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Resumo

O incremento da temperatura atmosférica advindo das mudancgas climaticas impacta a
temperatura do solo, e isso pode afetar a emergéncia e sobrevivéncia de plantulas atraves
dos seus efeitos no banco de sementes. Investigamos como a exposicdo de sementes de
gramineas nativas a flutuagbes de temperaturas no solo, simulando cenérios climaticos
futuros, afeta a emergéncia e sobrevivéncia das plantulas. Foram selecionadas sementes
de trés espécies nativas do Cerrado (Aristida longifolia Trin, Aristida riparia Trin e
Loudetiopsis chrysothrix (Ness) Conert) de ampla ocorréncia em formacdes abertas.
Dados sobre regimes térmicos atuais do solo na regido de coleta das sementes foram
retirados da literatura, e os regimes térmicos futuros foram estimados em dois cenarios
de mudancas do clima, intermediario e pessimista. As sementes foram expostas a 45°C,
49°C e 52°C, em camaras de germinacado, durante as sete horas mais quentes do dia e
mantidas a 20°C no restante do periodo. Os tratamentos foram comparados com um
experimento controle (22°C constante). Avaliamos a porcentagem de emergéncia (%),
tempo médio de emergéncia (TME), indice de velocidade de emergéncia (IVE) e
sobrevivéncia (%) das plantulas ao longo de 60 dias ap0s os tratamentos. Para A.
longifolia houve reducéo da emergéncia a 45 e 52°C (80% e 83%) em relacdo ao controle
(91%), enquanto A. riparia ndo apresentou diferencas significativas em nenhum grupo.
Em L. chrysothrix, as flutuacdes de temperatura favoreceram a quebra da dorméncia
fisiolégica das sementes. Ndo foram observadas diferencas significativas entre os
cenarios atual, intermediario e pessimista para a emergéncia das plantulas. O aumento da
temperatura acelerou a emergéncia em A. longifolia. O controle em A. riparia e L.
chrysothrix teve uma taxa de sobrevivéncia superior aos demais tratamentos (com
controle variando de 20% - 47% e 49°C entre 0 e 1%) enquanto a taxa de sobrevivéncia
de A. longifolia foi inferior nas plantulas submetidas a 52°C, comparadas ao controle e
aos outros tratamentos. Estresses térmicos sofridos pelas sementes no solo provocam
mudangas no processo de emergéncia e sobrevivéncia das plantulas, podendo acelerar ou
retardar a velocidade de germinacdo de maneira espécie-especifica, mesmo sem alterar a
porcentagem de emergéncia. A sobrevivéncia das plantulas foi mais sensivel as altas
temperaturas do que a emergéncia, correlacionando-se positivamente com a massa das

sementes.

Palavras-chave: Banco de sementes; flutuacGes de temperatura; gramineas nativas;

mudancas climéticas; sobrevivéncia.



Abstract

The increase in atmospheric temperature resulting from climate change can raise soil
temperature, which may affect seedling emergence and survival through its effects on the
soil seed bank. In this study, we investigated how exposure of native grass seeds to soil
temperature fluctuations, simulating future climate scenarios, affects seedling emergence
and survival. Seeds of three native Cerrado species widely distributed in open formations
were selected: Aristida longifolia Trin., Aristida riparia Trin., and Loudetiopsis
chrysothrix (Nees) Conert. Data on current soil thermal regimes in the seed collection
region were obtained from the literature, and future thermal regimes were estimated under
two climate change scenarios: intermediate and pessimistic. Seeds were exposed to
temperatures of 45°C, 49°C, and 52°C in germination chambers during the seven hottest
hours of the day and maintained at 20°C during the remaining period. These treatments
were compared with a control experiment under constant temperature (22°C). We
evaluated emergence percentage (%), mean emergence time (MET), emergence speed
index (ESI), and seedling survival (%) over a period of 60 days after the treatments. For
A. longifolia, emergence was reduced at 45°C and 52°C (80% and 83%, respectively)
compared with the control (91%). In A. riparia, no significant differences were detected
among treatments. In L. chrysothrix, temperature fluctuations promoted the breaking of
physiological seed dormancy. No significant differences were observed among the
current, intermediate, and pessimistic scenarios regarding seedling emergence. Increased
temperature accelerated emergence in A. longifolia. For A. riparia and L. chrysothrix, the
control treatment showed higher seedling survival rates than the other treatments (with
control values ranging from 20% to 47%, whereas survival at 49°C ranged from 0% to
1%). In A. longifolia, seedling survival was lower in those subjected to 52°C compared
with the control and the other treatments. Thermal stresses experienced by seeds in the
soil can alter seedling emergence and survival processes, potentially accelerating or
delaying germination speed in a species-specific manner, even without changing
emergence percentage. Seedling survival was more sensitive to high temperatures than

emergence and was positively correlated with seed mass.

