UNIVERSIDADE ESTADUAL PAULISTA
“JULIO DE MESQUITA FILHO”

Instituto de Biociéncias — Campus de Botucatu/Rio Claro
Secdo Técnica de Pés-Graduagdo

PROGRAMA DE POS-GRADUACAO EM BIOLOGIA VEGETAL
(INTERUNIDADES)

RESPOSTAS FUNCIONAIS FOLIARES E GERMINACAO DE
SEMENTES DE ESPECIES HERBACEO-ARBUSTIVAS DO
CERRADO

PEDRO FIRME DA CRUZ JUNIOR

Dissertacdo apresentada ao Instituto  de
Biociéncias, Campus de Rio Claro, UNESP, para
obtengdo do titulo de Mestre no Programa de
Pds-Graduacao em Biologia Vegetal,
Interunidades entre o Instituto de Biociéncias do
cdmpus de Botucatu e Instituto de Biociéncias do
cdmpus de Rio Claro.

RIO CLARO - SP
2025



PN o L VG S

Se¢do Técnica de Pos-Graduagio

(NN NN NP

UNIVERSIDADE ESTADUAL PAULISTA
“JULIO DE MESQUITA FILHO” b
Instituto de Biociéncias — Campus de Botucatu/Rio Claro TRENEE

lllllllllll Biociéncias

PROGRAMA DE POS-GRADUACAO EM BIOLOGIA VEGETAL
(INTERUNIDADEYS)

RESPOSTAS FUNCIONAIS FOLIARES E GERMINACAO DE
SEMENTES DE ESPECIES HERBACEO-ARBUSTIVAS DO

CERRADO

PEDRO FIRME DA CRUZ JUNIOR

ROSANA MARTA KOLB

RIO CLARO - SP
2025

Dissertacdo  apresentada ao Instituto de
Biociéncias, Campus de Rio Claro, UNESP, para
obtengdo do titulo de Mestre no Programa de
Pds-Graduacao em Biologia  Vegetal,
Interunidades entre o Instituto de Biociéncias do
campus de Botucatu e Instituto de Biociéncias do
campus de Rio Claro.



Cruz Junior, Pedro Firme da

C957r Respostas funcionais foliares e germinacgao de sementes de espécies
herbéceo-arbustivas do Cerrado / Pedro Firme da Cruz Jnior. -- Rio
Claro, 2025

102 p. : il., tabs., fotos, mapas

Dissertacdo (mestrado) - Universidade Estadual Paulista (UNESP),
Instituto de Biociéncias, Rio Claro
Orientadora: Rosana Marta Kolb

1. Morfofisiologia foliar. 2. Filtros ambientais. 3. Recrutamento de
espécies. 4. Comunidade ndo-arborea. 5. Fumaga. I. Titulo.

Sistema de geracédo automatica de fichas catalograficas da Unesp. Dados fornecidos pelo autor(a).



A%y  UNIVERSIDADE ESTADUAL PAULISTA 255

unesp

Campus de Rio Claro

CERTIFICADO DE APROVACAO

TITULO DA DISSERTACAO: "Respostas funcionais e estratégias de recrutamento da comunidade
néo-arbdrea de Cerrado frente a distirbios ambientais"

AUTOR: PEDRO FIRME DA CRUZ JUNIOR
ORIENTADORA: ROSANA MARTA KOLB

Aprovado como parte das exigéncias para obtencéo do Titulo de Mestre em Biologia Vegetal, pela
Comisséo Examinadora:

Documento assinado digitalmente

“b ROSANA MARTA KOLB
g Data: 20/01/2025 14:36:43-0300

Verifique em https://validar.iti.gov.br

Profa. Dra. ROSANA MARTA KOLB (Participacao Virtual)
Departamento de Ciencias Biologicas / UNESPFCL Assis

Documento assinado digitalmente

“b BRUNA HELENA DE CAMPOS
g Data: 20/01/2025 15:16:03-0300

Verifique em https://validar.iti.gov.br

Profa. Dra. BRUNA HELENA DE CAMPOS (Participagao Virtual)
P&s-doutoranda do Instituto de Pesquisas Ambientais / Universidade Estadual de Campinas

Documento assinado digitalmente

“b LUIS FELIPE DAIBES DE ANDRADE
g Data: 20/01/2025 16:25:06-0300

Verifique em https://validar.iti.gov.br

Prof. Dr. LUIS FELIPE DAIBES DE ANDRADE (Participagao Virtual)
Pés-doutorando do Departamento de Biodiversidade / Universidade Estadual Paulista

Titulo alterado para: "Respostas funcionais foliares e germinacao de sementes de espécies herbaceo-
arbustivas do Cerrado”

Rio Claro, 17 de janeiro de 2025

Instituto de Biociéncias - Campus de Rio Claro -
24-A, 1515, 13506900, Rio Claro - S&o Paulo
https://www.ibb.unesp.br/#!/ensino/pos-graduacao/programas-stricto-sensu/biologia-vegetal/CNPJ: 48.031.918/0018-72.


Unesp
Título alterado para: "Respostas funcionais foliares e germinação de sementes de espécies herbáceo-arbustivas do Cerrado"


Dedico a Maria Aparecida Domingos da Cruz,
a maior botanica, ndo por oportunidade ou
acimulo de titulos, mas pelo seu amor e
curiosidade por este mundo. Aquela que, antes

de todos, me ensinou a enxergar as plantas.



AGRADECIMENTOS

Primeiramente, agradeco aos meus pais, Maria Aparecida Domingos da Cruz e Pedro
Firme da Cruz, que, mesmo sem entenderem totalmente as minhas motivacdes, sempre
apoiaram 0s meus sonhos e me proporcionaram as oportunidades necessarias para que eu
chegasse até aqui.

A Profa. Dra. Rosana Marta Kolb, pela excelente orientacdo desde o inicio desta
jornada académica e cientifica, ha cinco anos. Agradeco pela sua paciéncia, profissionalismo,
ensinamentos, amizade e dedicacdo durante todo o processo. Obrigado pela confianca.

A Faculdade de Ciéncias e Letras de Assis — Unesp e ao Laboratério de Anatomia e
Fisiologia Ecologica de Plantas (LAFEP), pela disponibilizacdo da infraestrutura necessaria
para a conducéo desta pesquisa.

Aos amigos que fiz no LAFEP, por todo o auxilio, escuta e debates em nossos cafés
cientificos. Ciéncia ndo se faz sozinho, e nossas discuss@es, inegavelmente, estdo refletidas ao
longo deste manuscrito.

Aos amigos que fiz, tanto dentro quanto fora do laboratédrio, pelo apoio, acolhimento,
escuta e momentos de lazer — por me salvarem quando mais precisei.

Ao Programa de Po6s-Graduacdo em Biologia Vegetal Interunidades (Botucatu — Rio
Claro), pela formacéo proporcionada e pelo apoio direto e indireto.

A Profa. Dra. Shirley Martins Silva e aos Doutores Jonathan Wesley Ferreira Ribeiro e
Luis Felipe Daibes de Andrade, pela participacdo na Comissdo Examinadora do meu exame
geral de qualificacdo. Agradeco por todas as sugestdes e pelo tempo dedicado a leitura do
trabalho inicial.

Processo n® 2023/10176-0, Fundacdo de Amparo a Pesquisa do Estado de Séo Paulo
(FAPESP).

O presente trabalho foi realizado com apoio da Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Codigo de Financiamento 001.

Agradeco também aqueles que, por acaso, me esqueci de mencionar, mas que, direta

ou indiretamente, contribuiram para a finalizacdo deste trabalho.

Obrigado!



“Realize that everything connects to everything else”.
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RESUMO

Acbes antropicas vém causando alteracfes significativas nas dinamicas de fogo e
disponibilidade hidrica no Cerrado. O adensamento vegetacional, resultado da auséncia de
legislacdo e manejo do fogo, promove mudancas microambientais, como maior
sombreamento e acumulo de serapilheira. Este bioma sazonal e inflamavel, sujeito a
subprodutos do fogo como a fumaca, também enfrenta impactos relacionados a reducao
hidrica, como diminuicdo de precipitacio e aumento de estiagens. Espécies herbaceo-
arbustivas, que representam cerca de 80% da vegetacdo, sdo particularmente afetadas, mas
pouco se sabe sobre suas respostas funcionais e processos de recrutamento sob este cenario.
Este estudo analisou (i) como mudancas na luminosidade e serapilheira influenciam tracgos
funcionais foliares e (ii) as respostas germinativas e pos-seminais de espécies herbaceo-
arbustivas sob estresse hidrico e o possivel efeito protetor da fumaca. O sombreamento
emergiu como o principal fator determinante dos tracos foliares, e apds 2,5 anos, as
comunidades apresentaram estratégias aquisitivas, como maior area foliar especifica, menor
espessura foliar e maiores teores de pigmentos fotossintéticos, favorecendo espécies
resilientes e generalistas. Germinacao e desenvolvimento inicial foram severamente afetados
pelo estresse hidrico, mas a fumaca mostrou efeito protetor, mitigando parcialmente os
impactos dos baixos potenciais hidricos e estimulando o estabelecimento. Conclui-se que as
alteragdes antropicas nos regimes de fogo e disponibilidade hidrica atuam como novos filtros
ambientais, limitando o recrutamento e a persisténcia das espécies, evidenciando a

necessidade de manejo adaptativo frente as alteracGes ambientais.

Palavras-chave: morfofisiologia foliar, filtros ambientais, recrutamento de espécies,

comunidade ndo-arborea, fumaca.



ABSTRACT

Anthropogenic activities have significantly altered fire dynamics and water availability in the
Cerrado. Woody encroachment, driven by the lack of legislation and fire management,
induces microenvironmental changes, including increased shading and litter accumulation.
This seasonal and fire-prone biome, influenced by fire byproducts such as smoke, also faces
impacts associated with water scarcity, including reduced precipitation and prolonged
droughts. Ground-layer species, which comprise approximately 80% of the vegetation, are
particularly affected; however, little is known about their functional responses and
recruitment processes under these conditions. This study investigated (i) how changes in light
availability and litter accumulation affect leaf functional traits and (ii) the germination and
seedling responses of ground-layer species under water stress, as well as the potential
protective role of smoke. Shading emerged as the primary driver of leaf traits, and after 2.5
years, the communities exhibited resource-acquisitive strategies such as higher specific leaf
area, thinner leaf tissues, and increased photosynthetic pigment concentrations, favoring
resilient and generalist species. Germination and seedling development were severely
constrained by water stress, but smoke demonstrated a protective effect, partially mitigating
the adverse impacts of low water potentials and promoting seedling establishment. These
findings highlight that anthropogenic alterations to fire regimes and water availability impose
new environmental filters, limiting species recruitment and persistence, and underscore the

need for adaptive management strategies in the face of environmental changes.

Keywords: leaf morphophysiology, environmental filters, species recruitment, ground-layer

community, smoke.
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INTRODUCAO GERAL

O Cerrado e seus desafios

Biomas savanicos sao fortemente influenciados pela interacdo entre fatores climaticos,
disturbios e vegetacBes (Lehmann et al., 2011). Entre os principais fatores, destacam-se 0
fogo e a disponibilidade hidrica, que desempenham papéis centrais na manutencdo das
formacgdes campestres e florestais (Bond et al., 2005; Ribeiro et al., 2021a; Kobziar et al.,
2024). Estes elementos atuam como filtros, influenciando diretamente o recrutamento
(Escobar et al., 2018; Ribeiro et al., 2021b), o crescimento (Loram-Lourenco et al., 2020) e a
reproducado das espécies vegetais (Gawryszewski et al., 2020).

O fogo, elemento integrante da histéria evolutiva de biomas savanicos, atuou na
selecdo de espécies com diferentes estratégias de resiliéncia aos seus efeitos (Pausas e Parr,
2018). Estratégias adaptativas ao fogo j& foram descritas para espécies de savanas africanas
(Maurin et al., 2014), australianas (Burrows et al., 2010) e brasileiras (Simon e Pennington,
2012; Pilon et al., 2018; Cozin et al., 2024). Da mesma forma, a disponibilidade hidrica —
sazonalidade e nivel do lencol freatico — desempenha um papel fundamental nas dindmicas
vegetacionais, permitindo a germinagdo e desenvolvimento de plantulas na estagdo chuvosa
(Escobar et al., 2018) ou restringindo o estabelecimento de espécies tipicas de savana em
campos alagados (Ribeiro et al., 2021b), atuando como drivers da vegetacdo (Cordeiro et al.,
2021).

O Cerrado, a savana mais biodiversa do mundo, possui um complexo vegetacional em
mosaico, que originalmente se estende por cerca de 2 milhdes de kmz2, sendo o segundo maior
bioma do Brasil em area ocupada (Ribeiro e Walter, 2008). Entretanto, no estado de Séo
Paulo, o Cerrado sofreu uma reducdo dréstica em sua extensao, perdendo 88,5% de sua area
original (Kronka et al., 2005). Além disso, as areas remanescentes estdo sob ameaca devido a
fatores antropicos, como a auséncia de estratégias de manejo do fogo (Durigan e Ratter,
2016), o uso intensivo da terra e as alteracbes na composicdo atmosférica (Ferreira et al.,
2021).

Historicamente, o Brasil desenvolveu uma série de legislacfes voltadas a supressdo do
fogo (Durigan e Ratter, 2016). As diretrizes do Codigo Florestal (Lei n° 12.651/2012), ao
restringirem o fogo em areas de vegetacdo nativa, contribuiram para a visdo generalista de que
o fogo ndo ocorre naturalmente em areas preservadas e que deve ser suprimido. Tais normas
frequentemente desconsideram as especificidades ecoldgicas do Cerrado, como a dependéncia

de regimes de fogo para a manutencédo de sua biodiversidade (Durigan, 2020). Alem disso, as
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projecGes do Painel Intergovernamental sobre Mudancas Climéticas (IPCC, 2023) indicam
aumentos de temperatura e periodos de estiagem, além de reducdes na precipitacdo, para o
Brasil. Estas novas condi¢Bes podem impor restricbes hidricas a ambientes naturalmente
umidos e ameacados, como as areas umidas do Cerrado (Durigan et al., 2022). Além disso,
podem afetar dindmicas de recrutamento fortemente dependentes da estacdo chuvosa (Escobar
et al., 2018). Considerando o histdrico e a importancia da pirodiversidade e da disponibilidade
hidrica para a formacdo e manutencdo do Cerrado, bem como os impactos diretos e indiretos
das acOes antropicas, as alteracdes nos regimes de fogo e nos ciclos hidrolégicos colocam em

risco as dindmicas desse hotspot de biodiversidade.

Adensamento vegetacional no Cerrado

O fogo é um evento comum e natural que desempenha papel essencial na manutencao
da estrutura e composicdo da vegetacdo (Antar et al., 2022; Dairel e Fidelis, 2024), a
pirodiversidade atua como um filtro ambiental que restringe o recrutamento de espécies
arboreas, especialmente daquelas tipicas de formacdes florestais (Hoffmann et al., 2009;
Gawryszewski et al., 2020). A alta frequéncia de incéndios limita o estabelecimento e o
desenvolvimento dessas espécies, favorecendo a preservacdo de formacgdes vegetacionais
abertas, como as savéanicas (Maurin et al., 2014; Dantas et al., 2016).

A supressdo do fogo, no entanto, permite o avanco de espécies arbdreas sobre
fitofisionomias abertas (Durigan e Ratter, 2016), promovendo alteragdes significativas no
microambiente. Mudangas como a reducdo da incidéncia luminosa (Pinheiro et al., 2016), o
aumento no acumulo de serapilheira (Paiva et al., 2015) e a diminui¢do da recarga hidrica no
solo (Honda e Durigan, 2016), sdo capazes de impactar negativamente a biota local. Por
exemplo, em comunidades de pequenos mamiferos (Furtado et al., 2021) e formigas (Neves et
al., 2023), o adensamento vegetal resulta na reducdo da abundéancia e diversidade de espécies
adaptadas a ambientes abertos, favorecendo espécies generalistas.

Além disso, as espécies herbaceo-arbustivas, que correspondem a até 80% das
espécies vegetais no Cerrado, sdo as mais prejudicadas com 0 aumento no sombreamento
ocasionado pelo adensamento florestal (Abreu et al., 2017). No entanto, tanto a reducdo da
luminosidade quanto o aumento no acumulo de serapilheira podem diminuir a germinacéo e a
emergéncia de plantulas de espécies ndo-arboreas, funcionando como um gargalo na dindmica
de regeneracéo (Pinheiro et al., 2022).

De forma similar, reducGes na diversidade floristica em formagGes originalmente

campestres e savanicas ja foram documentadas tanto a longo (Souza et al., 2022a; Trindade et

11



al., 2024) quanto a curto prazo (Pinheiro et al., 2022), acompanhadas por um processo de
homogeneizacdo, com comunidades formadas por espécies generalistas (Flake et al., 2021).
Devido a alta demanda por luminosidade, muitas dessas espécies podem ser extintas nesse
novo cenario (Pilon et al., 2021a), a menos que desenvolvam mecanismos morfofisioldgicos

capazes de otimizar a absorcao de luz difusa (Pinheiro et al., 2018; Rossatto et al., 2018).

Respostas funcionais foliares a luminosidade e serapilheira

Além de ser um fator indispensavel para o metabolismo vegetal, a luminosidade
também tem grande influéncia no fendtipo, afetando a morfologia de tecidos, sobretudo
aqueles associados a transpiracdo e fotossintese (Rossatto e Kolb, 2010; 2012), promovendo
plasticidade em espécies herbaceas (Gobbi et al., 2011) e lenhosas (Lauton et al., 2022). Essas
alteracdes estruturais podem estar relacionadas a estratégias adaptativas aos fatores
ambientais (Pinheiro et al., 2018), de forma que, sob ambientes sombreados (Mendonga et al.,
2019) ou florestados (Carlos e Rossatto, 2017), caracteres mais mesomorfos e relacionados ao
uso menos conservativo de recursos sdo observados como respostas (Valladares e Niinemets,
2008). Em conjunto com estas alteracbes morfoanatémicas, sdo relatadas alteracBes nos
contetdos de pigmentos, como os aumentos de clorofila a, b (Mendonca et al., 2020) e
carotenoides (Rossatto et al., 2018), podendo este Gltimo auxiliar na captura de luminosidade
(\Valladares et al., 2000).

Por outro lado, o adensamento vegetacional ndo apenas reduz a incidéncia luminosa,
mas também propicia o acimulo de serapilheira (Pinheiro et al., 2016; Rossatto e Rigobelo,
2016). Uma vez que a porcgdo foliar da camada de serapilheira atua como reservatorio de
nutrientes (Campos et al., 2008), o seu acumulo sobre o solo, causado pela supressao do fogo,
influencia diretamente na quantidade de nutrientes capaz de retornar ao solo (Belsky et al.,
1989; Mordelet et al., 1993). Dessa forma, o aumento da disponibilidade nutricional pode
contribuir para a formacéo de folhas com tragos tipicos de mesoéfitas (Boeger e Wisniewski,
2003; Miatto et al., 2016). Essa classificacdo, originalmente relacionada a disponibilidade
hidrica, designa plantas adaptadas a ambientes que ndo enfrentam condi¢fes extremas de seca
ou alagamento (Warning and Vahl, 1909). Além disso, o aumento desta camada estd
relacionado com o acréscimo nas taxas de transpiracdo foliar e condutancia estomatica, em

conjunto com reducdes no uso eficiente da agua (Scalon et al., 2014).

Estratégias de recrutamento via sementes a sazonalidade climatica em risco
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A sazonalidade hidrica € uma caracteristica marcante do Cerrado, com verdes
chuvosos e invernos secos (Alvares et al., 2013). Dessa forma, 0 processo de recrutamento
neste ambiente é altamente dependente da estacdo chuvosa, periodo onde a saturacdo hidrica
no solo pode atingir o seu maximo (Borghetti et al., 2024). A disponibilidade de agua, fator
crucial no processo germinativo (Baskin e Baskin, 2014), é responsdvel por reativar o
metabolismo das sementes, possibilitando sua germinacdo (Marcus et al., 1966; Simon, 1984;
Bradford, 1990; Bewley, 2013). Em condicGes de deficiéncia hidrica, muitas espécies
apresentam reducdo na porcentagem de germinacdo (Hu et al., 2015) e na viabilidade das
sementes (Souza et al., 2022), além de um aumento no tempo médio de germinagdo (Antunes
etal., 2011).

