66 – 0.91) (-1.10 – 3.16) 
PNB (Intercept) 6.64*** 5.44*** 7.36*** 5.69*** 1.64*** 0.98* 0.49 
  (6.21 – 7.08) 4.69 – 6.19 (3.89 – 10.83) (5.48 – 5.89) 1.16 – 2.12 (0.54 – 1.42) (-0.30 – 1.28) 
 Fire- Exclusion -0.44(log) 0.16 (log) -3.94(sqrt) 0.24(log) 0.17 (log) 0.19 (log) 0.3 (log) 
  (-1.06 – 0.17) -0.90 – 1.22 -8.84 – 0.97 (-0.05 – 0.53) -0.51 – 0.85 (-0.44 – 0.81) (-0.82 – 1.41) 
PNCA (Intercept) 6.26*** 122.56*** 5.8*** 5.89*** 1.92*** 1.26*** -0.09 
  (6.08 – 6.45) (68.12 – 177.00) (3.95 – 7.66) (5.69 – 6.08) (1.71 – 2.16) (0.94 – 1.58) (-0.47 – 0.29) 
 Fire- Exclusion 0.42** 72.13(*) -1.36(sqrt) 0.49***(log) 0.92 (log) 0.24 (log) 0.3 
  (0.15 – 0.68) (-4.87 – 149.12) (-3.98 – 1.26) (0.21 – 0.76) (0.79 – 1.07) (-0.21 – 0.69) (-0.24 – 0.84) 
PNCG (Intercept) 6.64*** 5.39 6.02*** 5.94*** 1.11*** 0.52*** -0.14 
  (6.21 – 7.08) (4.42 – 6.35) (4.10 – 7.94) (5.62 – 6.27) (0.65 – 1.58) (0.12 – 0.92) (-1.10 – 0.81) 

 
Fire- Exclusion 
(log) -0.44 -0.45(log) -3.3*(srqt) -0.26 0.32 (log) 0.44 (log) 0.31 

  (-1.06 – 0.17) (-1.82 – 0.91) (-6.02 – -0.59) (-0.72 – 0.20) -0.34 – 0.98 (-0.12 – 1.01) (-1.04 – 1.66) 
RNST (Intercept) 5.79*** 5.13*** 47.54 4.61*** 1.08*** 0.24 2** 
  (5.40 – 6.18) 4.57 – 5.70 (-181.72 – 276.80) (4.45 – 4.77) (0.70 – 1.46) (-0.14 – 0.61) (0.56 – 3.45) 
 Fire- Exclusion 1.52*** (log) 1.3**(log) 491.21**(sqrt) 1.22*** (log) 0.76** (log) 0.93***(log) 1.82(*) 
  (0.98 – 2.07) 0.52 – 2.09 (173.81 – 808.60) (1.00 – 1.45) (0.23 – 1.29) (0.41 – 1.45) (-0.18 – 3.83) 
                  

Abbreviations: B:A, belowground :aboveground allocation. Bold text indicates significance (*** p < 0.001; ** p < 0.01; * p < 0.05 and (*) marginal significant p<0.08). (log) and 
(sqrt) refers to log and square root transformation.   
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Abstract: Changes in fire frequencies and the occurrence of biological invasion are current threats 

to the functioning of terrestrial ecosystems. In tropical savannas, it is not clear how these global 

changes might alter ecosystem processes including carbon and water fluxes. Using a tropical 

savanna as model and considering the seasonal variation of the system (i.e. rainy and dry season), 

we aimed to understand how net ecosystem and carbon exchange (NEE), water (ET, 

evapotranspiration) and the ecosystem water use efficiency (eWUE) were responding to different 

fire frequencies, i.e., high frequency (annual and biennial fires treatment) and decrease of fire 

frequency (4-5 years without fire, fire exclusion treatment); and biological invasion (invaded by 

African grass  vs. uninvaded areas). At high fire frequencies NEE rates decreased after fire but 

recovered quickly during the first rainy season after fire, up to values similar to unburnt areas. ET 

rates were low after fire but increased during rainy season for biennial fires but important 

interannual variation were also observed. Biennial fires increased eWUE after fire, whereas for 

annual and fire exclusion eWUE did not show variation. While NEE varies in the non-invaded 

areas between rainy and dry season, it did not vary in invaded areas. We concluded that the effect 

of high fire frequency on NEE was quickly reestablished in the first rainy season after fire, and 

that the effect of biological invasion was primarily to buffer the seasonal variation observed in 

uninvaded system. 

 
Keywords: fire regime, biological invasion, carbon flux, water flux, open ecosystems, tropical 
savanna, Cerrado 
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INTRODUCTION 
 
 
 Changes in fire regimes (e.g. fire frequency) and biological invasions are major threats to 

tropical savanna conservation worldwide (Keeley and Pausas 2019; Bowman and others 2020; 

Bond 2022; Stevens and others 2022). Changes in fire regime alter vegetation structure and 

biodiversity as well the ecosystem functions of natural ecosystems (Scheffer and others 2001; 

Scheffer and Carpenter 2003; Ratajczak and others 2018; Stevens and others 2022).  Biological 

invasions (Pyšek and others 2020) can also modify the structure of tropical savannas, by increasing 

dead biomass accumulation, decreasing the cover of native species, and generating biodiversity 

loss. These modifications affect tropical savanna functioning, including carbon fluxes (Damasceno 

and others 2018; Linders and others 2019; Pyšek and others 2020). Then, both changes in fire 

regime and biological invasion, may modify both carbon (C) and water dynamics (Scholze and 

others 2006; Rogers and others 2020) and then the balance of atmospheric gases, and the 

biogeochemical cycles. 

 Contrasting fire frequencies, levels of biological invasion, and vegetation types strongly 

determine C and water fluxes in tropical savannas (Miranda and others 1997; Grace and others 

2006; Catford and others 2012; Teixeira and others 2022). Alterations in C and water dynamics 

affect ecosystems C sink and source, and water use efficiency, because it acts on ecosystem C 

balance, budget, and water stability (Le Quéré and others 2009; Scott and others 2014). However, 

which variation in fire frequency and which cover of invasive species are required to effectively 

impact processes like C and water dynamics, remain poorly evaluated in tropical open savannas 

(but see Garcia and others 2022). In addition, the interaction between these factors and the seasonal 

climate is an additional difficulty to evaluate how ecosystem functioning will be affected by 

variations in fire frequency and biological invasion. 
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Tropical savannas under current fire regime (i.e., low intensity fires, with fire frequency of  

two to six years for open ecosystems in Brazil) (Eiten 1972; Mistry 1998; Pivello 2011; Fidelis 

and others 2018) quickly compensate carbon loss due to emission from fire by the prompt 

regeneration of the vegetation (Santos and others 2003; Bowman and others 2020; McLauchlan 

and others 2020). However, the increase of fire frequencies (i.e., fire intervals <1-2 years), 

promotes a decrease of vegetation cover (grasses and woody), fuel load and an increase of bare 

soil (Pivello and Coutinho 1996; Govender and others 2006; Pivello 2011; Rodrigues and others 

2021). These changes in vegetation structure may compromise general C uptake by decreasing soil 

evapotranspiration and net ecosystem carbon exchange (NEE) (Miranda and others 2002; Quesada 

and others 2004; Gomes and others 2020). On the other hand, fire suppression might result in a 

shift from a dominant herbaceous layer to woody and forest vegetation (Abreu and others 2017), 

increasing ecosystem evapotranspiration (ET) (Honda and Durigan 2016; Schreiner-McGraw and 

others 2020) and decreasing ecosystem water use efficiency (eWUE) (Scott and others 2014), or 

even showing no effect on ET and eWUE (Teixeira and others 2020). Once encroached, the 

increase of carbon storage capacity in such systems can be limited due the lower belowground C 

stock capacity of encroached system (Zhou and others 2022), although a greater C investment on 

aboveground biomass (Abreu and others 2017). 

 Biological invasion by exotic grasses may not lead to strong modification of water and C 

fluxes in tropical savannas (Ens and others 2015), as grasses are still the dominant growth form in 

the community. Indeed, when the invasive species is functionally similar to the dominant native 

species (Strauss and others 2006; Funk and others 2008); we may expect that the ecosystem 

processes remained similar or only slightly altered (Garcia and others 2022). However, African 

grasses invading the Cerrado produce higher biomass than native grasses (Damasceno and others 
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2018). We then may expect an increase of water fluxes since photosynthetic rates are higher in 

invaded than in non-invaded systems and ET might also increase (Williams and Baruch 2000; Van 

Kleunen and others 2010). Besides, in nutrient-poor savannas like Cerrado, invasive species have 

higher eWUE compared to native ones (Funk and Vitousek 2007; Musso and others 2021), further 

increasing biomass productivity and promoting the persistence of the invasive species (Damasceno 

and others 2018). 

 Seasonality also strongly drives both C and water fluxes in tropical open savannas (Grace 

and others 2006; Kutsch and others 2008). At the beginning of the rainy season, ecosystem carbon 

and water fluxes increase due to the high leaf area from growth of live biomass necessary for 

ensuring high photosynthetic rates (Miranda and others 1997; Giambelluca and others 2009). 

These fluxes then decrease during the dry season with the transformation of live to dead biomass 

(Miranda and others 1997; Santos and others 2003; Oliveras and others 2013). Changes in fire 

regime in combination with seasonality can even more strongly alter carbon and water fluxes 

balance (Bowman and others 2020; Miller and others 2021). Fire exclusion might boost C release 

from vegetation during the rainy season by the reduction of eWUE (Santos and others 2003). The 

system then switches from being a sink of atmospheric CO2 to becoming a source of atmospheric 

CO2 (Huxman and others 2004; Scott and others 2014). In the same manner, the interaction 

between biological invasion and seasonality may also disrupt water and C fluxes, as a consequence 

of modification in phenology, biomass production and alteration of microclimate by the invasive 

species (D’Antonio and Vitousek 1992; Setterfield and others 2008; Vila and others 2011). In open 

savannas, due to greater biomass production by the invasive species (Litton and Giardina 2008; 

Lannes and others 2012), alterations in ecosystem processes may happen by increasing ET and 

eWUE during the dry season (Levine and others 2003). 
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 Our study focused on these two factors: fire frequency and biological invasion, which might 

alter carbon and water fluxes of open savannas of the Cerrado. We investigated how net ecosystem 

C and water fluxes (i.e., NEE, ET and eWUE) in tropical open savannas will vary according to 

contrasting fire frequencies (i.e., high fire frequency – both annual and biennial, and decrease of 

fire frequency –4-5 years without fire – fire exclusion, fire frequency hereafter), and biological 

invasion by Urochloa brizantha (Hochst. ex A. Rich.) R.D. Webster, an African grass species 

presenting functional similarity with the native Cerrado grasses (i.e. invaded and non-invaded, 

biological invasion hereafter). We also assessed how the effect of fire and biological invasion on 

C and water fluxes was modulated by the seasonal variations. We expected (i) higher ET but lower 

eWUE and NEE at the fire exclusion in comparison with high fire frequencies; and (ii) higher 

NEE, ET and eWUE during the rainy season and lower NEE, ET and eWUE during the dry season 

in high fire frequency areas contrary to fire exclusion areas. During the dry season, we predicted 

low eWUE at fire exclusion (high ET and no changes in NEE). We expected (iii) higher eWUE, 

NEE and ET at invaded areas compared to non-invaded areas and (iv) higher eWUE during dry 

season at invaded systems (high NEE and low ET) due to the high efficiency of the invasive 

species. 

 

MATERIAL AND METHODS 
 
Study site 
 The study was conducted at the Reserva Natural Serra do Tombador (hereafter RNST; 1313° 

35-38’ S and 47° 45’-51’ W, 8900ha, 560–1118m a.s.l.) in Central Brazil during the rainy season 

of 2015, and rainy and dry season of 2016. The RNST is characterized by high fire frequency (3-

year intervals) (Daldegan and others 2014) and the occurrence of patches dominated by invasive 

African grasses Urochloa brizantha and Melinis minuflora P. Beauv. (Gorgone-Barbosa 2016). 
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 The climate of the region is tropical and markedly seasonal with wet summer between 

November and April (i.e. total precipitation < 1000m), and dry winter between May and October 

(i.e. total precipitation <100mm) (Zanzarini and others 2022). The mean annual temperature is 

24°C and the mean annual precipitation is 1300-1500mm (Fundação Grupo Boticário 2011). The 

RNST has a mosaic of Cerrado vegetation types with the prevalence of open savannas (campo 

sujo, Fundação Grupo Boticário 2011). They are composed by a C4 grass layer, rich in forb species 

with scattered trees and small shrubs, presenting overall low tree cover a (Coutinho 1978). We 

used for this study two distinct areas in RNST: one area with native vegetation, where a long-term 

fire experiment was set up (the area burned every 2-3 years before the establishment of the 

experiment in 2013, Daldegan and others 2014) to evaluate fire frequency effects.  To assess the 

effects of biological invasions, we selected an area with patches invaded by Urochloa brizantha. 

This area has been excluded from fire since 2006 (Gorgone-Barbosa 2016). Both areas were 

excluded from grazing since 2006. 