A seca, um dos principais estresses abidticos que limitam o desenvolvimento inicial
das plantas (Moles e Westoby, 2004), também induz alteracdes morfofisiologicas
significativas em espécies vegetais de diferentes formas de vida (Eziz et al., 2017). Entre as
respostas observadas em plantas arboreas durante as fases iniciais de desenvolvimento
destacam-se a diminuicdo da biomassa total (Chaib et al., 2023), maior alocacdo de recursos
para a producdo de raizes (Bayen et al., 2021) e reducdo na estatura (Ferreira et al., 2015).
Contudo, embora grande parte dos estudos sobre respostas morfofisioldgicas a seca tenha
focado em espécies herbaceas e arbustivas de interesse comercial (ver Tombesi et al., 2018;
Nadeem et al., 2019; Cai et al., 2020), pesquisas envolvendo espécies tipicas do Cerrado ainda
séo escassas (Ribeiro e Kolb, 2016; Melo et al., 2021; Souza et al., 2022).

Como consequéncia do inicio da estacdo chuvosa, propicia-se o cenério para a
ocorréncia de incéndios naturais no Cerrado (Miranda et al., 2009). Durante a transi¢éo entre
as estacdes, o fogo queima a biomassa seca acumulada ao longo da estacdo seca (Ramos-Neto
e Pivello, 2000). A queima da matéria vegetal gera subprodutos, como fumaca, carvdo e
cinzas, que interagem com os ecossistemas do Cerrado (Daibes e Borghetti, 2024). A fumaca,
composta por uma ampla variedade de compostos organicos e inorganicos, pode apresentar
efeitos neutros, negativos ou positivos sobre pardmetros germinativos de espécies savanicas
(Motta et al., 2024). Estudos recentes tém demonstrado que a fumaga pode estimular tanto a
germinacdo quanto o desenvolvimento pds-seminal (Ramos et al., 2019), mesmo sob
condigdes de estresse (Li et al., 2017; Singh et al., 2023). Desta forma, a fumaca e seus
compostos sdo capazes de atuar atraveés de diferentes mecanismos e niveis (genéticos e
morfoldgicos), garantindo melhor adaptacdo ao estresse, com manutengdo da homeostase
vegetal (Aslam et al., 2024). Embora tais resultados sejam documentados apenas para

especies de interesse comercial (Moyo et al.,, 2022a, b), eles oferecem pistas sobre as
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possiveis interacBes ecoldgicas em ambientes sazonalmente secos, especialmente aqueles
sujeitos ao aumento na frequéncia de incéndios (Silva et al., 2024) e ao prolongamento de
periodos de estiagem (Hofmann et al., 2021; IPCC, 2023).

Lacunas no estado da arte das dinamicas no Cerrado e estruturagdo da dissertacao

Embora o nimero de estudos sobre a comunidade ndo-arborea do Cerrado — o estrato
mais representativo deste bioma — tenha aumentado nos ultimos anos (ver Pilon et al., 2021;
Pinheiro et al., 2022; Souza et al., 2022; Motta et al., 2024), poucos trabalhos investigaram as
respostas dessa comunidade em condi¢des de campo simuladas e por periodos prolongados,
considerando os novos filtros ambientais impostos pela invasdo lenhosa e suas alteragdes
microambientais (Pinheiro et al., 2022). Além disso, no que diz respeito aos parametros
germinativos, apesar da influéncia reconhecida da sazonalidade hidrica e de subprodutos do
fogo (e.g. fumaga) no recrutamento e nas dinamicas do Cerrado (Ramos et al., 2017; 2019;
Zirondi et al., 2019; Daibes et al., 2019), pouquissimos estudos enfocam as respostas de
especies de Cerrado ao déficit hidrico (Daibes et al., 2019), e ndo ha, até o0 momento, estudos
gue avaliem conjuntamente a interacdo desses fatores.

Diante destas lacunas, este estudo visa ndo apenas contribuir para o avango do
conhecimento, mas também oferecer suporte para pesquisas futuras voltadas a este hotspot de
biodiversidade. Assim, apresentamos nesta dissertacdo os resultados de experimentos
realizados em campo e laborat6rio, organizados nos seguintes capitulos:

Capitulo 1. Woody encroachment and leaf functional traits of ground-layer savanna
species

Neste capitulo, investigamos as respostas funcionais foliares da comunidade néo-
arbérea do Cerrado diante da simulacdo de condi¢Bes promovidas pelo adensamento
vegetacional. Foram avaliados 20 pardmetros morfofisioldgicos coletados antes e apds 2,5
anos de simulagcdo em campo, com o objetivo de caracterizar o conjunto de tracos funcionais
da comunidade inicial e final, bem como o nivel de resposta fenotipica as novas condicdes
ambientais.

Capitulo 2. Combining the effects of water stress and smoke on seed recruitment

Neste capitulo, avaliamos as respostas germinativas e pos-seminais da comunidade
ndo-arborea do Cerrado ao longo de um gradiente de reducdo do potencial osmotico, bem
como o potencial efeito protetor da fumaga nessas condi¢des. Para isso, conduzimos

experimentos em laboratério, manipulando ambos os fatores de forma conjunta e isolada, com
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0 objetivo de analisar ndo apenas as respostas ao déficit hidrico, mas também a capacidade da
fumaca em mitigar os efeitos do estresse hidrico.
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CAPITULO 1. Woody encroachment and leaf functional traits of ground-layer savanna

species

ACEITO NO PERIODICO FLORA: MORPHOLOGY, DISTRIBUTION, FUNCTIONAL ECOLOGY OF
PLANTS
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ABSTRACT

Woody encroachment is a widespread phenomenon affecting savanna and grassland
ecosystems. The filters imposed by encroachment promote floristic changes in the ground-
layer community, decreasing species richness, and providing species replacement. However,
functional aspects are still poorly understood, especially the role of leaf anatomical traits.
Thus, our aim was to investigate the leaf traits changes in the ground-layer community of a
Cerrado area in response to changes in litter and light, caused by woody encroachment.
Through a field experiment, we simulated higher amounts of litter biomass and increased
shading of the plant community for 2.5 years. We measured leaf tissue thickness, specific leaf
area (SLA), pigments content and photosynthetic parameters, such as carbon assimilation
(Amax), stomatal conductance (gs) and quantum efficiency of photosynthesis (o). Our results
showed that shading is the main factor altering leaf functional traits, with the post-shading
ground-layer community exhibiting more acquisitive resource-use strategies such as reduced
leaf tissue thickness, higher SLA, and higher pigment content compared to plants under
noencroached conditions. However, these leaf responses were not sufficient to ensure the
maintenance of higher photosynthetic performance (Amax, gs and a) in the study species.
Therefore, we demonstrate that the studied leaf functional traits of the ground-layer
community are insufficient to ensure persistence and diversity in this new scenario. With the
change in species composition promoted by encroachment, some shade-tolerant and generalist

plants exhibit responses that contribute to their survival and occurrence.

Keywords: shading; litter; photosynthetic pigments; carbon assimilation; leaf tissue
thickness.
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1. Introduction

Natural wildfires shape the structure and composition of savanna vegetation across the
globe (Staver et al. 2011; Rosan et al. 2019). Therefore, fire presence maintains the proper
open physiognomy of savannas (Maurin et al. 2014). However, under fire suppression,
savannas - especially in South America — tend to become denser or even be turned into forest
formation due to encroachment by typical forest species (Pinheiro and Durigan, 2009;
Hoffmann et al. 2009; Stevens et al. 2017). This process, known as woody encroachment,
alters different microenvironmental factors. Therefore, a decrease in understory light
incidence has been observed (Pinheiro et al. 2016), along with an increase in litter deposition
(Paiva et al. 2015; Rossatto and Rigobelo, 2016). The persistence of typical savanna species
will depend on the extent of their ability to adjust to the new environmental conditions
imposed by encroached environments, especially the ground-layer species. As they require
greater luminosity, many ground-layer species may disappear in this new scenario (Pilon et al.
2021a), as has been shown by some studies carried out in natural conditions (Pilon et al.
2021b; Pinheiro et al. 2016) and in field-manipulated experiments (Pinheiro et al. 2022;
Raymundo et al. 2023; Wieczorkowski and Lehmann, 2022).

Light irradiance plays a significant role in plant phenotype, affecting leaf structure,
and traits associated with physiological aspects, such as transpiration and photosynthesis
(Rossatto and Kolb, 2010; 2012; Lauton et al. 2022). Under shading, morphoanatomical
adaptations can be observed in different leaf traits, such as a lower thickness of the mesophyll
(Barbosa et al. 2022), palisade parenchyma (Théroux-Rancourt et al. 2023), and adaxial
surface epidermis (Pinheiro et al. 2018), lower stomatal density (Rossatto and Kolb, 2010)
and a larger stomata size (Araujo et al. 2023). The specific leaf area (SLA), the ratio of leaf
area to leaf dry mass corresponding, may also have higher values in plants under shade
(Zhang et al. 2022; Andrade et al. 2024) or in forest environments (Carlos and Rossatto,
2017). Reduction in leaf tissue thickness and increase in leaf area can justify this response
(Pinheiro et al. 2018, Torres-Leite et al. 2019). Furthermore, with these responses, higher
chlorophyll levels provide more effective use of the scarce sunlight that reaches the
understory (Valladares and Niinemets, 2008). In contrast, typical plants of sunny
environments exhibit higher carotenoid content, as these pigments mitigate photoinhibition by
dissipating excess energy (Frank and Cogdell, 1996). Additionally, ground-layer species may

possess high photosynthetic activity, with higher rates of transpiration, stomatal conductance,
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and carbon assimilation when compared with understory species from encroached
environments (Carlos and Rossatto, 2017; Rossatto et al. 2018).

The advancement of woody plants besides altering the light availability, also leads to
increased litter accumulation (Pinheiro et al. 2016; Rossatto and Rigobelo, 2016) because
forest species naturally have higher leaf area indexes, thus being able to deposit a higher
amount of leaf in savanna soils (Geiger et al. 2011). This soil-surface layer is formed by the
deposition of different plant aerial organs (Freire et al. 2010) and is considered a nutrient
reservoir in the environment (Campos et al. 2008; Zhang et al. 2023). Thus, the increase in
litter accumulation and the consequent increase in nutrient availability can also lead to a leaf
morphoanatomical change, resulting in more mesomorphic characteristics, such as higher
SLA values (Boeger and Wisniewski, 2003; Miatto et al. 2016).

In this study, we aimed to evaluate the leaf functional responses of the ground-layer
community of a Brazilian Cerrado site under the new environmental conditions caused by
woody encroachment. Through experimental shading and litter manipulation, we assessed the
leaf functional traits related to the survival response of the ground-layer community in this
new dense environment. These results will help to understand the morphophysiological
strategies of the ground-layer community under shading and litter conditions, separately and
together over 2.5 years of simulation. We hypothesize that: (1) the ground-layer community
under shading treatments will present leaf functional traits oriented towards acquisitive
resource-use strategies, such as thinner tissue thickness, lower stomatal density, and higher
SLA values; (2) Similarly, the ground-layer community under litter will also present
mesomorphic morphoanatomical traits, but more subtly; (3) Although the ground-layer
community will demonstrate functional responses, such as increases in photosynthetic
pigments, we anticipate a reduction in photosynthetic efficiency in both the photochemical
stage and carbon assimilation, ultimately hindering its persistence under dense conditions, and
potentially leading to a decrease in species by the end of the experiment.

2. Materials and methods
2.1 Study area

This study was conducted in the Assis Ecological Station (AES — Fig. 1A), located in the state
of Sdo Paulo, municipality of Assis (22°33'2" S and 50°21'27" W). AES bears some Cerrado
physiognomies as typical cerrado (cerrado sensu stricto — savanna physiognomy), dense

cerrado, forested cerrado (cerradéo), and wet grasslands (Pinheiro and Durigan, 2009). AES
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vegetation is about 60 years under fire suppression, in this way, forest species advanced over
savanna physiognomies, promoting vegetational encroachment (Pinheiro and Durigan, 2009).
However, some remnants of cerrado sensu stricto are still present in AES. The climate is
classified as Cfa according to Koppen classification (Alvares et al. 2013), with rainfall
concentrated in the summer and an average annual rainfall of 1,400 mm. According to Soil
Taxonomy, the AES exhibits different soil types, being primarily composed of Hapludox
(oxisols) and Quartzipsamment (entisols) in cerrado sensu stricto (Assis et al. 2011), and

Hapludox and Kandiudox (oxisols) in cerradao areas (Juhasz et al. 2006; Assis et al. 2011).

2.2 Environmental characterization and field experiment

To characterize shading and litter conditions of the encroached areas in AES
(cerraddo; Fig 1B), was measured the understory photosynthetic active radiation (PAR) at 30
haphazardly points with a PAR sensor coupled to a Cl-110-24P-1D plant canopy imager (CID
Bioscience Inc, Camas, WA, USA). PAR was obtained between 8 am. and 12 p.m.
Furthermore, litter accumulation was estimated in 30 1 x 1 m plots randomly distributed using
a graduated ruler. Encroached areas showed an average PAR of 46.93 + 2.31 umol m2s* and
a litter layer with an average thickness of 3.93 + 1.42 cm (Pinheiro et al. 2022).

Before the start of the field experiment, a preliminary sampling of the community was
conducted (January 2017 — Ti). The characterization of the ground-layer community involved
identifying the species and collecting a fully expanded leaf from the third or fourth node, as
well as measuring photosynthetic parameters and pigment concentration (detailed
methodological information is provided in the following section). Between July 2017 and
January 2020 (Tt), an experiment with light and litter manipulation was carried out to simulate
the environmental changes produced by woody encroachment in the remaining AES cerrado
stricto sensu areas (no encroached) (Fig. 1C). The experiment consisted of four treatments:
control (CT — no encroached conditions), shading (S), litter (L), and shading plus litter (S+L).
To simulate shading like encroached areas understory, the S and S+L plots were covered with
shade screens (70%) allowing a light incidence near 40-50 pmol m s, On the other hand,
the plots of L and S+L received litter previously collected in encroached areas till they
reached a 4 cm litter layer. The treatments were distributed in 10 blocks, each with four
treatments (Fig. 1A and C). Each treatment was simulated in a 1m? plot so that they would be
randomly assigned between plots. The blocks and their respective plots were monitored
monthly to maintain the shading and thickness of the litter conditions - experimental design
used by Pinheiro et al. (2022) illustrated in Fig. 1.
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2.3 Morphoanatomical parameters and photosynthetic pigments content

The ground-layer community in the 10 blocks was analyzed for leaf pigment content.
For leaf morphoanatomical analysis, five blocks were chosen (see Table S1 and S2 for the
number of species in each treatment). A representative individual of each species in the blocks
was sampled, with a fully expanded, injury-free leaf from the third or fourth node collected
before (Ti) and after 2.5 years (Tr) of the field experiment. The same material was used for
both morphoanatomical analyses and photosynthetic pigment content assessment.

Specific leaf area (SLA) was obtained through the ratio between the leaf area (1 cm?
leaf discs) and the corresponding leaf dry mass obtained after over-drying at 70°C for 3 days.
To obtain leaf cross-sections, segments of the mid-leaf section, including the main vein, were
rehydrated and placed in a 2% KOH solution (Smith and Smith, 1942). Subsequently, they
were dehydrated in ethanol series and included in historesin Leica® (De Paula et al. 2019).
Transversal sections of 8um were stained with Toluidine Blue (O'Brien et al. 1964) and
mounted in Entellan®. We measured epidermis thickness on both surfaces, palisade
parenchyma, spongy parenchyma, and total leaf thickness 10 times for each parameter in each
individual (sample). Paradermic sections were obtained by dissociating 1cm? leaf segments in
a (1:1) glacial acetic acid and hydrogen peroxide solution (Kraus and Arduin, 1997). Each
epidermis of the abaxial surface was washed with distilled water, stained with 1% Safranin,
and mounted in glycerin. We measured the length of the guard cells and the equatorial
diameter of 30 stomata from each individual. We also obtained the stomatal density from
three random fields for each individual. The measurements obtained for each anatomical
parameter per individual were averaged, avoiding pseudoreplicates. Images were obtained in a
Zeiss® microscope, Axio Scope Al model, coupled to an AxioCam and the AxioVision
software. For the cross-sections and SLA, we used 266 samples, while for the paradermal
sections, we used 240 samples (see Table S1 and S2). The difference in the number of
samples was due to the limitation of leaf material for some species.

To measure leaf pigments content (chlorophylls a and b, and carotenoids), 1 cm? leaf
discs were obtained, which were immediately placed in amber tubes containing 2 ml of
dimethylformamide (Porra et al. 1989). Then, the tubes were placed in a refrigerator (£10°C
in the dark) to extract leaf pigment for 48 hours (Wellburn, 1994). The chlorophylls and
carotenoid concentration were determined according to the equations proposed by Wellburn
(1994) after reading absorbance at 667, 647, and 480 nm in a Quimis spectrophotometer,
model Q898-DRMS.
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2.4 Photosynthetic responses

To verify the photosynthetic performance across treatments, we selected 11 ground-
layer plants, which were representative and abundant species in the field experimental plots.
The selected species were: Andira humilis Mart. ex Benth. (Fabaceae), Banisteriopsis stellaris
(Griseb.) B.Gates (Malpighiaceae), Byrsonima intermedia A.Juss. (Malpighiaceae),
Campomanesia adamantium (Cambess.) O.Berg (Myrtaceae), Chromolaena oxylepis (DC.)
R.M.King & H.Rob. (Asteraceae), Cerradicola decumbens (Benth.) L.P.Queiroz (Fabaceae),
Mascagnia cordifolia (A.Juss.) Griseb. (Malpighiaceae), Miconia fallax DC.
(Melastomataceae), Moquiniastrum barrosoae (Cabrera) G. Sancho (Asteraceae),
Rhynchospora exaltata Kunth (Cyperaceae) and Serjania lethalis A.St.-Hil. (Sapindaceae).
However, for gas exchange analyses, the species C. decumbens and M. barrosoae were not
found in sufficient numbers (a minimum of three individuals), and therefore, were not
included.

For the photochemical parameters analysis, rapid light curves were done (White and
Critchley, 1999) using MINI-PAM-II equipment, Walz, Effeltrich, Germany (Software
WinControl 3.0). The measurements were taken between 8 and 12 a.m. Leaves were
acclimated to the dark for a minimum of 30 minutes, using the aluminum clips provided with
the MINI-PAM-11. Twelve light intensity levels (0 — 1500 umol m= s!) were used to create
the curve. The following parameters were obtained from the curve: a = quantum efficiency of
photosynthesis, ETRmax = maximum electronic transport rate, and Ik = light saturation point
of photosynthesis (Jassby and Platt, 1976).

Carbon assimilation (Amax), transpiration (E), and stomatal conductance (gs) on a leaf
area basis were assessed in the selected species with a LcProSD gas exchange analyzer (ADC
BioScientific Ltd., Hoddesdon, UK). Data were obtained with ambient CO2 concentration
(404-434 ppm). The light intensity used was between 1,300 and 1,400 umol m s, which is
sufficient to saturate the photosynthetic apparatus of most ground-layer savanna species
(Rossatto et al. 2018). Water use efficiency (WUE) was obtained by the ratio between Amax
and gs.

2.5 Statistical analysis
The data were tested for normality and homoscedasticity (Shapiro-Wilk and Levene
tests, respectively). When necessary, data were transformed into logio (Spongy parenchyma,

chlorophylls a, carotenoids, ETRmax, Amax, and gs). For leaf morphoanatomical analyses
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(tissue thickness, SLA, and stomatal parameters), the Cerrado ground-layer community
identified and collected before (Ti) the simulation of woody encroachment conditions was
considered as the control (CT). To compare the leaf traits across the different treatments (CT,
S, L, and S+L), we performed a two-way ANOVA, using the most parsimonious models.
Tukey’s test was applied for multiple comparisons. We adopted a significance level of 5%.
All analyses were performed using R software (version 4.3.0) (R Development Core Team,
2023).