 

Treatments of fire frequencies  

In 2013, a long-term fire experiment was set up in an area of open savanna (see Rissi and 

others 2017; Rodrigues and others 2021). The fire experiment presents different treatments of fire 

frequency including annual and biennial burnings and fire exclusion (since 2011, 4-5 years without 

fire during the time the measurements for this study were taken). Annual and biennial fire 

frequency treatment represent high fire frequency and fire exclusion treatment represent the 

decrease of fire frequency. Each treatment was independently applied in four plots of 30 × 30m. 

For our study, we randomly selected three plots of each fire treatment (3 plots x 3 treatments = 9 

plots, Table 1). The measurements of ecosystems processes (i.e. NEE, ET and eWUE, see below 
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for more details) were performed in October 2015 (end of the dry season), January 2016 (rainy 

season) and October 2016 (end of the dry season). Fires were set in July 2015 (annual and biennial 

plots) and July 2016 (annual plots). Hereafter, we used the name of each one of the fire frequency 

treatments to distinguish high fire frequency and decreased of fire frequency. 

 

Table 1. General information about the different treatments of fire frequencies (i.e. annual, biennial and 

fire exclusion) at the Reserva Natural Serra do Tombador (RNST) including number of fires (between 2011 

and 2016), years and months of fire and time since the last fire (in months (m) or in years (y) ) regarding 

the date when measurements were taken (i.e., dry season of 2015 and 2016 and rain season of 2016).  

 

Treatments of 
fire frequencies  Years of fires 

Time since last fire 

2015 dry 
season 

2016 rainy 
season 

2016 dry 
season 

Annual 2011, 2012, 2013, 
2014, 2015, 2016 3m 6m 3 m 

Biennial 2011, 2013, 2015 3m 6 m 15m 

Fire exclusion 2011 4 y 4.5 y 5 y 

 

 

Biological invasion  

In the invaded area, we selected four invaded patches with at least 50% cover of Urochloa 

brizantha and four non-invaded patches. All patches sized at least 20 × 15 m (Gorgone-Barbosa 

2016). The measurements (i.e. NEE, ET and eWUE) were carried out in 2015 at the end of the dry 

season (October) and in 2016 at the peak of the rainy season (January). 

 

C and Water measurements 
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We measured net ecosystem exchange of carbon and water (NEE and ET) and ecosystem 

water use efficiency (eWUE) to assess both C and water fluxes in the ecosystem. The 

measurements were done in 3 randomly distributed 1m2 subplots within each of our selected plots. 

For the fire treatment we then totalized 81 measurements (i.e. 3 subplots × 3 plots × 3 seasons × 3 

fire frequencies) and for biological invasion we totalized 48 measurements (i.e. 3 subplots × 4 

patches × 2 season × 2 invaded and non-invaded areas). We measured net ecosystem exchange by 

tracking both the net ecosystem C exchange (NEE; µmols CO2 m-2 s-1) and water exchange (ET; 

ecosystem evapotranspiration; µmols H2O m-2 s-1) between the biosphere and the atmosphere 

using the LiCOR 7500 infrared gas analyzer (Li-Cor Inc.) inside a chamber (0.49m2 total area and 

0.37m3 volume) covered with woven rip-stop polyethylene. The CO2 was recorded over time 

during 120 seconds at each subplot covered previously by the chamber (Arnone and Obrist 2003; 

Huxman and others 2004; Potts and others 2006). Then, ecosystem water use efficiency (eWUE, 

μ mol CO2 / μ mol H2O m-2 s-1) was determined by calculating the ratio of NEE per the amount 

of its water lost, i.e. ecosystem evapotranspiration (ET). Negative NEE values mean ecosystem 

carbon uptake (higher carbon exchange), and positive values means ecosystem carbon release 

(lower carbon exchange). Due to technical problems during field sampling, we used only 71 

observations for the fire treatment. 

 

Data Analyses 

  To quantify the variation of C and water fluxes in response to variation in fire frequency 

treatments and to biological invasion, we performed linear mixed effect models for each response 

variable (i.e, NEE, ET and eWUE) (Zuur and others 2009). We first considered as fixed factors 

each one of the treatments (i.e. the different fire frequencies or biological invasion) to assess their 
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individual effect on C and water fluxes. To evaluate C and water flux variation including the 

seasonal variation, we performed a second model considering the interaction of season and 

treatment as a fixed factor. When the interaction between season and treatment was not significant, 

we operated model simplification by removing the interaction from the model and considering 

season and treatment separately as fixed factors. To incorporate the variation of the post-fire 

condition, the measurements made during the two dry seasons (i.e., October 2015 and October 

2016) were not embedded. For all models, we considered the 1 m2 subplots nested within the 

treatment plot as a random effect. When the fixed effect was significant, we performed pairwise 

comparisons using 95% of the confidence interval. We also performed an ANOVA-like to check 

the random effect significance at each model. All analyses were performed at R environment 

version 4.1.1 (R Core Team 2021) using nlme4 (Bates and others 2020) and emmeas packages 

(Lenth and others 2022. We used package ggplot2 (Wickham and others 2020) for data 

visualization. 

 
RESULTS 
 

Fire and biological invasion differed in their effects on the selected ecosystem processes of 

open savannas. NEE mean value is 19% higher in fire exclusion than in both annual and biennial 

fire frequencies (Figure 1A, Table S1). The effects of annual and biennial fires on NEE were 

similar to each other. Biennial fires led to higher values of eWUE compared to annual fires but did 

not differ with fire exclusion (Figure 1A, Table S3). ET values were similar across all fire 

frequencies. The presence of the invasive species did not significantly impact NEE, ET and eWUE 

(p>0.05, Figure 1B, Table S5). 
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Figure 1. CO2 net ecosystem exchange (NEE; µmols CO2 m-2 s-1), Ecosystem evapotranspiration (ET; 
µmols H2O m-2 s-1) and water use efficiency (eWUE; μ mol CO2 / μ mol H2O m-2 s-1) at open savannas 
located in Central Brazil, according to: (A) different treatments of fire frequencies (annual and biennial 
fires and fire exclusion - 4-5 years without fire); and (B) invasion by an African grass Urochola brizantha 
(invaded x non-invaded areas). Negative values for NEE means carbon uptake and positive values means 
carbon release. The letters represent significant comparisons results (p<0.005) from linear mixed effect 
models. Boxplots are represented in addition to raw data points. The icons were modified from the original 
version designed by Aisyah (fire, a), Milinda Courey (grass, b), from thenounproject.com. 
 
 

We clearly saw seasonal variations in NEE, ET and eWUE in both cases i.e., fire frequencies 

and biological invasion (Figure 2). NEE was on average 37% lower (i.e. values close to 0) in the 

dry season 2015 for all fire frequencies compared to the subsequent rainy and dry seasons of 2016 

(Figure 2A, Table S2). Annual and biennial fires caused an average reduction of 80% and 50% in 

NEE respectively (i.e. values close to 0), compared to fire exclusion, during the first dry season 

(2015). However, in both annual and biennial fires treatment, NEE values quickly increased with 

time to reach values similar to fire exclusion treatment areas during the following rainy and dry 
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season (2016) (p>0.05, Figure 2A, Table S4). The non-invaded areas registered a reduction of 

NEE (i.e. values closed to 0) during the dry season of 2015 and an increase of NEE during the 

rainy season of 2016 (Figure 2B, Table S6). Within the invaded plots, NEE did not vary between 

dry and rainy seasons (Figure 2B). 

ET average increased by ca. 23% from the dry season 2015 to the dry season 2016 for all 

fire frequencies (Figure 2A, Table S2). In biennial fires, ET increased significantly from the dry 

(2015) to rainy season of 2016 (Table S4). On the other hand, ET in annual fire and fire exclusion 

exhibited a lagged response and increased significantly only during the dry season of 2016 (Figure 

2A). ET average also increased by ca. 31% and 44% from the dry season 2015 to the rainy season 

of 2016 in both invaded and non-invaded plots respectively (Figure 2B, Table S3).  

eWUE was higher by 35% in average at biennial fire frequency during the dry season of 

2015 in comparison to rainy season of 2016 (Figure 2A), while eWUE did not differ between 

seasons for annual fire frequency and fire exclusion treatments (Figure 2A). eWUE did not differ 

between dry or rainy season in both invaded and non-invaded patches, although invaded plots 

tended to present higher eWUE rates during the dry season (Figure 2B, Table S6).
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Figure 2. CO2 net ecosystem exchange (NEE; µmols CO2 m-2 s-1), Ecosystem evapotranspiration (ET; 
µmols H2O m-2 s-1) and water use efficiency (eWUE, μ mol CO2 / μ mol H2O m-2 s-1) considering 
seasonality according to (A) treatments of fire frequencies: annual and biennial fire and fire exclusion 
treatment (4-5 years without fire); and (B) invasion by an African grass Urochola brizantha. Asterisk 
represents significant results (p<0.005) from linear mixed effect models. The comparisons were made 
individually for each treatment (i.e., fire frequencies, invaded and non-invaded) between seasons. For 
statistical details of the models see supplementary material (Table S3 to S6). Boxplots are represented. Part 
A and B are represented at a different scale. The icons were modified from the original version designed 
by Aisyah (fire, a), Milinda Courey (grass, b), from thenounproject.com. 
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DISCUSSION 

Our results showed that both fire and biological invasion impacted C and water fluxes, while 

seasonal variations also played a role in flux variations. We show that all fire frequencies promoted 

carbon uptake (i.e. NEE negative values) and that C and water fluxes are quickly reestablished in 

the first rainy season in both annual and biennial fires. Biennial fires presented high values in water 

use efficiency, especially during the dry season 2015 after fire. Then, we also showed that 

biological invasion buffered the seasonal dynamic of C fluxes compared to uninvaded plots.  

 

Effects of fire frequencies on ecosystem processes: NEE, ET and eWUE 

Fire exclusion treatment had greater carbon input (i.e., lower NEE) compared to burned areas 

(annual and biennial fires) whereas exchange of water (ET) and water use efficiency (eWUE) did 

not differ, contrary to what we hypothesized. When seasonal variation was considered, we 

observed the decrease of the CO2 uptake (i.e. NEE values close to 0) after fire during the dry season 

during at annual and biennial fires. This decrease in NEE values is directly related to the recent 

removal of biomass by fire, once measurements were taken three months after fire. On the other 

hand, during the same dry season, in fire exclusion, NEE also decreased (i.e. more negative values) 

but to a lesser extent to what we observed in burnt areas. This result illustrated higher CO2 uptake 

and carbon gain by the unburnt vegetation compared to burnt areas: the vegetation was not 

removed by fire leading to higher biomass, and low bare soil (Rodrigues 2019; Starns and others 

2020). Biomass removal may impact carbon fluxes by modifying microbial activities that will even 

promote the rates of NEE (Pinto and others 2002; Pellegrini and others 2018; Pressler and others 

2019). In both annual and biennial fires, ecosystem CO2 uptake increased i.e. rapid increases in 

NEE rates, in the subsequent rainy season, demonstrating ecosystem resilience after fire (Pinto and 
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others 2002; Oliveras and others 2013). The input of nutrients in the post-fire conditions (Pivello 

and others 2010) coupled with the increase in water availability during the rainy season, ensured 

the quick vegetation recovery (Osborne and Beerling 2006; Ripley and others 2015), and 

consequently increased plant productivity (Grace and others 2006). Indeed, plant investment in 

belowground structure (e.g. bud banks) and reserves (belowground organs) allow the quick 

vegetation regrowth in these savannas (Pilon and others 2021; Zupo and others 2021; Bombo and 

others 2022). The plant productivity during the first post-fire rainy season guarantees important 

CO2 uptake and may lead to rate values similar to unburnt areas in 12 months after fire (Santos 

and others 2003). 

ET increased during the rainy season in biennial plots whereas it increased only during the 

dry season 2016 in both the annual fire and exclusion areas. During the dry season 2015, fire at  

annual and biennial areas just happened juts 3 months ago, leading to an absence of vegetation, 

i.e. biomass removal by fire, and resulting in more bare soil surface. More bare soil increases 

surface soil temperature and decreases soil moisture (Quesada and others 2004; Makhado and 

Scholes 2011), leading the system to water conservation (having low ET relative to NEE) 

(Giambelluca and others 2009; Christoffersen and others 2014). ET increased during the rainy 

season 2016 in biennial areas, potentially because vegetation recovery (6 months after the fire), 

and the biomass accumulation may lead to lower bare soil (Rodrigues and others 2021) and greater 

soil water availability. The presence of vegetation might generate higher water loss in biennial fire 

areas during the dry season 2016 (Geissler and others 2019; Deng and others 2021). Annual show 

a tendency to increased but was not significant. ET in annual fire areas showed a tendency to 

increase but was not significant. However, ET increased both in annual and exclusion fire during 

the dry season which indicate loss of water from the system. For both annual and exclusion, we 



Fogo e invasão biológica no dinâmica do C_________________________________Capítulo III 
 

____________________________________________________________________________ 
 

151 

expected to observe similar ET rates for the dry seasons of 2015 and 2016. Indeed, in annual fires 

measurements were taken 3 months after fire both in 2015 and 2016. In fire exclusion treatment, 

measurements were also taken at the same period and without fire. We might expect an increase 

of dead biomass accumulation through time at exclusion areas (Fidelis and others 2013; Rodrigues 

2019), leading to low bare soil and more soil moisture and mitigating the stress of the dry season. 