3. Results
3.1 Morphoanatomical parameters and pigment concentration

The morphoanatomical traits and pigment concentration of the ground-layer
community were mainly affected by shading (Table 1). Litter had minor effects on leaf traits
(Table 1). Changes were noted in the community profile (Table S1 and S2) and leaf functional
traits from the initial community (Ti - cerrado sensu stricto) to the community at the end of
the experiment under woody encroachment conditions (Fig. 2-5). The number of species of
the ground-layer community decreased from 30 at Ti to 22 at T+ in the shading treatment and
from 32 at Ti to 22 at T+ in the shading plus litter treatment (Table S1 and S2).

Regarding leaf tissues thickness, the ground-layer community when exposed to
shading (S and S+L) showed lower values for the epidermis of the adaxial surface (Fig. 2A).
Despite showing the isolated effect of shading (Table 1), the thickness of the abaxial
epidermis surface was not affected by any treatment (Fig. 2B; Table S3). In the
photosynthetic tissues, the palisade parenchyma showed lower values in shading treatments (S
and S+L) compared to unshading treatments (Fig. 2C), whereas the spongy parenchyma was
not affected by any treatment (Fig. 2D). Total leaf thickness showed interaction between the
factors (Table 1), and thinner leaves were found in the community after shading (S and S+L
treatments) compared to the leaves of the cerrado sensu stricto community (before exposure
to shading conditions, CT treatment) (Fig. 2E and Fig. 3). Higher values of SLA were
observed under shading (S; Fig. 2F) and litter (L; Fig. 2F) compared to the leaves of the CT
treatment; moreover, despite no interaction between the factors (Table 1), the community in
the S+L treatment exhibited the highest SLA values among the treatments (Fig. 2F).
Additionally, with the persistence and/or establishment of plastic species (i.e. Banisteriopsis
stellaris, Rhynchospora albiceps, Miconia albicans and Byrsonima intermedia), it was
possible to observe anatomical leaf changes before (Ti) and after 2.5 years (Tr) of simulation

of shading encroachment conditions (Fig. 3).

29



Table 1. Results of two-way ANOVA for the effects of shading, litter, and their interaction on
morphoanatomical traits and pigment concentration of the Cerrado ground-layer community.

F: F statistic; P: significance level. n.s.: not significant.

Parameter Shading Litter Shading x Litter
F P F P F P

Adaxial surface epidermis 15.57 <0.01 0.12 n.s. 0.72 n.s.
Abaxial surface epidermis 5.72 <0.05 0.11 n.s. 2.38 n.s.
Palisade parenchyma 56.81 <0.001 094 n.s. 2.28 n.s.
Spongy parenchyma 3.11 n.s. 3.71 n.s. 0.04 n.s.
Total leaf thickness 7.98 <0.05 1.82 n.s. 5.59 <0.05
Specific leaf area 39.13 <0.0001 9.05 <0.01 0.15 n.s.
Stomatal density 0.74 n.s. 2.89 n.s. 3.56 n.s.
Length of guard cell 0.71 n.s. 586 <0.05 6.96 <0.05
Stomatal equatorial diameter 0.80 n.s. 497 <0.05 7.40 <0.05
Chlorophyll a — Ca 45.93 <0001 177 n.s. 1.00 n.s.
Chlorophyll b — Cb 23.80 <0.001 1.16 n.s. 0.04 n.s.
Total carotenoids 47.87 <0.001 214 n.s. 0.23 n.s.
Ratio Ca: Cb 16.25 <0.001 0.70 n.s. 1.24 n.s.

Stomatal density was not affected by any treatment (Fig. 4A). The length of guard
cells and the equatorial diameter of stomata showed an interaction between the factors (Table
1). However, shorter and narrower stomata were observed only in the ground-layer
community after the shading treatment (S; Fig. 4B and C). The concentrations of chlorophylls
a and b, as well as carotenoids, were significantly higher in the ground-layer community
under shading treatments (S and S+L), whereas the Ca: Cb ratio was lower under shading
treatment (S; Fig. 5D).

3.2 Photosynthetic responses

Similar to the morphoanatomical parameters and pigment content, the photosynthetic
responses were mainly affected by shading (Table 2). Species under shading treatments (S
and S+L) did not achieve a photochemical performance like the control and exhibited lower
values of a, Ik, and ETRmax (Fig. 6A-C). Gas exchange parameters followed the same pattern,
with shading treatments (S and S+L) presenting lower values of Amax, gs, and E than control
(Fig 6D-E, E data not shown). The WUE was not affected by any treatment (Fig. 6F).
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Table 2. Results of two-way ANOVA for the effects of shading, litter, and their interaction on
photosynthetic responses of Cerrado ground-layer selected species. F: F statistic; P:
significance level; n.s.: not significant; o = quantum efficiency of photosynthesis; ETRmax =
maximum electron transport rate; Ik = light saturation point of photosynthesis; Amax = carbon

assimilation; gs = stomatal conductance; E = transpiration, WUE = Water use efficiency.

Parameter Shading Litter Shading x Litter
F P F P F P
o 35.65 <0.001 0.72 n.s. 1.29 n.s.
ETRmax 4121 <0001 565 <0.05 4,54 <0.05
Ik 12.00 <0.01 0.82 n.s. 0.14 n.s.
Amax 231.24 <0.001 0.93 n.s. 0.0014 n.s.
Os 57.37 <0.001 1.36 n.s. 0.339 n.s.
E 6741 <0.001 0.056 n.s. 0.0024 n.s.
WUE 0.19 n.s. 0.99 n.s. 0.08 n.s.
4. Discussion

Our expectations were confirmed since shading was the main factor driving plasticity
and changes in the leaf functional responses of the savanna ground-layer community under
simulated woody encroachment conditions. In contrast, litter had a minor influence on such
traits. Leaf changes related to shading include reduced total leaf thickness and certain tissues
thickness, such as epidermis and palisade parenchyma, higher SLA values, higher
chlorophylls, and carotenoid concentration, and a reduction in the ratio of chlorophyll a and b.
All these changes are linked to a greater tolerance to shading (Valladares and Niinemets,
2008). However, these adjustments were insufficient to sustain photosynthetic efficiency for
both photosynthetic processes: photochemical and gas exchange; which may explain the loss
of species and the shift in the ground-layer community in this new scenario.

The community under shading exhibited more mesomorphic traits, such as a thinner
adaxial epidermis surface. Under a natural encroachment gradient, a similar pattern of
mesomorphism was found in environments with higher tree cover in both non-arboreal plants
(Pinheiro et al. 2018) and tree species (Ariano et al. 2022). The epidermis has some ecological
functions, such as light interception and protection against high irradiance (Karabourniotis et
al. 2021) that may explain the greater thickness of the surface epidermis of the ground-layer
community exposed to high irradiances in control conditions. Furthermore, we found more
developed palisade parenchyma in the ground-layer community in the control condition
(cerrado sensu stricto). Sun leaves commonly present larger cells and/or many layers of

palisade parenchyma (Rossatto and Kolb, 2010; Wyka et al. 2022). Columnar cells of this
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photosynthetic tissue effectively distribute light to the chloroplasts (Vogelmann and Martin,
1993). Therefore, this xeromorphic pattern for sun leaves would be a way to obtain higher
photosynthetic rates (Théroux-Rancourt et al. 2023).

Under shading, thinner leaves have been observed in some tree species (Rossatto and
Kolb, 2010; Mendonga et al. 2020), palms (Barbosa et al. 2022), and non-arboreal plants
(Pinheiro et al. 2018; Andrade et al. 2024) typical of the Cerrado. However, based on a larger
number of species, our results showed that the ground-layer community of cerrado sensu
stricto exhibits insufficient morphophysiological changes to tolerate imposed shading. When
analyzing a set of 11 species, we observed that photosynthetic performance is highly
impacted, which may explain the loss of species and the change in the community profile. The
encroached community composed of shade-tolerant and generalist species, exhibited
morphophysiological changes capable of improving the capture of diffuse light, such as lower
values for total leaf thickness and higher chlorophyll contents (Valladares et al. 2002).
Thinner leaves may reflect the reduced thickness of the adaxial epidermis surfaces, along with
diminished development of the palisade parenchyma.

Additionally, the community under shading showed higher SLA values, which assists
in the diffuse light absorption in forested physiognomies (Valladares and Niinemets, 2008).
Conversely, under high light intensity, the cerrado sensu stricto community (control)
exhibited lower SLA values, a characteristic related to water use efficiency (Craufurd et al.
1999; Hoffmann et al. 2005), indicating a conservative strategy in this environment
(Maracahipes et al. 2018). Thus, the morphoanatomical profile, observed in the community
after simulated encroachment conditions allows resilient and generalist species to exploit
shaded environments (Freitas et al. 2022).

Nevertheless, the higher SLA values in the litter treatment can be caused by a higher
leaf area or a lower leaf tissue density, as the community under this treatment showed no
differences in the thickness of any tissues compared to the control community. Highly
correlated with seasonality (Ribeiro et al. 2022), litter decomposition influences nutrient
cycling (Tonello et al. 2022), potentially increasing the available carbon and phosphorus
concentrations in the soil in the short term (Rossatto and Rigobelo, 2016). Thus, larger leaves
or leaves with less dense tissue (Witkowski and Lamont, 1991) can be observed in scenarios
with higher nutritional availability (Boeger and Wisniewski, 2003; Witkowski and Lamont,
1991).

Contrary to our expectations, the ground-layer community in shading conditions did

not show differences in stomatal density. Nevertheless, the ground-layer community in
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shading had stomata with smaller guard cells, both in length and width, compared to the
control community (cerrado sensu stricto). In environments subject to seasonality or high
light intensity, smaller stomata in higher densities can respond quickly to environmental
changes (Drake et al. 2013; Nunes et al. 2022), ensuring a better response against water loss
(Pireda et al. 2019), which is considered a xeromorphic trait (Shields, 1950). However,
smaller stomata, not accompanied by higher densities, may contribute to the low stomatal
conductance and photosynthetic responses reported here for the species under shading
conditions.

Regarding physiological parameters, higher chlorophyll concentrations were observed
under shading conditions. High chlorophyll contents are widely recognized as a strategy for
optimizing light use where light is a limited resource (Valladares and Niinemets, 2008). Leaf
nitrogen allocation between the production of photosynthetic pigments and enzymes involved
in the photosynthetic biochemical phase represents a trade-off between achieving high
photosynthetic rates under abundant light and enhancing performance under low light
conditions by reducing the light compensation point (Henry and Aarssen, 1997; Walters and
Reich, 1996). In fact, despite possessing higher chlorophyll content, the study ground-layer
community did not achieve high carbon assimilation rates when exposed to shading
conditions. The increased carotenoid content in response to shading could also be interpreted
as a mechanism for enhancing light capture, as carotenoids serve as accessory pigments
(Havaux et al. 1998; Valladares et al. 2000).

Despite undergoing morphophysiological changes in response to shading, plants under
these conditions could not achieve a photochemical performance similar to plants in control.
Decreases in the photosynthesis quantum vyield, electron transport rate, and minimum
irradiance for saturation in plants subjected to shading treatments underscore this shortfall.
Ground-layer species in forested savanna exhibit leaves with higher values of SLA, and
chlorophyll b, but lower photosynthetic responses (Rossatto et al. 2018) when compared with
typical savanna - a pattern also observed in our results. Despite these physiological plasticity
responses, these decreases may have contributed to the low carbon assimilation in these
plants, potentially jeopardizing their carbon balance (Rossatto et al. 2018).

Although some species can reduce their light compensation point as a trade-off
(Kitajima, 1994), typical savanna species may not achieve their light compensation points in
forested environments (Rossatto et al. 2018). Two of the 11 species selected for
photosynthetic responses (Cerradicola decumbens and Moquiniastrum barrosoae - both from

savanna physiognomies) were excluded from the gas exchange analysis, as they exhibited
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aboveground biomass loss under shaded treatment. This aerial loss may be related to the
limitations of the photosynthetic apparatus in forested environments. Under shading, ground-
layer species may allocate a smaller proportion of assimilates to belowground biomass,
prioritizing the allocation to the formation of photosynthetic branches (Solofondranohatra et
al. 2021). Furthermore, acquisitive resource-use strategies, such as investment in leaf area and
photosynthetic pigment content, may contribute to the carbon reserve exhaustion maintained
by lower carbon assimilation rates (Kitajima and Myers, 2008). Nevertheless, studies at the
plant level are necessary for a better understanding of reserve allocation and carbon balance.

In a study conducted in encroached wetland areas of the Cerrado, it was reported that
ground-layer communities are strongly affected by woody encroachment, leading to species
selection and converging into a community characterized by more acquisitive leaf traits
(Trindade et al. 2024). This can potentially reduce the functional diversity of the initial
community (Amaral et al. 2021). In fact, the floristic composition before and after simulated
woody shading conditions reveals not only the elimination of species typically found in
grasslands and savannas, e.g. Axonopus pressus (graminoid), Peltaea polymorpha (forb), and
Lepidaploa chamissonis (shrub), but also their replacement by generalist or typically forest
species, e.g. Erythroxylum cuneifolium (shrub), Mascagnia cordifolia (climber), and
Psychotria hoffmannseggiana (shrub) — see Table S1 and S2. The negative impacts, in
particular, on the ground-layer species in the community, showed a reduction of about 26%
and 31% for the shading and shading plus litter treatment, respectively. Therefore, our
findings align with other studies that indicate that typical ground-layer Cerrado plants are
rarely encountered in areas that have undergone woody encroachment (Abreu et al. 2017;
Pinheiro et al. 2016) and that they tend to disappear rapidly under field experimental shading
(Pinheiro et al. 2022), thus more attention should be given on restoration processes of
encroached areas, taken into account these morphophysiological responses (Carlucci et al.
2020).

5. Conclusion

In environmental changes caused by encroachment, especially for light availability,
shading emerges as the main filter for selecting species and leaf functional traits. After
shading conditions, the ground-layer community exhibits leaf traits characteristics of
acquisitive resource-use strategies, such as higher SLA and photosynthetic pigments content,
as well as lower photosynthetic responses that contribute, at least in the short term, to their
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persistence under woody encroachment. However, these adjustments are insufficient to
maintain the carbon balance and species diversity in the ground-layer community of cerrado

sensu stricto in encroached areas.
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Appendix. Supplementary materials

Table S1. Number of individuals per species across different treatments at the beginning of
the experiment and after 2.5 years used in cross-sectional and specific area analyses.

Table S2. Number of individuals per species across different treatments at the beginning of
the experiment and after 2.5 years used in paradermal section analyses.

Table S3. Post-hoc contrasts significance values for the interaction between treatments for the

leaf functional traits of ground-layer community of Cerrado
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Fig. 1. Study area (A) and design of the simulation experiment for decreased light and litter
accumulation conditions (encroached conditions - B) in a remnant cerrado sensu stricto area
(C). AES: Assis Ecological Station; CT: control treatment (no encroached conditions); L.:
litter treatment; S: shading treatment; S+L: shading plus litter treatment; PAR:

photosynthetically active radiation.
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Fig. 2. Comparative of the morphoanatomical traits of Cerrado ground-layer community

before (CT — cerrado sensu stricto) and after 2.5 years of simulation of woody encroachment

shading (S), litter (L), and shading plus litter (S+L) conditions. Boxplots represent the values

of the lower and upper limits, medians and quartiles (n=5). Distinct letters represent statistical

differences according to Tukey’s test (P < 0.05). SLA: specific leaf area, NS: not significant.
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Fig. 3. Cross sections of the leaf blade of plastic species from the Cerrado before (Ti = A, C,
E, and G) and after 2.5 years (Tr) of simulation of woody encroachment shade (B, D, F, H). A
and B: Banisteriopsis stellaris; C and D: Rhynchospora exaltata; E and F: Miconia albicans;
G and H: Byrsonima intermedia. ABE: abaxial epidermis; ADE: adaxial epidermis; PP:

palisade parenchyma; SP: spongy parenchyma. Scale bar: 100 pm.
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Fig. 6. Comparative of chlorophyll fluorescence and carbon assimilation traits of Cerrado
ground-layer selected species under 2.5 years of control (CT) and simulation of woody
encroachment shading (S), litter (L), and shade plus litter (S+L) conditions. Boxplots
represent the values of the lower and upper limits, medians and quartiles (n=9-11). Different
letters represent significant differences according Tukey’s test (P < 0.05). Legend: a =
quantum efficiency of photosynthesis; ETRmax = maximum electron transport rate; Ik = light
saturation point of photosynthesis; Amax = carbon assimilation; gs = stomatal conductance;

WUE: water use efficiency.
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Woody encroachment and leaf functional traits of ground-layer savanna species
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Supplementary material

Table S1. Number of individuals per species across different treatments at the beginning of the experiment (T;) and after 2.5 years (T) used in cross-sectional and specific area
analyses. L: litter treatment plots; GF: growth form; PSG: physiognomies of species occurrence; S: shading treatment plots; S+L: shading plus litter

treatment plots.

: . S L S+L
Family/Species GF PSG T ™ T T T T
ANACARDIACEAE
Anacardium humile A.St.-Hil. subshrub grasslands/savanna 1 0 0 0 0 O
ANNONACEAE
Annona coriacea Mart. shrub grasslands 0 1 3 1 1 1
Duguetia furfuracea (A.St.-Hil.) Saff. shrub grasslands/savanna 0 0 0 0 1 1
APOCYNACEAE
Blepharodon bicuspidatum E.Fourn. climber savanna/forest 1 0 0 1 0 O
Forsteronia pubescens A.DC. climber grasslands/savanna/forest 0 0 0 1 0 O
Temnadenia violacea (Vell.) Miers climber grasslands/savanna 0 0 0 1 0 O
ASTERACEAE
Baccharis crispa Spreng. forb grasslands 1 0 0 1 1 0
Bidens segetum Mart. ex Colla subshrub savanna/forest 0 0 0 1 0 O
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Chromolaena oxylepis (DC.) R.M.King & H.Rob.
Chrysolaena obovata (Less.) Dematt.

Lepidaploa chamissonis (Less.) H.Rob.
Lessingianthus bardanoides (Less.) H.Rob.
Moquiniastrum barrosoae (Cabrera) G. Sancho

BIGNONIACEAE
Anemopaegma arvense (Vell.) Stellfeld ex de Souza
Cuspidaria pulchella (Cham.) K.Schum.

COMMELINACEAE
Commelina erecta L.

CYPERACEAE
Fimbristylis sp.
Rhynchospora exaltata Kunth

DILLENIACEAE
Davilla elliptica A.St.-Hil.

ERYTHROXYLACEAE

Erythroxylum campestre S.St.-Hil.
Erythroxylum cuneifolium (Mart.) O.E.Schulz
Erythroxylum pelleterianum A.St.-Hil.

EUPHORBIACEAE
Microstachys hispida (Mart. & Zucc.) Govaerts

FABACEAE
Andira humilis Mart. ex Benth.

shrub
forb

shrub
shrub
shrub

subshrub
climber

forb

graminoid
graminoid

shrub

shrub
shrub
shrub

forb

subshrub

grasslands/savanna
grasslands/savanna
grasslands/savanna
grasslands/savanna
grasslands/savanna

grasslands/savanna
forest

grasslands/savanna

forest

grasslands/savanna/forest

grasslands/savanna
grasslands/savanna/forest
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grasslands/savanna
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Chamaecrista desvauxii (Collad.) Killip var. desvauxii
Chamaecrista flexuosa (L.) Greene

Eriosema campestre Benth.

Fabaceae sp.

Cerradicola decumbens (Benth.) L.P.Queiroz

Mimosa xanthocentra Mart.