However, it is unlikely that the accumulation of dead biomass during only one year lead to such 

significant differences between both dry seasons (Rodrigues 2019). We therefore suggested that 

inter-annual variation of climatic conditions, might explain the strong difference in ET rates 

between both dry seasons observed at fire exclusion and annual plots. 

Annual fires and fire exclusion showed reduced water use efficiency (Emmerich 2007; Scott 

and others 2014), that did not differ between seasons, whereas biennial fires presented high eWUE 

rates right after fire. This result is due to the concomitant low ET and NEE values close to 0 which 

increased the ratio of carbon uptake in relation to water release and thus eWUE. Usually, the post-

fire condition of open savannas is marked by an increase in physiological activity that contributes 

to higher carbon assimilation (Beer and others 2009; Brunsell and others 2014) and results in 

positive eWUE. However, annual fires may affect plant communities by repetitive resprout events 

due to recurrent fires and decrease plant productivity due to the decrease of live biomass 

(Rodrigues and others 2021). Thus, annual fires, by decreasing plant productivity and consequently 

physiological activities (Quesada and others 2004; Potts and others 2012), lead to lower rates of 

eWUE after fire compared to biennial fires. 
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Effect of biological invasion on ecosystem processes 

The presence of Urochloa brizantha did not lead to strong modification in C and water fluxes 

compared to uninvaded areas when seasonal variation was not considered, which may be due to 

the functional similarity between native and invasive grass species (Funk and others 2008). When 

seasonal variations were considered, ET rates were greater during the rainy season both in invaded 

and non-invaded areas, illustrating the constraint that dry season generates on the water flux. 

African invasive grasses, likewise Cerrado native grasses, accumulate dry biomass during periods 

of water limitation, decreasing plant transpiration thus affecting systems evapotranspiration due to 

the reduction of live biomass (Oliveira and others 2005). Besides that, we observed that NEE 

values did not differ with season in invaded plots. Probably because invasive species are more 

efficient in nutrient and water assimilation (Lannes and others 2012), show extended growing 

season, and the maintenance of green biomass longer (Williams and Baruch 2000; Lannes and 

others 2012; Gorgone-Barbosa and others 2015; Reeb and others 2020), when compared to native 

Cerrado species .The differences between invaded and non-invaded areas on carbon and water 

fluxes were also illustrated by a trend of higher eWUE values during the dry season in invaded 

patches, in opposition to constant eWUE values in non-invaded patches. The better efficiency of 

invasive grasses in using limited resources especially during the restrictive period (Funk and 

Vitousek 2007; Musso and others 2021) favor them over native species and enhance their 

invasiveness (Pyšek and Richardson 2007; Reeb and others 2020; Xavier and others 2021). 

Our study highlighted that Urochloa brizantha can alter the seasonal C ecosystem fluxes by 

buffering the effects of seasonality, a crucial environmental filter for tropical open savannas 

(Furley and others 2010; Huntley and Walker, 1984). Invasive species have bottom-up impacts 

(Vila and others 2011), which means that effects on ecosystem functions will be noticed on other 
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levels, such as at the individual and community level (Damasceno 2022). Beyond direct impacts 

on energy and matter fluxes, plant invasions can promote legacy effects in the system, e.g. through 

changes in soil properties (Elgersma and others 2011) even years after removal of the invasive 

species (Zenni and others 2020), ultimately affecting ecosystem processes such as C and water 

fluxes (Bauer 2012). 

 

CONCLUSIONS 

Our findings highlighted how different fire frequencies and the presence of invasive grasses 

can alter open savanna’s carbon and water exchange. We showed a quick reestablishment of NEE, 

associated with C uptake, and water flux in areas under high fire frequencies during the first rainy 

season right after fire. The presence of invasive grasses buffered seasonal variations of C uptake, 

showing the better performance of the invader in using resources even during the dry season. 

Finally, additional factors potentially influencing C and water fluxes, like climatic inter-annual 

variation, different scales (i.e., individual, community or ecosystems), longer time scale and 

intensity of changes (i.e., lower, or higher fire frequency intervals and increase of biological 

invasion), should be further evaluated. Whereas we still do not know how large-scale changes on 

fire regime will impact carbon and water cycling (Brunsell and others 2014; Deng and others 

2021), our study brings new data to better measure the effects of different fire frequencies and 

biological invasion further helping with open ecosystem conservation and restoration. 
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Material Suplementar 

 

Até o momento da publicação desse manuscrito, todos os dados que suportam os achados desse 

estudo estarão disponíveis no repositório Zenodo. 
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Table S1. Carbon and water flux variables (mean ± SE), i.e. Carbon net ecosystem exchange 
(NEE), water ecosystem exchange (evapotranspiration, ET), and ecosystem water use efficiency 
(eWUE), according to treatments of fire frequencies and biological invasion in Cerrado open 
savanna. 
 
 

    

NEE                    
(μ mol CO2m-2s-

1) 

ET                            
(μ mol H2Om-2s-

1) 

eWUE                 
(μ mol CO2m-2s-1 
/ μ mol H2Om-2s-

1) 

Fire  

annual -2.52±0.40 2.03±0.30 1.12±0.14 
biennial -2.803±0.38 2.85±0.42 2.02±0.30 
exclusion -4.58±0.51 2.90±0.47 1.34±0.15 
        

Invasion 
non-invaded -2.59±0.61 1.29±0.22 2.54±0.43 
invaded -3.730±0.64 1.06±0.15 3.81±0.69 
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Table S2. Carbon and water flux variables (mean ± SE), i.e. Carbon net ecosystem exchange (NEE), water ecosystem exchange 
(evapotranspiration, ET), and ecosystem water use efficiency (eWUE), according to treatments of fire frequencies and biological 
invasion and including seasonal variation in Cerrado open savanna. 
 

  NEE (μ mol CO2m-2s-1) ET (μ mol H2Om-2s-1) eWUE (μ mol CO2m-2s-1 / μ mol 
H2Om-2s-1) 

  

2015 dry 
season 

2016 rainy 
season 

2016 dry 
season 

2015 dry 
season 

2016 
rainy 

season 

2016 dry 
season 

2015 dry 
season 

2016 
rainy 

season 

2016 dry 
season 

Fire  

annual -0.67±0.20 -3.74±0.78 -3.36±0.44 0.72±0.08 1.89±0.38 3.66±0.36 0.85±0.23 1.56±0.31 0.98±0.15 
biennial -1.29±0.24 -4.24±0.55 -4.06±0.50 1.38±0.31 4.53±0.77 3.79±0.55 3.00±0.46 1.15±0.22 1.10±0.13 
exclusion -2.85±0.42 -5.82±0.73 -5.05±0.69 3.16±0.65 1.90±0.40 6.52±1.31 1.32±0.23 1.48±0.25 0.78±0.05 
                    

Invasion 

non-
invaded -1.08±0.35 -4.44±1.00  0.75±0.20 1.94±0.32  2.62±0.71 2.44±0.44  

invaded -3.80±0.93 -3.65±0.89  0.76±0.09 1.46±0.29  4.81±1.10 2.47±0.46  
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Table S3. Statistical results of models testing the variation of net ecosystem CO2 exchange 
(NEE; µmols CO2 m-2 s-1), Ecosystem evapotranspiration (ET; µmols H2O m-2 s-1) and water use 
efficiency (eWUE, μ mol CO2 / μ mol H2O m-2 s-1) in relation to treatments of fire frequencies in 
Cerrado open savanna. Estimates of predictive variables are informed together with confidence 
intervals (inside the parenthesis). The model intercepts and the pairwise comparisons (95% of the 
confidence interval) are also presented. Bold text indicates significance (*** p < 0.001; ** p < 
0.01; * p < 0.05). 
 

  NEE  ET   eWUE 

(Intercept) 
-2.52 *** 2.04 

*
*
* 1.13 *** 

 (-3.30 – -1.73)  (1.31 – 2.76)  (0.73 – 1.52)  
annual-biennial -0.28  0.82  0.9 ** 

 (-1.44 – 0.89)  (-0.25 – 1.89)  (0.31 – 1.49)  

annual-exclusion -2.07 ** 0.87  0.22  
 (-3.19 – -0.82)  -0.25 – 1.99  (-0.39 – 0.84)  

Pairwise comparisons       

annual-biennial 0.279  -0.821  -0.897 * 

 ( -1.221 – 1.78)  (-2.18  – 0.534)  (1.647 –  -0.147)  

annual-exclusion 2.004 ** -0.87  -0.224  

 (0.500 – 3.63)  (-2.29 – 0.547)  (-1.007– 0.560)  

biennial-exclusion  1.788 * -0.049  0.674  

 (0.190 – 3.39)  (-1.50   –  1.400)  (-0.128  –   1.475)  
Observations 64   64   64   

Marginal R2  0.165  0.05  0.133   
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Table S4. Statistical results of models testing the variation in net ecosystem CO2 exchange (NEE; 
µmols CO2 m-2 s-1), and Ecosystem evapotranspiration water (ET; ecosystem evapotranspiration; 
µmols H2O m-2 s-1) exchange, and ecosystem water use efficiency (eWUE, μ mol CO2 / μ mol 
H2O m-2 s-1) in relation to seasonality  and treatments of fire frequencies and the interaction 
between these two variables in Cerrado open savanna. Estimates of predictive variables are 
informed together with confidence intervals (inside the parenthesis). The model intercepts and the 
pairwise comparisons (95% of the confidence interval) are also presented. Bold text indicates 
significance (*** p < 0.001; ** p < 0.01; * p < 0.05). 
 

  NEE   ET  eWUE   

(Intercept) -0.71  0.71  0.86 * 
 (-1.45 – 0.03)  (-0.11 – 1.53)  (0.29 – 1.42)  
dry season 2015 - rainy season 2016 -3.01 *** 1.17 * 0.7  

 (-3.82 – -2.21)  (0.02 – 2.32)  (-0.07 – 1.47)  

dry season 2015 - dry season 2016 -2.63 *** 2.95 *** 0.21  
 (-3.55 – -1.72)  (1.78 – 4.11)  (-0.58 – 1.00)  

annual - biennial -0.59  0.67  2.14 *** 
 (-1.45 – 0.26)  (-0.46 – 1.80)  (1.36 – 2.92)  
annual - exclusion -2.06 *** 2.45 *** 0.45  
 (-2.97 – -1.15)  (1.22 – 3.69)  (-0.40 – 1.30)  

rainy season 2016* biennial  
- 

1.96 * -2.52 *** 
 (0.27 – 3.65)  (-3.66 – -1.38)  

dry season 2016 * biennial 

- 

-0.52  -2.09 ** 

 (-2.27 – 1.24)  (-3.28 – -0.90)  

rainy season 2016 * exclusion 
- 

-2.43 ** -0.52  
 (-4.09 – -0.77)  (-1.63 – 0.60)  

dry season 2016 * exclusion 
- 

0.44  -0.72  
 (-1.82 – 2.69)  (-2.25 – 0.81)  
Pairwise comparisons   
Annual       
dry season 2015 - rainy season 2016 3.012 *** -1.168  -0.7002  
 (2.03 – 3.996)  (-2.581 – 0.246)  (-1.652 – 0.252)  
 dry season 2015 - dry season 2016 2.633 *** -2.948 *** -0.2065  

 (1.51 – 3.759)   (-4.383 – -1.512)  (-1.180 – 0.767)  

 rainy season 2016 - dry season 2016 -0.379  -1.78 * 0.4937  
 (-1.55 – 0.791)   (-3.254 – -0.305)  (-0.505 –1.492)  
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Continue Table S4... 

 NEE ET eWUE 

Biennial       
dry season 2015 - rainy season 2016 3.012 *** -3.127 *** 1.8186 *** 

 (2.03 – 3.996)   (-4.646 – -1.608)  (0.789 – 2.849)  
 dry season 2015 - dry season 2016 2.633 *** -2.432 ** 1.8861 *** 

 (1.51  – 3.759)   (-4.046 – -0.819)  (0.794 – 2.978)  
 rainy season 2016 - dry season 2016 -0.379  0.695  0.0676  
 (-1.55 –   0.791)   (-1.113  – 2.502)  (-1.164 – 1.299)  
Exclusion       
dry season 2015 - rainy season 2016 3.012 *** 1.26  -0.1837  
 (2.03  – 3.996)  ( -0.209 – 2.728)  (-1.174–0.807)  
 dry season 2015 - dry season 2016 2.633 *** -3.383 ** 0.5101  
 (1.51 – 3.759)   (-5.785  – -0.981)  (-1.119 – 2.139)  
 rainy season 2016 - dry season 2016    -0.379  -4.642 *** 0.6938  

 (-1.55 – 0.791)  ( -6.994 – -2.291)  (-0.904 – 2.291)  
Observations 64   64   64   

Marginal R2 / Conditional R2 0.585 / 0.596   0.572 / 0.605   0.402 / 0.475   

  



Fogo e invasão biológica na dinâmica do C_______________________________Capítulo III 
 

____________________________________________________________________________ 
 

169 

Table S5. Statistical results of the models aiming to assess net ecosystem CO2 exchange (NEE; 
µmols CO2 m-2 s-1), Ecosystem evapotranspiration water (ET; ecosystem evapotranspiration; 
µmols H2O m-2 s-1) exchange, and ecosystem water use efficiency (eWUE, μ mol CO2 / μ mol 
H2O m-2 s-1) in relation to biological invasion i.e., non-invaded and invaded, in Cerrado open 
savanna. Estimates of predictive variables are informed together with confidence intervals (inside 
the parenthesis). The model intercepts are also presented. Bold text indicates significance (*** p 
< 0.001; ** p < 0.01; * p < 0.05). 
 