Senna rugosa (G.Don) H.S.Irwin & Barneby

LAMIACEAE
Hyptis campestris Harley & J.F.B. Pastore

MALPIGHIACEAE

Banisteriopsis stellaris (Griseb.) B.Gates
Banisteriopsis variabilis B.Gates
Byrsonima intermedia A.Juss.
Mascagnia cordifolia (A.Juss.) Griseb.

MALVACEAE
Peltaea polymorpha (A.St.-Hil.) Krapov. & Cristdbal

MELASTOMATACEAE
Leandra aurea (Cham.) Cogn
Miconia albicans (Sw.) Triana
Miconia fallax DC.

Miconia paucidens DC.

MENISPERMACEAE
Cissampelos ovalifolia DC.

MYRTACEAE

forb/subshrub
forb/subshrub
subshrub
subshrub
subshrub
subshrub
shrub

forb

shrub/climber
climber

shrub

climber

forb

shrub
shrub
shrub
shrub

subshrub

grasslands/savanna
grasslands/savanna
grasslands
grasslands/savanna
grasslands/savanna
grasslands/savanna/forest

grasslands/savanna
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forest
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Campomanesia adamantium (Cambess.) O.Berg
Eugenia anomala D.Legrand

Eugenia dysenterica (Mart.) DC.

Myrcia bella Cambess.

POACEAE

Axonopus pressus (Nees ex Steud.) Parodi
Panicum sellowii Nees

Urochloa decumbens (Stapf) R.D.Webster

RUBIACEAE

Borreria verticillata (L.) G.Mey

Palicourea rigida Kunth

Psychotria hoffmannseggiana (Willd. ex Schult.) Mull.Arg.

SAPINDACEAE
Serjania lethalis A.St.-Hil.

SMILACACEAE
Smilax campestris Griseb

VERBENACEAE
Lippia origanoides Kunth

shrub
subshrub
shurb
shurb

graminoid
graminoid
graminoid

subshrub
shrub
shrub

climber

climber

subshrub

grasslands/savanna
grasslands/savanna
grasslands/savanna
grasslands/savanna/forest

grasslands/savanna
forest
grasslands/savanna/forest

grasslands/savanna
grasslands/savanna
forest

forest

grasslands/savanna
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Table S2. Number of individuals per species across different treatments at the beginning of the experiment (Ti) and after 2.5 years (Tr) used in
paradermal section analyses. L: litter treatment plots; GF: growth form; PSG: physiognomies of species occurrence; S: shading treatment plots;

S+L.: shading plus litter treatment plots.

: . S+L
Family/Species GF PSG T, ™ T T T T
ANNONACEAE
Annona coriacea Mart. shrub grasslands 1 0 1 0 0 0O
Duguetia furfuracea (A.St.-Hil.) Saff. shrub grasslands/savanna 0 0 0 0 0 1
APOCYNACEAE
Forsteronia pubescens A.DC. climber grasslands/savanna/forest 0 0 0 1 0 O
Temnadenia violacea (Vell.) Miers climber grasslands/savanna 0 0 0 1 0 O
ASTERACEAE
Baccharis crispa Spreng. forb grasslands 0 1 1 0 0O O
Chromolaena oxylepis (DC.) R.M.King & H.Rob. shrub grasslands/savanna 2 1 1 3 1 1
Chrysolaena obovata (Less.) Dematt. forb grasslands/savanna 0 0 0 1 0O O
Lepidaploa chamissonis (Less.) H.Rob. shrub grasslands/savanna 1 0 0 2 1 0
Lessingianthus bardanoides (Less.) H.Rob. shrub grasslands/savanna 0 0 0 1 0O O
Moquiniastrum barrosoae (Cabrera) G. Sancho shrub grasslands/savanna 0 0 2 1 1 1
BIGNONIACEAE
Anemopaegma arvense (Vell.) Stellfeld ex de Souza subshrub grasslands/savanna 1 0 0 0 0 O
Cuspidaria pulchella (Cham.) K.Schum. climber forest 3 0 0 3 2 0
CYPERACEAE
Rhynchospora exaltata Kunth graminoid forest 2 3 4 3 3 2
DILLENIACEAE
Davilla elliptica A.St.-Hil. shrub grasslands/savanna/forest 0 0 0 1 0 1
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ERYTHROXYLACEAE

Erythroxylum campestre S.St.-Hil.
Erythroxylum cuneifolium (Mart.) O.E.Schulz
Erythroxylum pelleterianum A.St.-Hil.

EUPHORBIACEAE
Microstachys hispida (Mart. & Zucc.) Govaerts

FABACEAE

Andira humilis Mart. ex Benth.

Chamaecrista desvauxii (Collad.) Killip var. desvauxii
Chamaecrista flexuosa (L.) Greene

Eriosema campestre Benth.

Fabaceae sp.

Cerradicola decumbens (Benth.) L.P.Queiroz

Senna rugosa (G.Don) H.S.Irwin & Barneby

LAMIACEAE
Hyptis campestris Harley & J.F.B. Pastore

MALPIGHIACEAE

Banisteriopsis stellaris (Griseb.) B.Gates
Byrsonima intermedia A.Juss.
Mascagnia cordifolia (A.Juss.) Griseb.

MALVACEAE
Peltaea polymorpha (A.St.-Hil.) Krapov. & Cristdbal

MELASTOMATACEAE
Leandra aurea (Cham.) Cogn
Miconia albicans (Sw.) Triana
Miconia fallax DC.

shrub
shrub
shrub

forb

subshrub
forb/subshrub
forb/subshrub
subshrub
subshrub
subshrub
shrub

forb

shrub/climber
shrub
climber

forb

shrub
shrub
shrub

grasslands/savanna
grasslands/savanna/forest
grasslands/savanna/forest

grasslands/savanna/forest

grasslands/savanna
grasslands/savanna
grasslands/savanna
grasslands
grasslands/savanna
grasslands/savanna/forest

grasslands/savanna
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grasslands/savanna
forest

grasslands/savanna

grasslands/gallery forest
grasslands/savanna/forest
grasslands/savanna
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MENISPERMACEAE
Cissampelos ovalifolia DC.

MYRTACEAE

Campomanesia adamantium (Cambess.) O.Berg
Eugenia anomala D.Legrand

Eugenia dysenterica (Mart.) DC.

Myrtaceae sp.

ORCHIDACEAE
Epidendrum secundum Jacqg.

POACEAE
Axonopus pressus (Nees ex Steud.) Parodi

RUBIACEAE
Borreria verticillata (L.) G.Mey
Palicourea rigida Kunth

Psychotria hoffmannseggiana (Willd. ex Schult.) Mull.Arg.

SAPINDACEAE
Serjania lethalis A.St.-Hil.

SAPOTACEAE
Pradosia brevipes (Pierre) T.D. Penn.

SMILACACEAE
Smilax campestris Griseb

VERBENACEAE
Lippia origanoides Kunth

subshrub

shrub
subshrub
shurb

forb

graminoid

subshrub
shrub
shrub

climber

subshrub

climber

subshrub

grasslands/savanna

grasslands/savanna
grasslands/savanna
grasslands/savanna

grasslands/savanna

grasslands/savanna
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grasslands/savanna
forest

forest
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Lippia lupulina Cham.

INDETERMINATE
Indeterminate

subshrub

grasslands/savanna

Table S3. Post-hoc contrasts significance values (P-values according to Tukey’s test) for the interaction between treatments (CT, S, L and S+L)
for the leaf functional traits of ground-layer community of Cerrado. CT = control; L = litter; S = shading; S+L = shading plus litter; -: result of

two-way ANOVA not significant.

Parameter CT-S CT-L CT-S+L S-L S-S+L L -S+L
Adaxial surface epidermis 0.0052  0.9856 0.0342 0.0877 0.9856  0.0052
Abaxial surface epidermis 0.9872  0.1166 0.2548 0.4827 0.1166  0.9872
Palisade parenchyma <0.0001 0.7690 0.0001 0.0012 0.7690 <0.0001
Spongy parenchyma - - - - - -
Total leaf thickness 0.2313  0.0001 0.0010 0.0036  0.0534  0.5451
Specific leaf area 0.0360 <0.0001 <0.0001 0.1382 <0.0001 0.0360
Stomatal density - - - - - -
Length of guard cell 0.0475  0.5694 0.9654 0.4187 0.1129 0.8324
Stomatal equatorial diameter 0.0420  0.3963 0.8866 0.5568 0.1576  0.8068
Chlorophyll a (Ca) <0.0001 0.5487 <0.0001 0.0024 0.5487 <0.0001
Chlorophyll b (Cb) <0.0001 0.2942 <0.0001 0.0004 0.2942 <0.0001
Total carotenoids <0.0001 0.4679 <0.0001 0.0024 0.4679 <0.0001
Ratio Ca: Cb 0.0015 0.8367 0.1345 0.0068 0.8367  0.0015
Quantum efficiency of photosynthesis  <0.0001  0.8320 0.0042 0.0001 0.8320 <0.0001
Maximum electron transport rate <0.0001 0.9190 <0.0001 <0.0001 0.0978 <0.0001
Light saturation point of photosynthesis  0.0066  0.8012 0.0181 0.2841  0.8012  0.0066
Carbon assimilation <0.0001 0.7696 <0.0001 <0.0001 0.7696 <0.0001
Stomatal conductance <0.0001 0.6505 0.0004 <0.0001 0.6505 <0.0001
Transpiration <0.0001 0.9952 <0.0001 <0.0001 0.9952 <0.0001

Water use efficiency
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CAPITULO 2. Combining the effects of water stress and smoke on seed

recruitment
SERA SUBMETIDO NO PERIODICO ANNALS OF BOTANY
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ABSTRACT
Background and Aims

In savanna ecosystems, water availability and pyrodiversity shape plant structure and
diversity. In the Brazilian savanna (Cerrado), factors such as water seasonality and fire
cues, like smoke, interact and influence species recruitment. This study investigates the
germinative and post-germinative responses of Cerrado ground-layer species to a
gradient of water potential reduction, both independently and in combination with liquid
smoke. It assesses the effects of these factors on treatment and post-stress recovery,
while exploring the potential protective role of smoke under stress conditions.

Methods

Different concentrations of polyethylene glycol 6000, both isolated and in combination
with varying concentrations of smoke water (1% and 2.5%), were used to assess the
responses of 15 Cerrado ground-layer species in germination chambers (25°C). Effect
sizes were used to analyze the data.

Key Results

The reduction of water potential was the primary factor negatively impacting both
germination and post-germination responses. While species-specific, smoke had a
protective effect on seed germination and early seedling development under moderate
water deficit. During recovery, most species were able to recover from stressful
conditions or maintain seed viability.

Conclusions

Both water potential reduction and smoke influence the germination and early
development of ground-layer species. Results show that the same factor (e.g., smoke)
can have varying effects depending on the developmental stage. In all cases, species
demonstrated tolerance to stressful conditions without loss of seed viability, reducing
and arresting germination during water deficiency, and also being capable of entering

secondary dormancy after stress.

Keywords: Savanna, germination, seedling formation, abiotic stress, recovery, fire

cues, secondary dormancy.
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Introduction

In tropical savannas, plant establishment and distribution are strongly influenced
by the interaction between climatic factors and disturbances such as drought and fire
(Bond, 2008; Holdo and Nippert, 2022). These ecosystems are shaped by seasonal
rainfall patterns and pyrodiversity (Lehmann et al. 2011), creating challenging
conditions for seed germination and establishment (Hoffmann et al. 2004). Among
these, water deficit and fire cues, such as smoke, can play a critical role in regulating
germination (Souza et al. 2022; Motta et al. 2024). However, germination responses to
the interaction between drought stress and fire cues remain poorly understood,
particularly for ground-layer plant species, which have been much less studied.
Understanding how these factors influence germination dynamics is crucial to
unraveling the mechanisms driving plant establishment under the current and future
climates of savanna ecosystems.

Water availability is a major limiting factor for seed germination and seedling
establishment (Baskin and Baskin, 2014). Drought directly compromises germination
by reducing germinability, prolonging the mean germination time (Ribeiro and Kolb,
2016), and even decreasing seed viability (Bhatt et al. 2022; Souza et al. 2022). In
seasonal environments, many species disperse their seeds at the end of the rainy season,
and seed traits that enhance resilience to seasonal drought have evolved (Silveira et al.
2011). Such as seed dormancy during dispersal (Ramos et al. 2017; Escobar et al.
2018), which prevents uncontrolled germination during seasonal transitions (Escobar et
al. 2021). Given that the seed-to-seedling transition is intrinsically linked to seasonality
(Escobar et al. 2018), projected droughts in tropical savannas are likely to impact
recruitment dynamics in dry and wet ecosystems (Souza et al. 2022). In Neotropical
savannas, the predicted shifts in hydrological cycles and rising temperatures over the
coming decades (Alves et al. 2021) are already being observed, with reductions in
rainfall regimes (Hofmann et al. 2023) and groundwater recharge rates (Ferraz et al.
2024), because of the most severe droughts recorded in the last 700 years (Strikis et al.
2024).

Simultaneously, pyrodiversity plays a pivotal role in species survival,
reproduction, and recruitment in fire-prone environments (Pausas and Keeley, 2023;
Kobziar et al. 2024). Fire, which has been integral to the evolutionary history of

savannas for over 10 million years (Simon et al. 2009), has shaped plant communities
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with distinct adaptive mechanisms, such as underground storage structures (Leal et al.
2024), soluble carbohydrate storage (e.g. fructans) (Moraes et al. 2016), and protected
buds (Cozin et al. 2024), enabling rapid resprouting after fires. Other adaptations
include accelerated flowering post-fire (Pilon et al. 2018; Fidelis and Zirondi, 2021;
Fidelis et al. 2022) and the breaking of physiological seed dormancy triggered by
temperature fluctuations (19-55°C, simulating fire opening gaps; Dairel and Fidelis,
2020) or exposure to smoke (Ramos et al. 2019; Zirondi et al. 2019; Motta et al. 2024).

Since the 1990s, smoke and its organic compounds have been widely studied for
commercial (De Lange and Boucher, 1990; Kepczynski and Kepcezynska, 2023),
conservation and restoration (Hodges et al. 2022), and ecophysiological purposes
(Motta et al. 2024). This fire cue, derived from the combustion of plant material,
contains over 70 organic and inorganic substances (Baldwin et al. 1994). Among these,
butenolides such as karrikins (KAR) are recognized for their stimulatory role in
germination in fire-prone (Flemmatti et al. 2004; Light et al. 2009; Catav et al. 2024)
and non-fire-prone environments (Daws et al. 2007; Ferraz et al. 2013). Beyond this
stimulation, smoke compounds may also exert a protective effect under stress
conditions (Banerjee et al. 2019), enhancing not only germination rates (Commander et
al. 2009) but also seedling vigor (Moyo et al. 2022).

Thus, various benefits have been attributed to smoke. When applied to lettuce
achenes, it triggered multiple genetic and metabolic responses, including the
upregulation of stress-related and ABA-associated genes (Sods et al., 2009). Acting as
phytohormones, smoke-derived molecules (e.g., KAR) can modulate the production of
antioxidant enzymes such as ascorbate peroxidase and glutathione reductase, which play
key roles in neutralizing reactive oxygen species (ROS) (Cembrowska-Lech and
Kepezynski, 2016; Ahmad et al., 2021). Furthermore, positive effects on the balance of
photosynthetic pigments under stress conditions have been reported, preventing pigment
concentration reductions in plants treated with smoke (Waheed et al., 2016).

Additionally, even under stress conditions, smoke can stimulate plant growth,
leading to increased organ length and biomass accumulation (Otori et al., 2020). By
influencing genetic and morphophysiological pathways, smoke presents the potential to
activate multiple stress-alleviation mechanisms (Aslam et al., 2024), including
responses to suboptimal temperature (Jain et al., 2006) and water availability
(Ghebrehiwot et al., 2008). While these effects have been explored in commercial crops,
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their potential remains largely uninvestigated in native plant species, representing a
critical gap in the ecophysiological understanding of biodiversity hotspots such as the
Brazilian savanna (Cerrado) (Myers et al., 2000).

Given the increasing water deficit in fire-prone environments, this study
evaluates the effects of a water potential gradient combined with different smoke-water
concentrations on ground-layer species, the most diverse and representative stratum of
the Cerrado. We aim to address the following questions:(i) How do Cerrado ground-
layer species respond to reduced water potential? (ii) To what extent does smoke
influence these responses under water stress, and at which developmental stages? (iii)
Does smoke facilitate recovery after stress?

We hypothesize that reduced water potential negatively impacts germinative and
post-germinative parameters. However, we expect smoke-water to mitigate water stress
by stimulating germination and seedling development. This protective effect should thus
enhance recovery after stress. Our findings could provide insights into ecophysiological
responses, with implications for species recruitment under projected drought conditions,
resilience to drought events, and possible strategies for the management, conservation,

and restoration of this climate-vulnerable hotspot through seeding.

Materials and Methods

Study area and diaspore collection

The diaspores for the experiments were collected at the Assis Ecological Station
(22°33'20"S and 50°20'27"W) and the Santa Béarbara Ecological Station (24°48'S and
49°13'W), both located in the state of S&o Paulo, Brazil (Figure S1 and Table S1). The
diaspores (Figure S2) were obtained from at least five random individuals to ensure
genetic variability. All collected seeds were screened under a stereomicroscope to
discard empty seeds. Fifteen species were selected (Table 1), with the criteria being
abundant in seed production and the representativeness of their family in floristic
surveys of the Cerrado, prioritizing more representative families such as Poaceae and
Asteraceae, among others (Meira Neto et al. 2007; Rossatto et al. 2008; Mendonga et
al. 2008). To facilitate comprehension, the dispersal units of all species will be

henceforth referred to as seeds.
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Table 1. Ground-layer study species. Growth form according to Durigan et al. (2018). AES: Assis Ecological Station; PSG: physiognomies of
species occurrence; SBES: Santa Barbara Ecological Station; SCD: Site and collection date; ST: Storage.

Species

Family

Growth form

PSG

SCD

ST (months)

Andropogon leucostachyus Kunth
Aristida megapotamica Spreng.
Baccharis sessiliflora VVahl

Ctenium polystachyum Balansa
Eragrostis leucosticta Nees ex Dol
Gymnopogon spicatus (Spreng.) Kuntze
Hyptis campestris Harley & J.F.B.Pastore
Lepidaploa chamissonis (Less.) H.Rob.
Loudetia flammida (Trin.) C.E.Hubb.
Loudetiopsis chrysothrix (Nees) Conert
Miconia chamissois Naudin

Mimosa dolens var. rigida (Benth.) Barneby
Paspalum cordatum Hack.

Pterocaulon rugosum (Vahl) Malme

Sorghastrum minarum (Nees) Hitchc.

Poaceae
Poaceae
Asteraceae
Poaceae
Poaceae
Poaceae
Lamiaceae
Asteraceae
Poaceae

Poaceae

Melastomataceae

Fabaceae
Poaceae
Asteraceae

Poaceae

Graminoid
Graminoid
Subshrub
Graminoid
Graminoid
Graminoid
Forb
Subshrub
Graminoid
Graminoid
Shrub

Subshrub — Shrub

Graminoid
Subshrub

Graminoid

Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Savanna (Dry)
Grasslands/Forest (Wet)
Grasslands/Savanna (Dry)
Grasslands/Forest (Wet)
Grasslands/Savanna (Dry — Wet)
Grasslands (Wet)
Grasslands (Dry)
Grasslands/Savanna (Dry)

AES; Jan/2023
SBES; Apr/ 2023
SBES; Apr/ 2023
SBES; Mar/ 2023
SBES; Apr/2023
SBES; May/2023
AES; May/2023
SBES; Apr/2023
AES; Apr/ 2023
SBES; Mar/2023
AES; Mar/2023
SBES; May/2023
SBES; Jan/2023
SBES; Apr/2023
SBES; Mar/2023

3
16
7
14
9
15
<1
<1
15

w oo o © - W
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Smoke water treatments and osmotic potentials

For the experiments, each treatment consisted of four replicates with 25 seeds each,
totaling 100 seeds per species. The seeds were placed on a double layer of filter paper in 90 x
15 mm Petri dishes and incubated in germination chambers at a constant temperature of 25°C,
with a photoperiod of 12 hours of white light (60 pmol m? s™'). However, for larger seeds (>3
mm), 110 x 110 x 35 mm germination boxes were used.

To simulate the water deficit gradient, different concentrations of polyethyleneglycol
6000 (PEG 6000) were applied, following the specifications of Villela, Doni Filho, and
Sequeira (1991) (see Table S1 for PEG 6000 mass). PEG 6000 was dissolved in distilled
water and aqueous solutions of commercial SW (Regen® SMOKEMASTERT) at
concentrations of 1 and 2.5%. The seeds were subjected to 12 treatments: Control (distilled
water); SW 1%; SW 2.5%; -0.3; -0.6; and -0.9 MPa (the last three treatments used PEG
diluted in distilled water, SW 1%, and SW 2.5%) — see Figure S3.

Each Petri dish received 5 mL of the corresponding treatment solution, while the
germination boxes received 11.7 mL, a volume proportional to the base area compared to the
Petri dishes. The containers were sealed with plastic film (polyvinyl chloride) in both cases.
Every 15 days, all treatments had their solutions replaced to maintain the desired
concentrations and osmotic potentials. Germination was monitored daily for 30 days. Seeds
were considered germinated when the radicle (or coleorhiza for grasses) protruded >1 mm.

The germination percentage (G%) was calculated according to the equation
ng x 100
T

si

6% =

Where: ng = the number of seeds germinated, and Tsi = total number of seeds at the

start of the experiment. The mean germination time (MGT) was calculated using the equation:

Where: ng = the number of seeds germinated per day; na = the number of days since
the start of the test, and Tr = the total number of seeds germinated by the end of the
experiment. Furthermore, from the onset of the experiments, both seedling formation
percentage (S%) and mean seedling formation time (MSFT) were assessed. In addition to the
potential seedlings formed during the initial 30 days, an additional 30 days were allocated

exclusively to evaluate the formation of seedlings from seeds that had previously germinated
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in their respective treatments; solutions were also replaced every 15 days. Grass seedlings
were considered formed when the second leaf expanded (>1 mm), while for eudicotyledons,
when the aerial organ (epicotyl > 1 mm in height) emerged — see Figure S3. The S% was

calculated using the equation:

_ Ny X 100

ng i

5%

Where: ni = the number of seedlings formed and Tsgi = the total number of seeds that
had germinated at the start of the experiment. The MSFT was calculated using the following
equation:

Z(ng;xngy)

MSFT =
Ty

Where: ns = number of seedlings formed per day; na = number of days since the
beginning of the test, and Tt = total number of seedlings formed by the conclusion of the

experiment.

Recovery treatment

The ungerminated seeds, excluding the control treatment, were rinsed with distilled
water and subjected to a recovery treatment. For each replicate (n >1) with ungerminated
seeds (n >1) from the treatments, a double layer of filter paper was used in 90x15 mm Petri
dishes or 110x110x35 mm germination boxes. At this stage, both containers received only
distilled water and were placed in germination chambers at a constant temperature of 25°C,
with a photoperiod of 12 hours of white light (60 pmol m? s™'). As in the previous treatments,
30 days were allocated for germination monitoring and a total of 60 days for seedling
development and formation (Figure S3). The same criteria used in the treatments were applied
to consider a seed as germinated (radicle or coleorhiza > 1 mm) and a seedling as formed

(epicotyl or second leaf > 1 mm).

Seed viability
The ungerminated seeds at the end of the recovery experiments (or control treatment)
were analyzed using a 1% solution of 2,3,5-triphenyl-2H-tetrazolium chloride (see Table S1).
The seeds were incubated in the dark at 25°C for 72 hours. Following this period, they were
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dissected using a scalpel, inspected under a stereomicroscope, and classified as viable
(embryos exhibited a pink hue) or non-viable (no color change in the embryo) — see Figure
S3.

Data analyses

To assess the effects of water potential reduction and smoke on germinative and post-
germinative responses, effect size analyses were performed using the log response ratio
(LRR) as a measure of composition. The LRR was calculated using the following equation:

LRR =1 (Rt)
= in R—

ct

Where: Rs = response observed under treatment or recovery, and Rct = response
observed in the respective control.

Effects size was calculated using escalc function from the R package METAFOR
(version 4.6.0; Viechtbauer, 2024). A constant (0.1) was added before calculating the LRR to
prevent issues with zero values in the means. Negative LRR values (—;—) indicate reduced
responses under treatment or recovery conditions compared to control, while positive values
(+;+) denote increased. Confidence intervals that include zero (—;+) indicate no significant
difference between treatment/recovery and control responses. All analyses were performed
using R software (version 4.3.0) (R Development Core Team, 2023).

Results
Germination responses to water deficit and smoke

All species exhibited reduced germination parameters under water deficit conditions,
particularly at more reduced osmotic potentials. Conversely, the effects of smoke varied,
ranging from negative to neutral or positive, with species-specific responses observed (Fig. 1).
Among the 15 species, three (20%) showed enhanced germination in response to both smoke
concentrations (1% and 2.5%) (Fig. 1A). Notably, while Eragrostis leucosticta and Loudetia
flammida exhibited increased G% under both concentrations, Sorghastrum minarum was
stimulated only under SW 1% (Fig. 1A).

Additionally, 20% of the species experienced reductions in G% under SW 1%,
increasing to 40% under SW 2.5%. While both concentrations negatively affected the G% of
Baccharis sessiliflora, Gymnopogon spicatus, and Paspalum cordatum, only the higher
concentration adversely impacted this parameter in Aristida megapotamica, Lepidaploa
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chamissonis, and Pterocaulon rugosum. For MGT, reductions were observed in 20% of the
species, but only under SW 2.5% (Fig. 1B). Conversely, increases in MGT were noted in =
33% of the species under SW 1%, rising to 40% under SW 2.5% (Fig. 1B).

Under the less negative osmotic potential (-0.3 MPa) without smoke, 60% of the
species exhibited reductions in G% (Fig. 2A). However, under the same osmotic potential
with smoke, this percentage dropped to = 47% under SW 1% and = 33% under SW 2.5%);
moreover, E. leucosticta showed increased G% at both SW concentrations, while Loudetia
flammida displayed a similar response only at SW 1% (Fig. 2A). For MGT, 12 out of 15
species (80%) exhibited increases under -0.3 MPa, rising to = 87% with SW 1% and
remaining at 80% with SW 2.5% (Fig. 2B). Although Gymnopogon spicatus showed
increased MGT under treatment without SW, no differences were detected compared to the
control when combined with SW, regardless of concentration (Fig. 2B). Conversely, the
opposite pattern was observed for Hyptis campestris and Miconia chamissois, which exhibited
increased MGT when exposed to SW (Fig. 2B).

At the moderate osmotic potential tested (-0.6 MPa) without SW, 14 out of 15 species
(= 93%) showed reduced G% (Fig. 3A). However, with smoke exposure, this percentage
decreased to 80% at SW 2.5% and = 73% at SW 1%. Within the -0.6 MPa potential, while
Lepidaploa chamissonis exhibited improved germination under SW 1% (not differing from
the control), similar responses were observed for Miconia chamissois and Sorghastrum
minarum at both SW concentrations (Fig. 3A). Regarding MGT, except for Gymnopogon
spicatus under the isolated -0.6 MPa potential treatment, all species were negatively affected
regardless of SW presence or concentration (Fig. 3B). Under the most negative osmotic
potential (-0.9 MPa), all species except Eragrostis leucosticta experienced reduced %G,
irrespective of SW presence or concentration (Fig. 4A). For MGT, only Andropogon
leucostachyus showed no changes under SW 1%, while all other species were negatively

affected irrespective of SW presence or concentration (Fig. 4B).
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(A) Germination (%) (B) Mean germination time (days)

EP EP
O Andropogon leucostachyus -0.10[-0.35, 0.14 O Andropogon leucostachyus - -0.18 [-0.46, 0.11]
O Aristido megapotamica -0.16 [-0.33, 0.01 — Aristida megopotamica - 0.16[0.01, 0.32]
— Baccharis sessiliflora -0.46[-062,-0.31 — Baccharis sessiliflora =] 046[0.32, 060]
o Ctenium polystachyum 0.01[-0.05, 007 o Ctenium polystachyum m 0.11[-0.02, 0.24]
+ Eragrostis leucosticta o 572 [ 554, 591 — Erogrostis leucosticta ; 5] 439 [ 436, 4,42]
— Gymnopogon spicatus 029[-0.38,-020 O Gymnopogon spicatus — -0.06 [-0.42, 0.30]
= | o Hyptis compastris -0.30[-1.31, 0.70 O Hyptis compestris —E— 0.16[-0.36, 0.69]
; O Lepidaploa chamissonis 0.00[-021, 022 0 lepidaploa chamissonis 4 0.01[-018, 0.21]
@ | + toudstio flammida 0.37[0.10, 063 o Loudetia flammice o 0.02[-0.09, 0.13]
O Loudetiopsis chrysothrix -0.07 [-0.50, 0.36 O Loudetiopsis chrysothrix —a— -0.51[-1.22, 0.19]
O Miconia chamissois 0.19[-0.37, 0.74 0 Miconia chamissois o -0.07 [-0.24, 0.10]
0 Mimosa dolens var. rigida -0.01[-0.04, 0.02 — Mimosa dolens var. rigida m 0.09[0.02, 0.16]
—  Paspalum cordatum -1.41[-2.29,-054 — Paspolum cordatum - 042[0.14, 0.70]
0 Pterccoulon rugosum -0.11[-0.40, 017 O Pterocaulon rugosum = 0.11[-0.07, 0.29]
+ Sorghastrum minarum 0.21[0.08, 0.34 O Sorghastrum minarum o 0.00[-0.16, 0.16]
0O Andropagon leucostachyus -0.06 [-0.24, 0.12 O Andropagan leucostachyus -.— -0.06 [-0.33, 0.21]
— Aristida megopotamica -0.87[-1.15,-058 O Aristida megapotarnica - 0.13[-0.01, 0.27]
— Baccharis sessiliflora -087[-1.23,051 — Baccharis sessiliflora ‘m 0.46[0.36, 0.59]
0 Ctenium polystachyum 0.00[-0.07, 0.07 — Ctenium polystachyum k] 0.16[0.04, 0.29]
+ Eragrostis leucosticta n 548[5.33, 563 — Eragrostis leucosticta : a 442[4.31, 4.54]
— Gymnopogon spicatus -0.48[-0.89, -0.07 + Gymiopogon spicatus - -0.41[-0.59,-0.22]
§ O Myptis campestris -0.30[-0.97, 0.37 + Hyptis compestris —— -0.77[-1.36,-0.18]
o | = lepidaploa chamissonis -0.34[-0.59,-0.10 o0 Lepidaploa chamissonis il 0.21[-0.00, 0.41]
= | + Loudetio flammida 0.31[0.03, 0.58 — Loudetia flammida u 0.14[0.04, 0.23]
o + Loudetiopsis chrysothrix 0.13[0.02, 0.25 + Loudetiopsis chrysothrix = -0.72[-0.87,-0.58]
o Miconia chamissois 0.35(-0.03, 0.73 o Micenia chamissois E 3 0.14[-0.04, 0.31]
0 Mimosa dolens var. rigida 0.01[-0.01, 0.03 — Mimosa dolens var. rigida | | 0.39[0.31, 0.48]
= Paspalum cordatum -0.91[-1.32,-0.50 — Paspalum cordatum | 0.51[0.16, 0.86]
— Pterocoulon rugosum -0.28-0.45,-0.10 © Pterocaulon rugosum k3 0.19[-0.00, 0.37]
0o Sorghastrum minarum 016[0.01, 0.30 O Sorghastrum minarum I 0.04[-0.08, 0.16]
RE Model < 0.21[-0.34, 0.75) RE Model - 0.34 [-0.08, 0.75]
EFFECT ON THE PARAMETER (EP) f T I T T 1 f T T T !
++ oo -- -4 -2 0 2 4 6 -2 0 2 4 6
POSITIVE NEUTRAL NEGATIVE
Effect size (log response ratio) Effect size (log response ratio)

Figure 1. Effect size of concentrations of smoke water (SW), on germination responses (A and B) of Cerrado ground-layer species. The boxes
represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical values for the mean and
confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects (RE) model: The

diamond represents the pooled effect size and 95% confidence intervals.
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(A)

Germination (%) (B)

Mean germination time (days)

EP EP
Andropogon leucostachyus -D -0.14 [-0.50, 0.21 Andropogon leucostochyus —0— 0.3810.04,0.72
Aristida megapotamica o -0.61 [-0.75, -0.46 Aristido megapotamica PO 042[0.26,0.59
Baccharfs sessiliflora o -0.66 [-0.81, -0.51 Baccharis sessiliflora Hm| 021[013,029
Ctenium polystachyum o -0.58 [-0.80, -0.36 Ctenium polystachyum 1.3311.10, 1.57]
Eragrostis leucosticta ] 0.00]0.00, 0.00 Eragrostis leucosticta m] 0.00[0.00,0.00
Gurnopogon spicatus -+ -1.20 [-1.66, -0.73 Gumnopogon spicatus P —O— 1.03]0.56, 1.50
Hyptis campestris —E— -0.30 [-1.55, 0.94 Hyptis campestris —— -0.19[-0.70,0.32
Lepidaploa chamissonis et -0.44 [-0.84, -0.04 Lepidaploa chamissonis [ 025]002 048
Loudetia flommida [ -0.30 [-0.58, -0.02 Loudetia fiammida H -+ 1.02]0.75,1.28
Loudetiopsis chrysothrix 40 -0.65 [-1.04, -0.26 Loudetiopsis chrysothrix HEE = 067[051 084
Micania chamissols - 0.221-0.41, 0.84 Miconia chomissois ey 0.18 [-0.04, 0.41
Mimosa dolens var. rigida ] -0.12 [-0.23, -0.00 Mimosa dolens var. rigida R 071]051.091
Paspalum cordatum —a— -2.09 [-3.34, -0.84 Paspalum cordatum i - 0.53[025 0.80
Pterocauton rugosum s -0.151-0.46, 0.17 Pterocaulon rugosum o 0.29[0.10 0.48
Sorghostrum minarurm fug -0.19[-0.52, 0.14 Sorghastrum minarum o 039006 072
— Andropogon leucostachyus =N -0.48 [-0.65, -0.32 — Andropogon leucostachyus N 026 [ 0.04, 0.48
— Aristida megapotomico | -0.54 [-0.73, -0.36 — Aristido megapotamica s 0.21[0.03, 0.39]
— Baccharis sessiliflora " -0.87 [-1.13, -0.60 — Boccharis sessiliflora (] 046[037 054
£ | - ctenium polystachyum ] -0.18 [-0.24, -0.13 — Ctenium polystachyum H = 1241107 142
= | + Eragrostis leucosticta : @ 4457406, 4.84] O Eragrostisleucosticto - -0.03 [-0.40. 0:34
= | _ ymnopogon spicatus - | -1.37 [-1.90, -0.83 O Gymnapogon spicatus —— 0.00[-052 053
9l Hyptis campestris —— -0.151-0.78, 0.47 — Hyptis campestris S 0.31[0.14 0.48
; O Lepidaploa chamissonis u -0.13 [-0.45, 0.19 — Lepidaploa chamissonis N 0391020 057
o | + Loudetia flammida [ 0.27[0.00, 0.54 — Loudetia fiommida H 0.18[0.02' 034
= | O Loudetiopsis chrysothrix ] -0.03[-0.17, 0.12 ~ Loudetiopsis chrysothrix i 037[015. 0.58
o | O Miconia chomissols -+ 0.36 [-0.12, 0.84 ~ Miconia chamissols e 050[043 056
< | o Mimosadolens var. rigida 5] -0.02 [-0.05, 0.01 —~ Mimosa dolens var. rigida H —m- 0761049 1.04
— Paspalum cordatum —0— i -3.13[-4.94, -1.31 — Paspalum cordatum H - AR
~ Pterocaulon rugosum Y -0.40[-0'77 -0.04 — Pterocaulon rugosum i 0.3910.20,058
O Sorghastrum minarum m 0.10[-0.04, 0.24 — Sorghastrum minarum H = 1591134 1.77
— Andropogon leucostachyus - -0.77 [-1.31, -0.23 — Andropogon leucostachyus H = 0.3010.01,0.59
— Aristida megopotamica - -1.82 [-2.65, -1.00 — Aristido megopotomica H & 0.5610.34,0.78
s |- Baccharis sessiliflora " -1.03[-1.27. -0.80 — Baccharis sessiliflora u 0.571045,068
o | O Ctenium polystachyum ] -0.08 [-0.20. 0.05 = Ctenium polystachyum i ] 129[1.18,1.41
o | T Eragrostis leucosticta i - 4.61 4_25: 4.97 O Eragrostis leucosticta i L] 476472 480
2 | - Gumnopogon spicatus —;— -1.83 [-2.64, -1.02 QO Gymnopogon spicatus ] -0.25[-0.69,0.20
@ | O Hyptis compestris —.— -0.70[-1.67, 0.26 — Hyptis campestris —&— 023[-094,048
+ | o tepidaplon chamissonis - “0'47 [-0:97° 0:02] - Lepidaploachamissonis e 0.4610.18,0.74
« | 0 Loudetia flammida » -0.09 [-0.36, 0.19 — Loudetia flammida R 0421032053
2 | 0 Loudetiopsis chrysothrix [] -0.08 [-0.28, 0.12 — Loudetiopsis chrysothrix - 0.21]0.03,0.40
2 | o Miconia chomissols B -0 -0.76. 0.17 — Miconia chamissois ] 0.38]0.23,0.52
g O Mimosa dolens var. rigida [] 0. -0.17. 0.02 — Mimosa dolens var. rigida . | 0711062, 080
7 | = Paspatum cordatum — . -2.09 [-3.34, -0.84 — Paspalum cordatum i 0.70 [ 0.40, 0.99
O Pterocaulon rugosum L | -0.24 [-0.48, 0.00 — Pterocaulon rugosum 3 0.53]0.34,0.73
O Sorghostrum minarum [] 0.09 [-0.06, 0.23 O Sorghastrum minarum 3 0.00(-0.16,0.16
RE Model ‘ -0.27 [-0.63, 0.09] RE Model & 0.56 [ 0.33, 0.79]
EFFECT ON THE PARAMETER (EP) I ‘ T ‘ I ‘ ‘ : ‘ ! I
-6 -4 -2 0 2 4 6 -2 0 2 4 6

++ oo --
POSITIVE NEUTRAL NEGATIVE

Effect size (log response ratio)

Effect size (log response ratio)

Figure 2. Effect size of osmotic potential, independently and in combination with varying concentrations of smoke water (SW), on germination

responses (A and B) of Cerrado ground-layer species. The boxes represent the mean effect sizes and their corresponding 95% confidence

intervals for each variable (numerical values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes

the control treatment. Random-effects (RE) model: The diamond represents the pooled effect size and 95% confidence intervals.