  NEE 
  

ET  
  

eWUE  
  

(Intercept) -2.6 *** 1.29 *** 2.55 ** 

 (-3.88 – -1.31)  (0.89 – 1.68)  (1.12 – 3.98)  
invaded-non-invaded -1.14  -0.22  1.43  

 (-2.94 – 0.66)  (-0.78 – 0.33)  (-0.53 – 3.39)  

Observations 41   41   41   

Marginal R2  0.04  0.017  0.065   
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Table S6. Statistical results of models assessing net ecosystem CO2 exchange (NEE; µmols CO2 
m-2 s-1), Ecosystem evapotranspiration water (ET; ecosystem evapotranspiration; µmols H2O 
m-2 s-1) exchange, and ecosystem water use efficiency (eWUE, μ mol CO2 / μ mol H2O m-2 s-1) 
in relation to seasonality, biological invasion and the interaction between both variables in 
Cerrado open savanna. Estimates of predictive variables are informed together with confidence 
intervals (inside the parenthesis). The model intercepts and pairwise comparisons (95% of the 
confidence interval) are also presented. Bold text indicates significance (*** p < 0.001; ** p < 
0.01; * p < 0.05). 
 

  NEE  
  

ET 
  

eWUE 
  

(Intercept) -1.09  0.86 *** 3.12 *** 
 (-2.71 – 0.54)  (0.45 – 1.26)  (1.72 – 4.52)  
dry season 2015 - rainy season 
2016 -3.36 ** 0.94 *** -1.28  

 -5.77 – -0.94  (0.50 – 1.39)  (-2.95 – 0.39)  

non-invaded - invaded -2.63 * -0.21  1.23  
 (-3.55 – -1.72)  (-0.70 – 0.28)  (-0.42 – 2.89)  

rainy season 2016 * invaded -2.72 * 
 

 
 

 
 (-4.96 – -0.47)    
Pairwise comparisons       
Non-invaded       
 dry season 2015 - rainy 
season 2016     3.36 * -0.944 *** 1.28  

 (0.839 – 5.88)  
(-2.581 – 

0.246)  
( -0.448 – 

3.01)  
Invaded       
dry season 2015 - rainy season 
2016     -0.15  -0.944 *** 1.28  

 (-2.605 – 2.30)   (-1.4 – 0.485)  
( -0.448 – 

3.01)  
Observations 41   41   41   

Marginal R2 / Conditional R2 0.198   0.305 / 0.409   0.108   
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CONSIDERAÇÕES FINAIS 
 

O principal objetivo desta tese foi investigar como o fogo e a invasão biológica podem afetar 

a dinâmica do carbono em ecossistemas neotropicais campestres e savânicos, utilizando como 

modelo de estudo o Cerrado. No capítulo 1, nós mostramos que o fogo promoveu a entrada de 

carbono no ecossistema (NEE), favoreceu a diversidade funcional e a biomassa subterrânea, além 

de promover o carbono no solo (SOC) (Figura 1). Estes resultados demonstram que quando o fogo 

é excluído do sistema, a diversidade funcional diminui. A longo prazo, a diminuição da diversidade 

funcional pode afetar a resiliência do sistema em áreas onde o fogo foi excluído, por afetar a rápida 

e diversa resposta pós-fogo (Pilon et al. 2021; Zupo et al. 2021; Le Stradic et al. 2021). 

Por se tratar de ambientes naturalmente inflamáveis, estes ecossistemas queimam, 

naturalmente ou até mesmo por meio do estabelecimento do manejo integrado de fogo e (ver 

Schmidt et al. 2018; Schmidt & Eloy 2020). Os eventos de fogo globalmente estão mais frequentes 

(Chergui et al. 2018), intensos (Singleton et al. 2019) e extensos (Collins et al. 2021). Áreas 

excluídas do fogo por muito tempo geram usualmente incêndios de maiores proporções e 

severidade, devido ao maior acúmulo do material combustível (Fidelis et al. 2018). Estes fatores 

levam ao aumento da emissão de gases atmosféricos (Bowman et al. 2020), desaceleração do ciclo 

de nutrientes (Archibald et al. 2018), e a perda de espécies típicas de savanas (Durigan & Ratter 

2016; Abreu et al. 2017). Assim, com a perda de espécies típicas de savanas, e a diminuição da 

diversidade funcional observada em nosso estudo, as estratégias de resposta ao fogo (e.g., rápido 

rebrote, eficiência no uso de recurso pós-fogo) podem ser perdidas. Com isso, a habilidade natural 

destes ecossistemas em compensar a perda de carbono provinda da combustão de biomassa, 

através do rebrote, também pode ser comprometida, alterando então, a dinâmica do carbono. 

A relação entre as modificações dos processos ligados ao fluxo de entrada de carbono (SOC e 

NEE) e a diversidade funcional não foi evidenciada em nosso estudo. Outros estudos evidenciaram 

que a entrada de carbono em ecossistemas está fortemente associada aos atributos de raízes, porém 

ela é fortemente mediada por atividades microbianas (Rossi et al. 2020; Bai & Cotrufo 2022). A 

dinâmica do microbioma das plantas tem um papel muito importante nas respostas solo-planta que 

afetam a entrada e a saída de carbono em ambientes inflamáveis (Pressler et al. 2019; Vermeire et 

al. 2021). Estudos recentes também indicam que atributos relacionados com a interação raízes-
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atividades microbianas (i.e., quantidade e composição de exsudatos de raízes), podem trazer mais 

precisão ao entendimento da relação entre os atributos funcionais de plantas e a dinâmica de 

carbono (Freschet et al. 2020; Freschet et al. 2021). Especialmente, em ecossistemas complexos, 

como os ecossistemas campestres e savânicos, acreditamos que futuros estudos relacionados à 

avaliação do componente subterrâneo das comunidades vegetais e o papel que ele oferece no ciclo 

de carbono poderia ajudar no entendimento da relação entre a diversidade funcional e o fluxo de 

entrada de carbono nestes sistemas. Assim, este estudo abre precedentes para a inclusão da 

dinâmica do microbioma das plantas para o completo entendimento das relações que permeiam a 

dinâmica de carbono de um ambiente inflamável. 