68



(A) Germination (%) (B) Mean germination time (days)

EP EP
Andropogon leucostachyus — -1.64 [-2.08, -1.22 Andropogon leucostachyus —a— 0.79[0.46, 1.13]
Aristidamegopotomica < -1.28 [-1.95, -0.96 Aristido megapotamico o 0.52[0.29, 0.78]
Baccharis sessilifiora - -1.13 [-1.45, -0.81 " .
Ctenium polystachyum o -3114 [-4.48) -1.79 Baccharis sessiliflora —— 0.92[0.76, 1.07]
Eragrostis leucosticta ] 0.007 0.00, 0.00 Ctenium polystachyum R — 0.98 [ 0.67, 1.30]
Gymnopogon spicatus —— -2.73[-3.50, -1.96 p _ o
Hyptis compestris T 575428 3716 Gymnopogon spicatus - 0.08[-0.21, 0.38]
Lepidopioa chamissonis O -0.87 [-1.22 -0.51 Lepidaploa chamissonis —0— 0.86 [ 0.66, 1.06]
Loudetia flammida e  a— _%;(2) -g_gg, -4 gg Loudetio flammida o 0.660.58, 0.73]
Loudetiopsis chrysothrix —0— -£. -2.49, -1. Loudetiopsis chrysothri ——
Miconia chamissois O -0.23]-0.75, 0.29 N‘"” e- Dp:JS C_ Fy.?o rix 0.85[0.70, 0.99]
Mimosa dolens var. rigida o -0.38 [-0.66, -0.09 liconia Camissois —— 0.58 [0.41, 0.74]
Paspalum cordatum - _4'93 -8, 1 g, -4'63 Mimasa dalens vor. rigida —0— 1.64 [ 1.42, 1.86]
Pterocaulon rugosum = -0. -0.68, -0. Pterocauion rugosum —0— 0.68 [ 0.48, 0.88]
Sorghastrum minarum Ens -0.46 [-0.67, -0.24 h i
— Andropogon leucostachyus —i— -2.32 [-3.07, -1.58 Sorghastrum minarum — 1.04[0.70, 1.39]
— Aristida megapotamica —— -2.191[-2.73, -1.64 —  Andropogon leucostachyus _ 0.73[0.37, 1.09]
— Baccharis sessiliflora i -1.72[-1.90, -1.54 —  Aristida megapotarnica — 0.79[0.46, 1.11]
& | — Ctenium polystachyum -0 -259[-3.12, -2.07 B '
“ o Eragrostis leucosticta B G.00 0.00’, 0,00 = Baccharis sessiliflora - 0.41[0.29, 0.52]
= | 2 cymnopogon spicatus —_—a— -3.40[-5.27, -1.53 —  Ctenium polystachyum - 2.08(1.97, 2.20]
(f - :_—iyps‘s c;:mpistr‘is —E— -13%% -ﬁ%g, -8:1]% —  Gymnopogon spicatus = 0.23[0.11, 0.38]
O Lepidoploa chamissonis —0O+ -0.32 [-0.79, 0. _ . o
& | = Loudetia flammida — 147237 -057 Lepidoploa chomissonis —a— 0.86 [ 0.68, 1.04]
= | — Loudetiopsis chrysothrix - -0.43[-0.72. -0.14 —  Loudetia flammida —— 0.82[0.50, 1.14]
@ | O Miconio chamissois —— 0.15]-0.27, 0.57 — Loudetiopsis chrysothrix —— 0.18[0.02, 0.34]
Bl Bl - u D83 [030 938 - weconochamissos - 0.69[0.55, 0.82]
~ Pterocaulon rugosum - -0.75 [-1.00. -0.51 — Mimosa dolens var. rigida . 1.24[1.12,1.37]
o Sorghastrum minarum ] -10(8]%' -(zl.gg, (1)[1]% —  Pterocaulon rugosum —B— 0.55[0.38, 0.73]
= Andropogon leucostachyus —— =1. -2.56, -1. _ _
— Aristida megapotomica ] -6.01 [-6.08 -5.93 Sorghastrum minarum —m— 0.31[0.11, 0.51]
€ |- Baccharis sessilifiora —.— 272 _3‘52! -1.62 — Andropogon leucostachyus —a— 0.73[0.42, 1.04]
|- gtenlumﬁfysmc:‘ygm - -10%% -10.(3)8, -(1“1)% —  Baccharis sessiliflora - 0.51 [ 0.44, 0.58]
o | O Eragrostis leucosticta ] X .00, 0. _
2 | - Gumnopogon spicatus n 575 [-5.83 -5.68 Gtenium palystachyum - 2.01[1.86, 2.16]
@ | — Hyptis campestris - 372 [-4.28 -3.16 —  Lepidaploa charnissonis —— 0.96 [0.81, 1.12]
+ | - iep?aplaﬁchan’gssonis - -ggg -g% -(1), é 2 —  Loudetio flammida . 0.59[0.36, 0.82]
© | — Loudetia flammica —— -2, -2.76, -1. _ - .
Q | - Loudetiopsis chrysothrix E o -0.94 [-1.23, -0.65 Loyde?rops:s chrysothrix = 0.91[0.73, 1.09]
E 0 Miconia chamissois = -0.21[-1.00' 0.58 — Miconia chamissois —— 0.79[0.65, 0.93]
2 | = Mimosadolens var. rigida LI -0.86 [-1.02, -0.69 —  Mimosa dolens vor. rigida —— 1.51[1.29, 1.74]
" | = Pospalm cordatm Bl i -4.83-5.18, -4.49 —  Pterocaulon rugosum —— 0.62[0.44, 0.81]
— Pterocaulon rugosum - H -1.411[-1.79,-1.04 i
0 Sorghastrum minarum ] -0.01[-0.18 0.16 — Sorghastrum minarum L] 0.71[0.43, 1.00]
RE Model < -1.82[-2.32, -1.33] RE Model <> 0.82[0.67, 0.97]
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e ose - -8 6 -4 2 0 2 05 0 05 1 15 2 25
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Figure 3. Effect size of osmotic potential, independently and in combination with varying concentrations of smoke water (SW), on germination
responses (A and B) of Cerrado ground-layer species. The boxes represent the mean effect sizes and their corresponding 95% confidence
intervals for each variable (numerical values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes

the control treatment. Random-effects (RE) model: The diamond represents the pooled effect size and 95% confidence intervals.
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Germination (%)

EP

Andropogon leucostachyus —_— . -3.86 [-5.65, -2.07
Aristida megapotamica [} -6.01 [-6.08, -5.93
Baccharis sessiliflora -+ -1.64 [-1.91, -1.37
Ctenium polystachyum o -6.16 [-6.18, -6.14
Eragrostis leucosticta 0O 0.00[0.00, 0.00
Gymnopogon spicatus [} -5.75[-5.83, -5.68
Hyptis campestris —— -3.72 [-4.28, -3.16
Lepidaploa chamissonis Sy -0.86 [-1.08, -0.65
Loudetia flammida - -5.72 [-5.98, -5.46
Loudetiopsis chrysothrix 03— -3.60 [-5.47, -1.73
Miconia chamissois —00— -1.65[-2.72, -0.58
Mimosa dolens var. rigida - -0.90 [-1.24, -0.57
Paspalum cordatum - -4.8 -5,18, -4.49
Pterocaulon rugosum -0 -0.45[-0.76, -0.14
Sorghastrum minarum -0 -0.89 [-1.23, -0.56
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Figure 4. Effect size of osmotic potential, independently and in combination with
varying concentrations of smoke water (SW), on germination responses (A and B) of
Cerrado ground-layer species. The boxes represent the mean effect sizes and their
corresponding 95% confidence intervals for each variable (numerical values for the
mean and confidence intervals are displayed on the right). The vertical dashed line
denotes the control treatment. Random-effects (RE) model: The diamond represents the

pooled effect size and 95% confidence intervals.
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Post-germination responses to water stress and smoke

Similar to germination parameters, S% was negatively affected by water deficit.
In the absence of water stress, smoke negatively impacted S% in 4 out of the 14
evaluated species (=28%), increasing to 9 (=64%) under SW 2.5% (Fig. 5A).
Lepidaploa chamissonis was the only species to show an increase in S% under SW
2.5% (Fig. 5A). For MSFT, increases were observed in =31% and =46% of the species
under SW 1% and 2.5%, respectively (Fig. 5B). Both concentrations negatively affected
MSFT in Aristida megapotamica, Ctenium polystachyum, Pterocaulon rugosum, and
Sorghastrum minarum (Fig. 5B). Under SW 2.5%, increases in MSFT were observed
only in Lepidaploa chamissonis and Miconia chamissois (Fig. 5B). In contrast,
Loudetiopsis chrysothrix benefited under the highest concentration, showing a reduction
in MSFT (Fig. 5B).

Under water stress, at the less negative osmotic potential (-0.6 MPa), reductions
in S% were observed across all treatments, regardless of SW presence or concentration
(Fig. 6). However, while 9 out of the 14 evaluated species (= 64%) showed reductions
under the isolated osmotic potential, this increased to 11 (= 78%) and 10 (= 71%)
under SW 1% and 2.5%, respectively (Fig. 6A). Ctenium polystachyum was the only
species to benefit from smoke, and this effect was observed only under SW 1% (Fig.
6A). For MSFT, 9 out of the 12 evaluated species (75%) exhibited increases in this
parameter (Fig. 6B).

With further reduction in osmotic potential (-0.6 MPa), only Andropogon
leucostachyus, Lepidaploa chamissonis, and Loudetiopsis chrysothrix did not show a
decrease in S% under the isolated treatment (Fig. 7A). Conversely, smoke consistently
had a negative effect on S% across all species, regardless of its concentration (Fig. 7A).
Similar trends were observed for MSFT, where, except for Lepidaploa chamissonis,
which was unaffected by the isolated osmotic potential, all species exhibited increases
in MSFT values (Fig. 7B). Under the most negative osmotic potential (-0.9 MPa), all
species showed reductions in S%, irrespective of smoke presence or concentration (Fig.
8). Due to the high number of species with inhibited S% at this potential or with data

available from only two replicates, MSFT could not be assessed.
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Figure 5. Effect size of varying concentrations of smoke water (SW), on post-germinative responses (A and B) of Cerrado ground-layer species.

The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical values for the mean and

confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects (RE) model: The

diamond represents the pooled effect size and 95% confidence intervals.

72



-0.3 MPa + SW 1%

-0.3 MPa + SW 2.5%

(A) Seedling formation (%) (8 Mean seedling formation time (days)
EP EP
Andropogon leucostachyus —— -0.0 Andropogon leucostachyus a 0.06[-0.00. 0.13
Aristida megapotamica pn 0.9 Avistida megapotamica o 0241012 037
Baccharissessifora gt -g q Boccharis sessilifiora O 020[007, 034
Lt jur - it
Gymnopgguyn.spicéutus —— 06 gt?g‘::‘jgﬁam? El? 8 gg ggg 8 gg
Hyptis campestris {m] 6.1 YmAOpOgon spitas '
Lepidapioa chamissonis m— 06 Lepidaploa chamissonis g 0.10(-0.06, 0.26
Loudetia flammida o -0.5i [DHdEt{D flommida . 40 0.33[0.09, 057
Loudetiopsis chrysothrix - 01 Loudetiopsis chrysotfirix o 0.3810.21, 0.55]
Miconia chamissois —0— 17 Miconia chamissals ——0— 043(-0.18, 1.04
Mimosa dolens var. rigida — 0 35 Mimesa dolens var. rigida m] 042[0.34, 050
Paspalurm cordatum I 58 Paspalum cordatum a 469474 464
Pterocaulon rugosum -0 -145 Pterocaulon rugosum g 0.18[0.03, 0.34
Sorghastrum minarum o+ -0.36 Sorghastrum minarum o 061[052, 0.71
— Andropogon leucestachyus —— -1.79 0 Andrepegon feucostachyus ] 0.04[-006, 0.14
— Aristida megapotamica —- 6 , — Aristida megapotamica im 0.35[0.23, 0.47]
- Bcccflal‘is sessiliffora —— -097 1152 -0.42 O Baccharis sessiliflora s 0.14[-0.03, 0.30
+  Ctenium polystachyum ] 0157001, 0.28 ~ Ctenfum polystachyum (7] 052[046 058
- ﬁyrrtu‘"vopogonsfﬁ'lcoms = — i g gg ‘é %1 ‘g 8% — Gymnopogon spicatus =] 029[021. 038
~  Hyptis campestris N X - ; i !
O Lepidaploa chamissonis —— 63]-0.17, 1.44 ~ Lepidaploa chomissonis H ggg ggg 838
— Loudetio flommida = 020[032 009 - loudetoflommida - 03, 0.41
— Loudstiopsis chrysothrix ey 043069 -018 — Loudetiopsis ohrysothrix = 026013, 0.39
—  Miconia chamissois 9] 6.12[-6.25,-5.99 3k Miconia chamissois - 4771504 -451
— Mimosa dolens var. rigida - 308[-387 -228 — Mimesa dolens var. rigida =] 0.48[0.40, 0.56
— Paspalum cordatum - 585[6.15, -5.54 >k Pospalum cordatum =] -469[-4.74,-464
—  Pterocaulon rugosum -0 4251172 0.79 ~ Pterocaulon rugosum ) 0.37]0.26, 0.49
o Sorghastrum minarum ¥ 02 | — Sorghastrum minarum (] 0.57[0.47, 0.66
0 Andropogon leucestachyus ——— 074 = Andropagon leucostachyus | | 0.07[0.03, 0.12
— Aristida megapotamica —— 0.7 — Aristida megapetamica u 050040, 061
= Baccharis sessiliflora — -2 — Baccharis sessilfiora [ | 0.31[0.21, 0.40
O Ctenium polystachyum ] 0. — Ctenium polystachyum | | 0.47[0.40, 0.53
= Gymnopogon spicatus u -5 sk Gymnopogon spicatus u 423425 -421
o Lepidoponchomesonis - I ~ Lepidaplog chomissoris = 024007, 041
— Loudetia flammida = 0 - Loudet{a ﬂqmmldo i .I g%; gqg g gg
= Loudetiopsis chrysothrix [ | -0 - Loyde{lopys c'/?rysothmx AT71504 451
~ Miconia chamissois [ | 6. + M{comuchamrssws 5 &+ - . 1
— Mimosa dolens var. rigida — . 3 — Mimasa dolens var. rigida | | 048[0.41, 0.55
0 Paspalum cordatum - = ] — Pospalum cordatum ] 0.56[0.51, 061
— Pterocaulon rugosum - 1. = Pterocaulon rugosum ] 0.40[0.29, 0.52
— Sorghastrum minarum - 0 — Sorghastrum minarum ] 057[0.46, 068
RE Model - -1.83[-2.52, -1.14] RE Model ‘ -0.30[-0.83, 0.23]
EFFECT ON THE PARAMETER (EP) f T T T T T I
St 0o - -8 -6 -4 -2 0 -4 -2 0

POSITIVE NEUTRAL NEGATIVE

with only 1-2 replicates.

Effect size (log response ratio)

Effect size (log response ratio)

Figure 6. Effect size of osmotic potential, independently and in combination with varying concentrations of smoke water (SW), on post-
germinative responses (A and B) of Cerrado ground-layer species. The boxes represent the mean effect sizes and their corresponding 95%
confidence intervals for each variable (numerical values for the mean and confidence intervals are displayed on the right). The vertical dashed

line denotes the control treatment. Random-effects (RE) model: The diamond represents the pooled effect size and 95% confidence intervals. *:
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Figure 7. Effect size of osmotic potential, independently and in combination with
varying concentrations of smoke water (SW), on post-germinative responses (A and B)
of Cerrado ground-layer species. The boxes represent the mean effect sizes and their
corresponding 95% confidence intervals for each variable (numerical values for the
mean and confidence intervals are displayed on the right). The vertical dashed line
denotes the control treatment. Random-effects (RE) model: The diamond represents the

pooled effect size and 95% confidence intervals.
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Figure 8. Effect size of osmotic potential, independently and in combination with
varying concentrations of smoke water (SW), on post-germinative response of Cerrado
ground-layer species. The boxes represent the mean effect sizes and their corresponding
95% confidence intervals for each variable (numerical values for the mean and
confidence intervals are displayed on the right). The vertical dashed line denotes the
control treatment. Random-effects (RE) model: The diamond represents the pooled

effect size and 95% confidence intervals.
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Post-stress germination responses

Similar to the parameters observed in the treatments, recovery responses varied
according to osmotic potentials and smoke concentrations. Furthermore, at the end of
the initial 30 days of treatment, although ungerminated, the Mimosa dolens var. rigida
seeds were excluded from the recovery phase due to fungal contamination. A similar
issue occurred with the seeds of Andropogon leucostachyus in treatments involving
isolated SW. In the recovery of treatments solely involving smoke, 10 out of the 13
evaluated species (=77%) exhibited reduced germinability under the SW 1% treatment,
increasing to 11 species (=85%) under SW 2.5% (Fig. 9A). While seeds of Baccharis
sessiliflora and Sorghastrum minarum did not show reduced G% after exposure to SW
1%, higher concentrations negatively impacted both species (Fig. 9A). Conversely, the
opposite pattern was observed in Loudetia flammida (Fig. 9A). Regarding MGT,
Aristida megapotamica and Gymnopogon spicatus displayed shorter germination times
for seeds exposed to SW 1% (Fig. 9B). In contrast, only Baccharis sessiliflora exhibited
increased MGT values under both SW concentrations (Fig. 9B). Null or positive effects
on MGT were observed in four out of five species (=80%) across both SW
concentrations (Fig. 9B).

For seeds originating from less negative water deficits, the same proportion of
species in each treatment, 6 out of 14 (=43%), exhibited reduced G%, regardless of SW
presence or concentration (Fig. 10A). However, responses were species- and
concentration-specific. While Baccharis sessiliflora showed no difference compared to
the control under recovery from -0.3 MPa, prior exposure to smoke at this osmotic
potential reduced G% in both SW concentrations (Fig. 10A). Conversely, Loudetiopsis
chrysothrix exhibited stimulated G% recovery under -0.3 MPa with SW 1%, whereas
Eragrostis leucosticta demonstrated increased G% during recovery from isolated
osmotic potential and -0.3 MPa with SW 2.5% (Fig. 10A). In recovery from -0.3 MPa,
irrespective of SW, Andropogon leucostachyus showed increased G% (Fig. 10A).
Regarding MGT, three species (Baccharis sessiliflora, Eragrostis leucosticta, and
Lepidaploa chamissonis) experienced longer germination times during recovery from
the isolated osmotic potential (Fig. 10B). However, under -0.3 MPa with SW, the
number of negatively affected species dropped to one and two, respectively (Fig. 10B).
Notably, while Lepidaploa chamissonis exhibited increased MGT during recovery from

isolated -0.3 MPa, reductions were observed under both SW treatments (Fig. 10B).
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Figure 9. Effect size of smoke water (SW) on germination responses (A and B) of
Cerrado ground-layer species in recovery treatments. The boxes represent the mean
effect sizes and their corresponding 95% confidence intervals for each variable
(numerical values for the mean and confidence intervals are displayed on the right). The
vertical dashed line denotes the control treatment. Random-effects (RE) model: The
diamond represents the pooled effect size and 95% confidence intervals.
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Figure 10. Effect size of osmotic potential and smoke water (SW) on germination responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals.
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Similarly to recovery from isolated -0.3 MPa, during recovery from -0.6 MPa, =43%
of species showed reduced G% across treatments (Fig. 11A). Among these, Lepidaploa
chamissonis, Miconia chamissois, and Pterocaulon rugosum exhibited reduced G% in
recovery across all treatments involving -0.6 MPa, regardless of SW presence (Fig. 11A). As
observed in -0.3 MPa recovery, Andropogon leucostachyus displayed increased G% across all
treatments under -0.6 MPa (Fig. 11A). Regarding MGT, during recovery from isolated -0.6
MPa, only Eragrostis leucosticta exhibited increased values, whereas other species either
germinated faster or showed no significant differences compared to the control (Fig. 11B).
Under -0.6 MPa with SW, the number of species exhibiting increased MGT rose to three
across both SW concentrations (Fig. 11B). Despite these differences, =57% of species
showed reduced MGT across all treatments, independent of SW (Fig. 11B).