No capítulo 2, quando olhamos para a biomassa subterrânea e a sua alocação, a presença do 

fogo gerou maior alocação de biomassa na parte subterrânea devido a um investimento importante 

no sistema radicular, incluindo-se tanto as raízes finas (<2mm) como grossas (> 2mm) (Figura 1). 

Também demonstramos que mais de 12 anos de exclusão de fogo ainda não foram suficientes para 

modificar a biomassa total de órgãos subterrâneos. Porém, este tempo foi suficiente para alterar a 

composição desta biomassa de órgãos subterrâneos. Com a exclusão de fogo, a maior biomassa é 

proveniente de órgãos relacionados ao crescimento clonal (rizomas) e o desaparecimento de órgãos 

que são exclusivamente relacionados ao rebrote e a presença de fogo como os xilopódios. 

Contrariamente, demonstramos que nas aéreas que queimam há maior biomassa de xilopódios, 

indicando a sua importância para a persistência de plantas adaptadas ao fogo. Essas mudanças, por 

sua vez, podem influenciar a capacidade de regeneração do sistema. Espécies com órgãos 

subterrâneos com capacidade clonal podem rapidamente colonizar novas áreas, enquanto espécies 

com órgãos sem a capacidade clonal, a colonização de novas áreas pode ser lenta, ou até mesmo 

não ocorrer (Bombo et al. 2022). Estes resultados são de grande importância para ações 

relacionadas ao manejo de fogo e à restauração de ecossistemas campestres e savânicos do 

Cerrado. Indicamos que estas ações devem priorizar a manutenção dos feedbacks entre a vegetação 

o fogo, para garantir a conservação do banco de gemas e, principalmente, a diversidade dos órgãos 

subterrâneos destes ecossistemas. 

No capítulo 3, olhamos os fluxos de entrada e saída de carbono em resposta a distintas 

frequências de fogo e à invasão biológica. Nossos resultados demonstraram que: (i) a alta 

frequência de fogo diminui os fluxos de carbono logo após o evento de fogo. Porém os sistemas 

demonstram rápido restabelecimento de seus fluxos, logo na primeira estação chuvosa; (ii) a 
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exclusão do fogo apresenta maiores valores para a entrada de carbono (NEE); e (ii) que a invasão 

biológica apesar de não promover alterações nos fluxos, neutraliza o efeito da variação sazonal 

destes processos, diferentemente do que acontece nos ambientes não invadidos, que respondem a 

variação sazonal (Figura 1). A partir de nossos resultados, sugerimos que sejam feitos novos 

estudos que estimem o efeito de longo prazo nas mudanças do regime de fogo e do estabelecimento 

dos processos de invasão biológica nestes ecossistemas.  

 

Figura 1. Resumo esquemático dos achados gerais desta tese com base nos pontos de investigação 
realizados em savanas abertas do Cerrado. As setas representam os efeitos e interações estudadas neste 
trabalho. As setas pretas representam as relações evidenciadas, e as setas tracejadas as evidências não 
encontradas. 
 

Mudanças de longo-prazo nas frequências de fogo e no estabelecimento dos processos de 

invasão biológica podem modificar processos ecossistêmicos através da modificação da 

composição e de estrutura das comunidades vegetais (Damasceno et al. 2018; Buisson et al. 2019; 

Pausas & Bond 2020). Além da perda de biodiversidade, gramíneas africanas invasoras podem 

promover modificações no comportamento do fogo, por exemplo, através do aumento da altura 

das chamas e da temperatura (Gorgone-Barbosa et al. 2015; Williamson et al. 2020). Isso acontece, 
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porque gramíneas invasoras tem maior acúmulo de material combustível (Damasceno & Fidelis 

2020). Assim, mudanças do comportamento do fogo, em especial o aumento da temperatura, 

podem acarretar a mortalidade da microbiota presente na superfície no solo (Dove et al. 2021), 

levando a possíveis alterações nos fluxos de carbono do sistema. Por sua vez, a abundância de 

espécies invasoras, como as gramíneas africanas, também é dependente do regime de fogo 

(Damasceno and Fidelis 2020). Estudos que abordem os diferentes regimes de fogo em conjunto 

com a invasão biológica, em diferentes escalas espaciais (i.e. populações, comunidades, 

ecossistemas) e temporais (médio e longo prazo), são fundamentais para a completa compreensão 

da intensidade e magnitude dos efeitos da frequência do fogo e invasões biológicas na dinâmica 

do carbono dos ecossistemas campestres e savânicos neotropicais (Damasceno 2022).  

Por fim, as evidências encontradas neste trabalho ressaltam a importância da manutenção dos 

distúrbios naturais como o fogo para a conservação e provisão das funções e serviços 

ecossistêmicos em ecossistemas campestres e savânicos (He et al. 2019; Zhao et al. 2020), em 

especial os do Cerrado. Ressaltamos que o fogo é parte estratégica para a manutenção da dinâmica 

do carbono (Bai & Cotrufo 2022; Zhou et al. 2022), um ciclo biogeoquímico de suma importância 

para a humanidade. Desta maneira, qualquer alteração nestes distúrbios, assim como o aumento 

da intensidade dos processos de invasões biológicas, pode levar à alterações da dinâmica do 

carbono, e potencialmente à perda de um dos importantes serviços ecossistêmicos oferecidos por 

estes ecossistemas: o estoque de carbono (Fidelis et al. 2013; Wigley et al. 2020; Bardgett et al. 

2021; Zhou et al. 2022). 

Recentemente, o Painel Intergovernamental para a Mudança do Clima (IPCC) reconheceu que 

apesar do grande volume de emissões da queima de áreas naturais, as formações abertas têm alto 

potencial para o sequestrar uma quantidade de carbono aproximadamente equivalente à biomassa 

consumida (Jia et al. 2021). Porém, os modelos elaborados pelo IPCC não olham para o fluxo de 

carbono destas formações como gerador de subprodutos de carbono que podem ser armazenados 

por longos períodos de tempos com magnitudes superiores às emissões atmosféricas (Jones et al. 

2019). Esta tese pode ajudar a subsidiar tais modelos, destacando a importância não só das 

formações abertas, mas do componente subterrâneo como um todo destas formações e da relação 

planta-solo, responsáveis pela provisão e manutenção de serviços ecossistêmicos que auxiliam no 

controle das mudanças climáticas. 
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