During recovery from the isolated -0.9 MPa, only four out of 14 species exhibited
reduced G% (Fig. 12A). In treatments with SW 1% and 2.5% at the same osmotic potential,
three and five species, respectively, were negatively impacted (Fig. 12A). Moreover, as SW
concentration increased, the percentage of species benefiting in G% declined from =28%
under isolated -0.9 MPa to =21% and =14% under SW 1% and 2.5%, respectively.
Regardless of SW presence, Andropogon leucostachyus and Eragrostis leucosticta exhibited
increased G% compared to the control (Fig. 12A). MGT increases were observed across all
treatments under -0.9 MPa recovery. However, while only two species exhibited increased
MGT under isolated -0.9 MPa, three and one out of 14 species were negatively impacted
under SW 1% and 2.5%, respectively (Fig. 12B). Conversely, regarding positively affected
species, 50% of species under isolated -0.9 MPa exhibited reduced MGT, while =64% and
=35% also benefited under SW 1% and 2.5%, respectively, with species-specific responses

across treatments (Fig. 12B).
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Figure 11. Effect size of osmotic potential and smoke water (SW) on germination responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals.
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Figure 12. Effect size of osmotic potential and smoke water (SW) on germination responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals.
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Post-germination responses post-stress

For seedling formation during recovery from isolated smoke treatments,
reductions were observed in two of the eight species under SW 1%, rising to four under
SW 2.5% (Fig. 13A). In both SW concentrations, reductions in S% were observed for
Pterocaulon rugosum during recovery (Fig. 13A). Additionally, only seeds of
Sorghastrum minarum exposed to SW 1% exhibited increased S% during recovery (Fig.
13A). However, an increase in MSFT was observed exclusively for S. minarum under
the same condition (Fig. 13B). Positive effects on S% were observed only for two
evaluated species, Ctenium polystachyum and Loudetia flammida, during recovery from
SW 1% and 2.5%, respectively (Fig. 13B).

Regarding S% recovery under -0.3 MPa, three out of 12 species (25%) showed
reductions, increasing to five species (=42%) in SW treatments (Fig. 14A). Only
Lepidaploa chamissonis exhibited increased S% during recovery from isolated -0.3
MPa (Fig. 14A). For MSFT, only Aristida megapotamica and Lepidaploa chamissonis
showed increased seedling formation time during recovery from isolated osmotic
potential (Fig. 14B). However, seeds of Aristida megapotamica exposed to SW
treatments at both concentrations did not differ in MSFT compared to the control (Fig.
14B). For smoke treatments, only Gymnopogon spicatus showed an increase in MSFT
under both concentrations (Fig. 14B). Positive effects on MSFT were observed in four
out of 11 species (=36%) during recovery from isolated potential, four out of nine
species (=44%) under SW 1%, and five out of 11 (=45%) under SW 2.5% (Fig. 14B).

During recovery from -0.6 MPa osmotic potential, a higher percentage of
species showed negative impacts on S% in treatments involving SW (Fig. 15A). While
=23% (two species) of the evaluated species under isolated osmotic potential exhibited
reductions in S%, this percentage rose to =46% in treatments where seeds were exposed
to SW (Fig. 15A). Among negatively affected species, Ctenium polystachyum and
Gymnopogon spicatus showed reductions regardless of SW presence (Fig. 15A).
Positive effects on S% during recovery from -0.6 MPa treatments were observed only
for Andropogon leucostachyus and Paspalum cordatum after exposure to SW 1% (Fig.
15A).

Regarding MSFT, only Gymnopogon spicatus and Miconia chamissois showed
increased formation time during recovery from isolated -0.6 MPa and under SW 2.5%
(Fig. 15B). Additionally, only Miconia chamissois exhibited increased MSFT during
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recovery from -0.6 MPa with SW 1% (Fig. 15B). On the other hand, the percentage of
species showing reduced MSFT increased with the presence and concentration of SW
(Fig. 15B). While =15% of species benefited from recovery post-stress under isolated -
0.6 MPa, the percentage rose to =33% and =38% during recovery from -0.6 MPa with
SW 1% and 2.5%, respectively (Fig. 15B). Loudetia flammida and Loudetiopsis
chrysothrix formed seedlings faster than the control during recovery from all -0.6 MPa
treatments (Fig. 15B).

For recovery from the most negative potential, a higher percentage of species
showed reductions in S% under -0.9 MPa with SW 2.5% (Fig. 16A). While =23%
(three out of 13) of species exhibited reductions in seedling formation under isolated -
0.9 MPa and SW 1%, this value increased to =54% with SW 2.5% (Fig. 16A).
Furthermore, no species exposed to the most negative osmotic potential showed
increased S% during recovery compared to the control (Fig. 16A). Conversely, =46%
(six out of 13) of species exhibited reduced MSFT during recovery from isolated -0.9
MPa and SW 1%, decreasing to =42% under SW 2.5% (Fig. 16B). Additionally,
Miconia chamissois showed increased MSFT during recovery from all treatments
involving -0.9 MPa osmotic potential (Fig. 16B).

Viability
Despite the negative impacts on germination parameters in the treatments and

recovery, no osmotic potential or SW concentration, isolated or combined, affected the
viability of ungerminated seeds for any species (Fig. S4).
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Figure 13. Effect size of smoke water (SW) on post-germinative responses (A and B) of Cerrado ground-layer species in recovery treatments.

The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical values for the mean and

confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects (RE) model: The

diamond represents the pooled effect size and 95% confidence intervals. *: with only 1-2 replicates.
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Figure 14. Effect size of osmotic potential and smoke water (SW) on post-germinative responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals. *: with only 1-2 replicates.
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Figure 15. Effect size of osmotic potential and smoke water (SW) on post-germinative responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals.
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Figure 16. Effect size of osmotic potential and smoke water (SW) on post-germinative responses (A and B) of Cerrado ground-layer species in
recovery treatments. The boxes represent the mean effect sizes and their corresponding 95% confidence intervals for each variable (numerical
values for the mean and confidence intervals are displayed on the right). The vertical dashed line denotes the control treatment. Random-effects

(RE) model: The diamond represents the pooled effect size and 95% confidence intervals. *: with only 1-2 replicates.
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Discussion

In this study, we evaluated the germinative and post-germinative responses of
Cerrado ground-layer species under a gradient of water potential reduction, both in
isolation and combined with smoke, while also assessing the effects of these factors on
post-stress recovery. As expected, water deficit acted as a filter on germination and,
consequently, on seedling formation in Cerrado ground-layer species. Smoke, in turn,
produced distinct effects on all parameters, being strongly species-specific and varying
across developmental stages. Similarly, the recovery results showed that both water
deficit levels and smoke exposure influenced different germinative and post-
germinative responses.

Water is one of the primary limiting factors for germination (Baskin and Baskin,
2014), as imbibition reactivates seed metabolism (Simon, 1984). Thus, species
subjected to water deficit are expected to experience reduced germination, as reported in
the literature for other Cerrado species (Silva et al. 2001). The results presented here
contribute to the limited research on the germinative behavior of Cerrado species under
water deficit (Ribeiro and Kolb, 2016; Souza et al. 2022) and corroborate the diversity
of species-specific tolerance responses to gradients of water potential reduction (Siméo
et al. 2013; Ribeiro and Kolb, 2016).

Germinative capacity, even under more negative osmotic potentials (-0.9 MPa),
may indicate a broader germination niche (Braz et al. 2016), acting as a plastic trait that
ensures germination in heterogeneous and seasonal environments, such as the Cerrado
(Vayda et al. 2018). However, despite interspecific variability, a pattern of reduced
germination percentage and increased mean germination time was observed, inversely
proportional to the reduction in water potentials, suggesting that under conditions with
less water, the germinative process may be compromised.

Rapid germination allows species to optimize on water availability pulses
(Chesson et al. 2004). In contrast, prolonged MGT due to water deficit may increase
exposure to desiccation, potentially leading to viability loss in recalcitrant seeds (Kijak
and Ratajczak, 2020). Seeds with high desiccation tolerance, however, can remain
viable in seed banks without damaging metabolic processes (Ribeiro and Borghetti,
2013; Gongalves et al. 2020; Smolikova et al. 2021), persisting until favorable
microclimatic conditions emerge for radicle protrusion and seedling establishment

(Bewley et al. 2012; Souza et al. 2019; Soares et al. 2021). This strategy of staggered
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germination events may enhance population survival in unstable environments (Ooi et
al. 2009), minimizing mortality during unfavorable periods (Ellner, 1987).

Nevertheless, our results demonstrate that if water deficit persists, the few seeds
capable of germinating under more negative osmotic potentials will exhibit lower
seedling formation capacity. For instance, Mimosa dolens var. rigida, despite showing
high germinability (88 + 10 SD) under the less negative osmotic potential (-0.3 MPa),
displayed severely inhibited seedling formation (2 + 2 SD). This may occur because
water limitation acts as a filter for post-germinative stages (Baskin and Baskin, 2014),

Given that seed germination is heavily influenced by climatic seasonality
(Escobar et al. 2018) and that prolonged drought periods are predicted in this biome
over the coming decades (Ferreira et al. 2024), the germinative responses reported here
suggest negative impacts on seed bank emergence and species recruitment. While the
proportion of seeder species - those regenerating exclusively via seeds - is relatively low
in Cerrado (Fidelis et al. 2021), reductions in recruitment and genetic variability may
severely impact both these species and those employing mixed regeneration strategies.

Additionally, although =67% of species failed to achieve germination rates
>10% at the most negative osmotic potential (-0.9 MPa), their ability to maintain
viability and exhibit rapid germination during recovery suggests strategies for drought
stress tolerance (Bhatt et al. 2022). Conversely, the considerable number of viable seeds
that did not show radicle protrusion during recovery treatments may indicate the onset
of secondary dormancy (Garcia et al. 2024). This mechanism allows seeds dispersed
without dormancy to acquire it under stressful scenarios, thus increasing their chances
of establishment under favorable conditions (Zhang et al. 2022). During recovery, even
without water restriction, seeds of species such as Ctenium polystachyum, Lepidaploa
chamissonis, and Miconia chamissois, exposed to the most negative potentials (-0.6 and
-0.9 MPa), displayed lower germination rates than controls, indicating that this
dormancy mechanism is highly complex.

On the other hand, the recovery capacity of some species, even after 30 days of
exposure to water deficit conditions, may be linked to the phenomenon of water
memory (Siddique et al. 2024). In scenarios with limited water availability, seeds can
initiate the imbibition process and, before reaching radicle protrusion, undergo
dehydration periods (Dantas et al. 2024). While they do not germinate, seeds undergo
physiological, biochemical, and genetic changes that can provide advantages under

stressful conditions or when conditions become favorable (Tian et al., 2024). However,
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passing through these cycles may have ecological implications for field establishment
(Dias et al. 2024). Thus, in addition to seeds undergoing cycles that enable faster
germination and capitalize on water availability pulses (Bicalho et al. 2024), seedlings
from these seeds also show greater vigor (Lima and Meiado, 2018).

In line with recent studies on Cerrado ground-layer species, smoke exerts
various effects on germinative parameters (Sanchez et al. 2022; Motta et al. 2024).
Karrikins (KARs), a group of compounds isolated from smoke, play a significant role in
this process, enhancing drought tolerance (Mousavinik et al. 2016; Li et al. 2017,
Pandey et al. 2024). Moreover, depending on the stress and its intensity, smoke can
induce different alterations in the plant body, regulating metabolic pathways (Aslam et
al. 2024) or interacting with phytohormones (Li et al. 2020). This stimulation and
protective effect of smoke and its compounds contribute not only to germination but
also to seedling development (Singh et al. 2023), a result observed in this study for
Ctenium polystachyum.

Therefore, this is the first report of the protective effect of smoke water for
Cerrado species. However, despite the improvement in germinative or post-germinative
parameters in some species, this effect is highly species-specific. Thus, although smoke
exposure benefits germination under moderate stress conditions (-0.3 MPa), a contrary
effect can be observed in seedling formation, as seen in Loudetia flammida,
Loudetiopsis chrysothrix, and Miconia chamissois. It is important to emphasize that the
effect on different developmental stages is also linked to smoke concentration. Studies
with savanna woody species using aqueous smoke solutions of 1:500 (0.2%)
demonstrated beneficial effects for both germination and seedling formation and vigor
(Kulkarni et al. 2007). Similar results have been observed in studies with commercial
species using aqueous solutions at a 1:1000 concentration (Moyo et al. 2022). However,
as the smoke concentration increases, its beneficial effect on germination tends to
decrease (Motta et al., 2024). Therefore, in a climate change scenario, where reduced
precipitation is expected (Santos et al. 2021), concentrated smoke solutions in the soil
may negatively affect post-fire regeneration.

Despite this, the results presented here provide a foundation for further
investigation into the germinative and post-germinative responses of the Cerrado
ground-layer community. Our findings contribute to understanding the recruitment
strategies under water deficit. They suggest that, while species exhibit drought tolerance

responses, changes in recruitment dynamics are likely in future scenarios.
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Consequently, smoke emerges as a potential research and application tool. Future
studies with varying smoke concentrations are needed to evaluate its effects on ground-
layer species under combined stresses (e.g., water deficit and elevated temperatures).
Additionally, exploring an economically viable seed priming application in restoration
projects could help produce more resilient plants to the changing climate.

Conclusion

This study demonstrates that even less negative water potentials negatively
affect germinative and post-germinative parameters of Cerrado ground-layer species,
with these effects intensifying under more negative potentials. However, while strongly
species-specific and dependent on the developmental stage, smoke alleviate the stress
induced by water deficit or produce neutral to negative effects. Under non-restrictive
conditions, some species successfully resume germination and seedling formation,
while others remain in secondary dormancy. Despite these varied responses, Cerrado
species seeds maintain viability across all scenarios, demonstrating a complex control of

the germination process.

Funding

This study was partially funded by the Coordenacdo de Aperfeicoamento de Pessoal de
Nivel Superior — Brasil (CAPES) (Finance Code 001). We also thank the Fundacédo de
Amparo a Pesquisa do Estado de Séo Paulo (FAPESP, grant 2023/10176-0) for the

financial support.

Acknowledgments

We thank the Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
(Finance Code 001) and the Fundacdo de Amparo a Pesquisa do Estado de S&o Paulo
(FAPESP, grant 2023/10176-0) for providing scholarships. Additionally, we are
grateful to Dr. Jonathan Wesley Ferreira Ribeiro, Dr. Shirley Martins Silva, Dr. Luis
Felipe Daibes de Andrade, and Dr. Bruna Helena de Campos for their valuable

suggestions on the manuscript.

91



Literature cited

Alahakoon AACB, Perera GAD, Merritt DJ, Turner SR, Gama-Arachchige NS. 2020.
Species-specific smoke effects on seed germination of plants from different habitats
from Sri Lanka. Flora 263: 151530. https://doi.org/10.1016/].flora.2019.151530

Alves JD, Ribeiro A, Rody YP, Loos RA, Hall KB. 2021. Carbon uptake and water
vapor exchange in a pasture site in the Brazilian Cerrado. Journal of Hydrology 594:
125943, https://doi.org/10.1016/j.jhydrol.2020.125943

Baldwin IT, Staszak-Kozinski L, Davidson R. 1994. Up in smoke: I. Smoke-derived
germination cues for postfire annual, Nicotiana attenuata torr. Ex. Watson. Journal of
Chemical Ecology 20: 2345-2371. https://doi.org/10.1007/BF02033207

Banerjee A, Tripathi DK, Roychoudhury A. 2019. The karrikin ‘calisthenics’: can
compounds derived from smoke help in stress tolerance? Physiologia Plantarum 165:
290-302. https://doi.org/10.1111/ppl.12836

Baskin CC, Baskin JM. 2014. Seeds: ecology, biogeography, and evolution of
dormancy and germination. New York: Academic Press.

Bhatt A, Daibes LF, Gallacher DJ, Jarma-Orozco A, Pompelli MF. 2022. Water stress
inhibits germination while maintaining embryo viability of subtropical wetland seeds: A
functional approach with phylogenetic contrasts. Frontiers in Plant Science 13: 906771.
https://doi.org/10.3389/fpls.2022.906771

Bicalho EM, Carvalho M, Chaves JTL. 2024. Técnicas de tratamento de sementes pré-
semeadura. In: Borghetti F, org. Germinagcdo: principios, processos e aplicacoes. 1% edn.
Brasilia, DF: Rede de Sementes do Cerrado.

Bond WJ. 2008. What limits trees in Cs grasslands and savannas? Annual Review of
Ecology, Evolution, and Systematics 39: 641-659.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173411

Catav SS, Akbas K, Kaplan YF, Kizil C, Biiriin B. 2024. Germination of 10 midland
plant species from the eastern Mediterranean Basin: effects of smoke, syringaldehyde,
karrikinolide and cyanohydrin. Nordic Journal of Botany 2024: e04457.
https://doi.org/10.1111/njb.04457

Commander LE, Merritt DJ, Rokich DP, Dixon KW. 2009. Seed biology of Australian
arid zone species: germination of 18 species used for rehabilitation. Journal of Arid
Environments 73: 617-625. https://doi.org/10.1016/].jaridenv.2009.01.007

Cozin BB, Ferreira TC, Daibes LF, de Carvalho IF, Dos Santos BS, de Souza RP,
Martins AR. 2024. Unveiling the hidden reserves: allocation strategies associated with
underground organs of Cerrado legumes in fire-prone savannas. Functional Plant
Biology 51: in press. https://doi.org/10.1071/FP24104

Dairel M, Fidelis A. 2020. How does fire affect germination of grasses in the Cerrado?
Seed Science Research 30: 275-283. https://doi.org/10.1017/S0960258520000094

92


https://doi.org/10.1016/j.flora.2019.151530
https://doi.org/10.1016/j.jhydrol.2020.125943
https://doi.org/10.1007/BF02033207
https://doi.org/10.1111/ppl.12836
https://doi.org/10.3389/fpls.2022.906771
https://doi.org/10.1146/annurev.ecolsys.39.110707.173411
https://doi.org/10.1111/njb.04457
https://doi.org/10.1016/j.jaridenv.2009.01.007
https://doi.org/10.1071/FP24104
https://doi.org/10.1017/S0960258520000094

Dantas BF, Meiado MV, Pelacani CR, Silva JJ, Nascimento JPB, Silva FFS, Santos CS.
Germinacdo de sementes em florestas secas. In: Borghetti F, org. Germinacéo:
principios, processos e aplicacdes. 1% edn. Brasilia, DF: Rede de Sementes do Cerrado.

Daws MlI, Davies J, Pritchard HW, Brown NA, Van Staden J. 2007. Butenolide from
plant-derived smoke enhances germination and seedling growth of arable weed species.
Plant Growth Regulation 51: 73-82. https://doi.org/10.1007/s10725-006-9149-8

De Lange JH, Boucher C. 1990. Autecological studies on Audouinia capitata
(Bruniaceae). I. Plant-derived smoke as a seed germination cue. South African Journal
of Botany 56: 700—703. https://doi.org/10.1016/S0254-6299(16)31009-2

Dias GS, Chaves JTL, Santos TRS, Garcia QS, Artur MAS, Bicalho EM. 2024. Be
prepared: how does discontinuous hydration in Tabebuia heterophylla seeds induce
stress tolerance in seedlings?. Plant Biology. https://doi.org/10.1111/plb.13719

Escobar DFE, Casas RR, Morellato LPC. 2021. Many roads to success: different
combinations of life-history traits provide accurate germination timing in seasonally dry
environments. Nordic Society Oikos 130: 1865-1879. https://doi.org/10.1111/0ik.08522

Escobar DFE, Silveira FA, Morellato LPC. 2018. Timing of seed dispersal and seed
dormancy in Brazilian savanna: two solutions to face seasonality. Annals of Botany 121:
1197-1209. https://doi.org/10.1093/aob/mcy006

Ferraz IDK, Arruda YMCB, Van Staden J. 2013. Smoke-water effects on the
germination of Amazonian tree species. South African Journal of Botany 87: 122-128.
https://doi.org/10.1016/j.sajb.2013.04.004

Ferraz LL, de Sousa LF, de Jesus RM, Costa KA, Santos CAS, Rocha FA. 2024.
Climate and land use changes impacts on streamflow in the Brazilian Cerrado basin.
Ecohydrology & Hydrobiology. In press. https://doi.org/10.1016/j.ecohyd.2024.05.004

Fidelis AT, Rodrigues CA, Dairel M, Blanco CC, Pillar VD, Pfadenhauer J. 2021. What
matters for vegetation regeneration in Brazilian subtropical grasslands: seeders or
resprouters?. Flora 279: 151817. https://doi.org/10.1016/j.flora.2021.151817

Fidelis AT, Zirondi HL. 2021. And after fire, the Cerrado flowers: A review of post-fire
flowering in a tropical savanna. Flora 280: 151849.
https://doi.org/10.1016/j.flora.2021.151849

Fidelis AT, Zirondi HL, Rossatto DR, Zanzarini V. Fire stimulates grass flowering in
the Cerrado independent of season. Journal of Vegetation Science 33: €13125.
https://doi.org/10.1111/jvs.13125

Garcia QS, Santos JAS, Bicalho EM, Rodrigues-Junior AG. Dorméncia em sementes.
In: Borghetti F, org. Germinacéo: principios, processos e aplicagdes. 1% edn. Brasilia,
DF: Rede de Sementes do Cerrado.

93


https://doi.org/10.1007/s10725-006-9149-8
https://doi.org/10.1016/S0254-6299(16)31009-2
https://doi.org/10.1111/plb.13719
https://doi.org/10.1111/oik.08522
https://doi.org/10.1093/aob/mcy006
https://doi.org/10.1016/j.sajb.2013.04.004
https://doi.org/10.1016/j.ecohyd.2024.05.004
https://doi.org/10.1016/j.flora.2021.151817
https://doi.org/10.1016/j.flora.2021.151849
https://doi.org/10.1111/jvs.13125

Gorgone-Barbosa E, Daibes LF, Novaes RB, Pivello VR, Fidelis A. 2020. Fire cues and
germination of invasive and native grasses in the Cerrado. Acta Botanica Brasilica 34:
185-191. https://doi.org/10.1590/0102-33062019abb0337

Hodges JA, Price JN, Nicotra AB, Guja LK. 2022. Smoke and heat can increase
germination of common wildflowers and grasses—implications for conservation and
restoration of critically endangered grassy ecosystems. Ecological Management &
Restoration 23: 94-99. https://doi.org/10.1111/emr.12533

Hoffmann WA, Lucatelli VMP, Silva FJ, Azevedo INC, Marinho MS, Albuquerque
AMS, Lopes AO, Moreira SP. 2004. Impact of the invasive alien grass Melinis
minutiflora at the savanna-forest ecotone in the Brazilian Cerrado. Diversity and
Distributions 10: 99-103. https://doi.org/10.1111/j.1366-9516.2004.00063.x

Hofmann GS, Cardoso MF, Alves RJV, Weber EJ, Barbosa AA, Toledo PM, Pontual
FB, Salles LO, Hasenack H, Cordeiro JLP, Aquino FE, Oliveira LFB. 2021. The
Brazilian Cerrado is becoming hotter and drier. Global Change Biology 27: 4060—4073.
https://doi.org/10.1111/gcb.15712

Holdo RM, Nippert JB. 2023. Linking resource-and disturbance-based models to
explain tree—grass coexistence in savannas. New Phytologist 237: 1966-1979.
https://doi.org/10.1111/nph.18648

Kepcezynski J, Kepezynska E. 2023. Plant-derived smoke and Karrikin 1 in seed priming
and seed biotechnology. Plants 12: 2378. https://doi.org/10.3390/plants12122378

Kobziar LN, Hiers JK, Belcher CM, Bond WJ, Enquist CA, Loudermilk EL, Miesel JR,
O’Brien JJ, Pausas JG, Hood S, Keane R, Morgan P, Pingree MRA, Riley K, Safford H,
Seijo F, Varner JM, Wall T, Watts AC. 2024. Principles of fire ecology. Fire Ecology
20: 39. https://doi.org/10.1186/s42408-024-00272-0

Kulkarni MG, Sparg SG, Van Staden J. 2007. Germination and post-germination
response of Acacia seeds to smoke-water and butenolide, a smoke-derived compound.
Journal of Arid Environments 69: 177-187.
https://doi.org/10.1016/j.jaridenv.2006.09.001

Leal AS, Fidelis A, de Araujo MA, Cozin BB, Martins AR. 2024. Belowground systems
in tropical savanna: Fabaceae morphoanatomical traits and their relation to fire. Plant
Biology 26: 1118-1130. https://doi.org/10.1111/plb.13730

Lehmann CE, Archibald SA, Hoffmann WA, Bond WJ. 2011. Deciphering the
distribution of the savanna biome. New Phytologist 191: 197-2009.
https://doi.org/10.1111/j.1469-8137.2011.03689.x

Lima AT, Meiado MV. 2018. Effect of hydration and dehydration cycles on Mimosa
tenuiflora seeds during germination and initial development. South African Journal of
Botany 116: 164-167. https://doi.org/10.1016/j.sajb.2018.03.017

Lopes dos Santos GL, Pereira MG, Delgado RC, Magistrali IC, da Silva CG, de
Oliveira CM, Larangeira JPB, da Silva TP. 2021. Degradation of the Brazilian Cerrado:

94


https://doi.org/10.1590/0102-33062019abb0337
https://doi.org/10.1111/emr.12533
https://doi.org/10.1111/j.1366-9516.2004.00063.x
https://doi.org/10.1111/gcb.15712
https://doi.org/10.1111/nph.18648
https://doi.org/10.3390/plants12122378
https://doi.org/10.1186/s42408-024-00272-0
https://doi.org/10.1016/j.jaridenv.2006.09.001
https://doi.org/10.1111/plb.13730
https://doi.org/10.1111/j.1469-8137.2011.03689.x
https://doi.org/10.1016/j.sajb.2018.03.017

Interactions with human disturbance and environmental variables. Forest Ecology and
Management 482: 118875. https://doi.org/10.1016/j.foreco.2020.118875Get rights and
content

Meira Neto JAA, Martins FR, Valente GE. 2007. Floristic composition and biological
spectra in Santa Barbara Ecological Station, Brazil. Revista Arvore 31: 907—
922. https://doi.org/10.1590/S0100-67622007000500015

Melo ACG, Durigan G. 2011. Plano de manejo da Estacdo Ecoldgica de Santa Bérbara.
Sdo Paulo: Instituto Florestal, 221.

Mendonca RC, Sano SM, Almeida SP, Ribeiro JF, eds. 2008. Flora vascular do Bioma
Cerrado: checklist com 12.356 espécies. In: Cerrado: ecologia e flora, vol. 1. Brasilia,
DF: Embrapa Informacéo Tecnoldgica, 423-1279.

Motta GST, Pilon N, Fidelis A, Kolb RM. 2024. Smoke effects on the germination of
Cerrado species. Plant Ecology: 1-9. https://doi.org/10.1007/s11258-024-01427-4

Moraes MG, Carvalho MAM, Franco AC, Pollock CJ, Figueiredo-Ribeiro RCL. Fire
and drought: Soluble carbohydrate storage and survival mechanisms in herbaceous
plants from the Cerrado. BioScience, 107-117.https://doi.org/10.1093/biosci/biv178

Moyo M, Amoo SO, Van Staden J. 2022. Seed priming with smoke water and karrikin
improves germination and seedling vigor of Brassica napus under varying
environmental conditions. Plant Growth Regulation 97: 315-326.
https://doi.org/10.1007/s10725-022-00821-0

Myers N, Mittermeier RA, Mittermeier CG, Da Fonseca GA, Kent J. 2000. Biodiversity
hotspots for conservation priorities. Nature 403: 853-858.
https://doi.org/10.1038/35002501

Pandey N, Nalla S, Dayal A, Rai P, Sahi VP. 2024. Smoke—-water treatment of seeds, an
ancient technique for increasing seed vigor. Protoplasma: 1-11.
https://doi.org/10.1007/s00709-024-01975-6

Pausas JG, Keeley JE. 2023. Evolutionary fire ecology: An historical account and future
directions. BioScience 73: 602—608. https://doi.org/10.1093/biosci/biad059

Pilon NA, Hoffmann WA, Abreu RC, Durigan G. 2018. Quantifying the short-term
flowering after fire in some plant communities of a cerrado grassland. Plant Ecology &
Diversity 11: 259-266.

Ramos DM, Diniz P, Ooi MK, Borghetti F, Valls JF. 2017. Avoiding the dry season:
dispersal time and syndrome mediate seed dormancy in grasses in Neotropical savanna
and wet grasslands. Journal of Vegetation Science 28: 798-807.
https://doi.org/10.1111/jvs.12531

Ribeiro JWF, Kolb RM. 2016. Distinct germination responses may contribute to the
distribution pattern of two Moquiniastrum species in different phytophysiognomies

95


https://doi.org/10.1016/j.foreco.2020.118875
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0378112720316443&orderBeanReset=true
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0378112720316443&orderBeanReset=true
https://doi.org/10.1590/S0100-67622007000500015
https://doi.org/10.1007/s11258-024-01427-4
https://doi.org/10.1093/biosci/biv178
https://doi.org/10.1007/s10725-022-00821-0
https://doi.org/10.1038/35002501
https://doi.org/10.1007/s00709-024-01975-6
https://doi.org/10.1093/biosci/biad059
https://doi.org/10.1111/jvs.12531

from the Brazilian savanna. Flora 223: 159-166.
https://doi.org/10.1016/j.flora.2016.06.001

Rossatto DR, Toniato MTZ, Durigan G. 2008. Flora fanerogamica ndo-arbdrea do
cerrado na Estacdo Ecoldgica de Assis, Estado de Sdo Paulo. Brazilian Journal of
Botany 31: 409-424.

Simon MF, Grether R, de Queiroz LP, Skema C, Pennington RT, Hughes CE. 2009.
Recent assembly of the Cerrado, a neotropical plant diversity hotspot, by in situ
evolution of adaptations to fire. Proceedings of the National Academy of Sciences 106:
20359-20364. https://doi.org/10.1073/pnas.0903410106

Souza CS, Ramos DM, Barbosa ER, Borghetti F. 2022. Germination of grass species
from dry and wet grasslands in response to osmotic stress under present and future
temperatures. American Journal of Botany 109: 2018-2029.
https://doi.org/10.1002/ajb2.16088

Strikis NM, Buarque PFS, Cruz FW, Bernal JP, Vuille M, Tejedor E, Simdes Santos M,
Shimizu MH, Ampuero A, Du W, Sampaio G, Reis Sales H, Campos JL, Kayano MT,
Apaestegui J, Fu RR, Cheng H, Edwards RL, Chavez Mayta V, Francischini DS,
Arruda MAZ, Novello VF. 2024. Modern anthropogenic drought in Central Brazil
unprecedented during last 700 years. Nature communications 15: 1728.
https://doi.org/10.1038/s41467-024-45469-8

Tian Z, Li K, Sun Y, Chen B, Pan Z, Wang Z, Pang B, He S, Miao Y, Du X. 2024.
Physiological and transcriptional analyses reveal formation of memory under recurring
drought stresses in seedlings of cotton (Gossypium hirsutum). Plant Science 338:
111920. https://doi.org/10.1016/j.plantsci.2023.111920

Villela FA, Doni Filho L, Sequeira EL. 1991. Tabela de potencial osmatico em funcéo
da concentracdo de polietilenoglicol 6.000 e da temperatura. Pesquisa Agropecuaria
Brasileira 26: 1957-1968.

Zhang Y, Liu Y, Sun L, Baskin CC, Baskin JM, Cao M, Yang J. 2022. Seed dormancy
in space and time: global distribution, paleoclimatic and present climate drivers, and
evolutionary adaptations. New Phytologist 234: 1770-1781.
https://doi.org/10.1111/nph.18099

Zirondi HL, Silveira FA, Fidelis A. 2019. Fire effects on seed germination: heat shock
and smoke on permeable vs impermeable seed coats. Flora 253: 98-106.
https://doi.org/10.1016/j.flora.2019.03.007

96


https://doi.org/10.1016/j.flora.2016.06.001
https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1002/ajb2.16088
https://doi.org/10.1038/s41467-024-45469-8
https://doi.org/10.1016/j.plantsci.2023.111920
https://doi.org/10.1111/nph.18099
https://doi.org/10.1016/j.flora.2019.03.007

Supplementary data

Figure S1. Savanna study areas. A and B: Assis Ecological Station; C and D: Santa Barbara

Ecological Station.

Table S1. Characterization of the environmental and edaphic factors in study areas. AAR:
Average Annual Rainfall; AAT: Average Annual Temperature; AES: Assis Ecological
Station; SBES: Santa Barbara Ecological Station.

Factor AES SBES
Climate Cfal Cwal
AAR (mm) 1,450 1,000 — 1,300°
AAT (°C) ~ 222 ~213
Soil type Oxisols and entisols* Oxisol®

1. Alvares et al. 2013; % Melo and Durigan, 2011; 3: Assis et al. 2011.

Alvares CA, Stape JL, Sentelhas PC, Gongalves JDM, Sparovek G. 2013. Koppen’s climate
classification map for Brazil. Meteorologische zeitschrift 22: 711-728. https://10.1127/0941-
2948/2013/0507

Durigan G. 2010. Plano de Manejo da Estacéo Ecoldgica de Assis. Sdo Paulo: Instituto
Florestal, p. 171.
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Melo ACG, Durigan G. 2011. Plano de Manejo da Estacdo Ecoldgica de Santa Barbara. Sao
Paulo: Instituto Florestal, p. 221.

Assis ACC, Coelho RM, Pinheiro ES, Durigan G. 2011. Water availability determines
physiognomic gradient in an area of low-fertility soils under Cerrado vegetation. Plant
Ecology 212: 1135-1147.

Study Species

1. Andropogon leucostachyus Kunth

2. Aristida megapotamica Spreng.

3. Baccharis sessiliffora Vahl

4. Ctenium polystachyum Balansa

5. Eragrostis leucosticta Nees ex Doll

6. Gymnopogon spicatus (Spreng.) Kuntze
7. Hyptis campestris Harley & J.F.B.Pastore
8. Lepidaploa chamissonis (Less.) H.Rob.
9. Loudetia flammida (Trin.) C.E.Hubb.

10. Loudetiopsis chrysothrix (Nees) Conert
11. Miconia chamissois Naudin

12. Mimosa dolens var. rigida (Benth.) Barneby
13. Paspalum cordatum Hack.

14. Pterocaulon rugosum (Vahl) Malme

15. Sorghastrum minarum (Nees) Hitchc.

Species family

Asteraceae: 3, 8 and 14

Fabaceae: 12

Lamiaceae: 7

Melastomataceae: 11

Poaceae: 1,2,4,5,6,9,10, 14 and 15

Study sites

Assis Ecological Station: 1,7, 9 and 11
Santa Bérbara Ecological Station: 2, 3,
4,5,6,810,12,13,14and 15

© Pedro Cruz Janior

Figure S2. Diaspores of the study species collected under field conditions at Assis Ecological

Station and Santa Barbara Ecological Station, Brazil.
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PRELIMINARY STAGES

diaspore collection and screening, preparation of treatments
TREATMENTS
SOLVENT OSMOTIC POTENTIAL {MPa)

03 06 -
PEG 6000 Distilled Water

(DW)
or
X a Alro\/+ 0 Smoke Water
) H nOH (SW - 1and

X 2.5%)
Villela et al., 1991

B GERMINATION AND SEEDLING FORMATION EXPERIMENTS
Germination chambers, T = 25°C, 12h/12h - light and dark period

TREATMENTS RECOVERY (DISTILLED WATER)

monoccot eudicot monocot eudicot

[ Germination
B Sseedling formation

c VIABILITY TEST
Germination chambers, T= 25°C, 12 h/ 12h - light and dark period, 3 days

Ungerminated seeds in recovery

. O 1%235tiphenyl-2H- Q)
g tetrazolium chloride

Viable seed Unviable seed
Figure S3. Stages for the preparation of treatments (A), germination experiments and
seedling formation (B), and viability (C) of Cerrado ground-layer species under water deficit

and smoke water treatments. cr:coleorhiza; rd: radicle.
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(A)  Andropogon feucostachyus Aristida megapotamica (C) Baccharis sessiliflora

“sesiliziiizeey PUENENEEgEER
75 75 75
50 50 50
25 25 25
o o

1 2 3 4 5 8 7 8 9 10 11 12

1 2 3 4 5 & T 8 9 10 11 12 1.2 3 4 5 & 7T 8 9 10 11 12

(D) Ctenium polystachyum (E) Eragrostis leucosticta (F) Gymnopogon spicatus
100 T T e s T e e 100 -_-.-._----_ 100y gy e e gy e e
75 76 75
50 50 50
5 25 25
0 0 o
12 3 4 5 & T 8 9 10 1 12 1 2 3 4 5 6 7 8 9 10 M 12 1. 2 3 4 5 6 7 8 9 10 1M 12
(G) Hyptis campestris (H) Lepidaploa chamissonis m Loudetia flammida
100 ——-.-—--.--— 100 100y s e gy -. ]|
75 76 75
50 50 50
25 ) IIIIIIIIIIII 26
o [ 0
1 2 3 4 5 6 7T 8 8 10 11 12 1 2 3 4 5 6 T &8 9 10 11 12 1 2 3 4 5 & T 8 9 10 11 12
(8)] Loudetiopsis chrysothrix (K) Miconia chamissois (L) Mimosa dolens
100 100 100
e L] bl ] L ol bl [ ]
5 75 7%
50 50 50
25 25 25
0 0 L]
1 2 3 4 13 6 7 8 9 10 1 12 1 2 3 4 1 6 7 a8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
(M) Paspalum cordatum (N) Pterocaulon rugosum (0) Sorghastrum minarum
100 — 100 100
- --..- ERER III.I.I..II.
7% s 75
50 50 50
25 5 25
0 0 L
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 T &8 9 10 11 12 1 2 3 4 5 ] 7T 8 9 10 11 12

Condition
. Viable Unviable . Empty or moldy

Figure S4. Percentage (y-axis) and condition of seeds from the Cerrado ground-layer under
water deficit (MPa) and smoke water (SW) treatments (x-axis). Viability assessed through the
tetrazolium test. Treatments: 1: control; 2: -0.3; 3: -0.6; 4: -0.9; 5: SW 1%; 6: SW 2.5%; 7: -
0.3+ SW 1%j; 8: -0.6 + SW 1%; 9: -0.9 + SW 1%; 10: -0.3 + 2.5%; 11: -0.6 + SW 2.5%; 12: -
0.9 + SW 2.5%.

100



CONSIDERACOES FINAIS

Ao avaliar o efeito das alteragdes ambientais promovidas por distdrbios antrépicos no
Cerrado, observamos que a comunidade herbaceo-arbustiva € fortemente impactada. Os
resultados evidenciam que essa comunidade estd sujeita a filtros ambientais (e.g.
sombreamento e déficit hidrico) desde a germinacéo, passando pela formacao de plantulas, até
a sobrevivéncia em condigdes alteradas. Nossas observagdes destacam, ainda, a importancia
de uma abordagem holistica no desenvolvimento de politicas ambientais, especialmente no
manejo do fogo no Cerrado, considerando que a supressdo desse evento natural pode,
indiretamente, reduzir a diversidade de espécies ndo-arboreas.

Apesar das respostas funcionais das espécies, 0 sombreamento, mesmo em curto
prazo, exerce uma forte filtragem sobre a comunidade, selecionando espécies mais tolerantes
e generalistas para ocuparem as areas alteradas. Além disso, a deficiéncia hidrica impactou
drasticamente os pardmetros germinativos e a formagdo de plantulas de espécies herbaceo-
arbustivas do Cerrado, 0 que, em condigdes naturais, pode resultar na reducdo do
estabelecimento e da variabilidade genética dessas populacfes. No entanto, o efeito protetor
da 4gua de fumaga, até onde sabemos, € o primeiro caso relatado para espécies do Cerrado e
pode servir como ponto de partida para investiga¢des sobre seu potencial no cultivo de mudas
e na semeadura direta para a restauracao de campos degradados.

Diante dos processos de invasdo lenhosa e do aumento do déficit hidrico em
fisionomias campestres, tornam-se indispensaveis estudos de base como o aqui apresentado,
que incorporem diferentes delineamentos experimentais, tanto em campo quanto em
laboratdrio, para compreender as dindmicas e os efeitos das alteracbes ambientais sobre a
comunidade herbaceo-arbustiva do Cerrado. Estudos futuros podem integrar novas variaveis
ambientais, possibilitando projetar os potenciais efeitos das mudangas climéticas globais

sobre essa comunidade j& impactada.
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