Keywords: Soil seed bank; temperature fluctuations; native grasses; climate change;
survival.
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INTRODUCAO GERAL

O Cerrado é um bioma composto por um mosaico de vegetacdes em diferentes
proporcdes, onde o componente herbdceo normalmente € continuo e o arbustivo-arbéreo
varia em quantidade (Ratnam et al., 2011, Ribeiro e Walter, 2008). Nesse contexto, 0
bioma é um conjunto de ecossistemas com caracteristicas proprias que considera a
fisionomia da vegetacdo, o clima, a histéria evolutiva e a composi¢do ecoldgica das
comunidades (Whittaker, 1975, IBGE, 2019). Por outro lado, O Cerrado pode ser
compreendido como um dominio morfocliméatico e fitogeografico, abrangendo um
mosaico de diferentes formac6es e biomas. Nesse contexto, o bioma savanico do Cerrado
¢ a unidade predominante dentro desse dominio, porém, outras formacdes, como florestas
de galeria, campos umidos e formacGes florestais estacionais, também o integram
(Ab’Saber, 2003, Coutinho, 2006).

Esse mosaico que compde tanto o dominio (Ab’Saber, 2003, Coutinho, 2006),
quanto o bioma (Whittaker, 1975, IBGE, 2019) pode variar de campos limpos a florestas,
assim, as formacGes campestres sdo dominadas por espécies herbaceas, as formacgdes
savanicas apresentam a coexisténcia de estratos herbaceo, arbustivo e arboreo, enquanto
as formacdes florestais sdo compostas predominantemente por arvores, resultando em
ambientes mais fechados e menos expostos a radiacao solar (Borghetti et al., 2023). Além
disso, formacdes savanicas e campestres sdo mais suscetiveis ao fogo do que as florestais,
devido a grande quantidade de material combustivel presente nesses locais (Hoffmann et
al., 2012). Dessa forma, os ambientes abertos do Cerrado podem experimentar picos de
temperatura apds a passagem do fogo e durante as horas mais quentes do dia, devido a
falta de dossel continuo nessas fisionomias.

Os modelos de mudancas climéticas preveem um aumento na temperatura global,
podendo ocorrer um aumento na média global de 1,4 °C a 5,7 °C até o final do século
XXI (IPCC, 2023). Para o Cerrado, a previsdo € de aumento das temperaturas, com
elevagdo das maximas em até 6,0 °C e das minimas em até 4,2 °C até 2050 (Hofmann et
al., 2021). Além disso, houve uma diminuicdo da umidade relativa do ar em cerca de 15%
nas Ultimas décadas (Hofmann et al., 2021). Sabe-se que temperaturas maximas e
minimas interferem diretamente na porcentagem de germinacao das sementes, de forma
que cada espécie possui uma faixa de temperatura na qual a germinacdo ocorre
(Labouriau, 1983, Correa et al., 2021). No Cerrado, as espécies arboreas possuem uma
faixa de temperatura 6tima de germinacdo situada entre 25 e 30 °C, mas conseguem
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germinar em uma faixa de 15 °C a aproximadamente 35 °C (Brancalion et al., 2010).
Entretanto, algumas espécies de savana apresentam uma germinabilidade maior do que
50% até os 40 °C, mas ndo germinam acima dos 45 °C (Ribeiro e Borghetti, 2013).

Embora existam estudos sobre a germinacdo em diferentes temperaturas para
diversas espécies do Cerrado (Brancalion et al., 2010, Carreira e Zaidan, 2007; Ribeiro e
Borghetti, 2013), ha poucas pesquisas sobre a relacdo entre a temperatura de incubacéo
das sementes e o desempenho das plantulas resultantes (Oliveira et al., 2014, Felix et al.,
2018). Além disso, é necessario compreender a dinamica do banco de sementes no
intervalo entre a dispersdo e o inicio das chuvas, uma vez que muitas espécies do Cerrado
dispersam suas sementes durante a estagédo seca (Ribeiro et al., 2023, Ramos et al., 2017)
e o0 recrutamento de novos individuos e seu crescimento geralmente se restringem a
estacdo chuvosa, que oferece condicGes favoraveis ao desenvolvimento inicial das
espécies vegetais (Higgins et al., 2000, Escobar et al., 2018).

A maioria das espécies de gramineas que ocorrem em savanas abertas e campos
umidos dispersa suas sementes no final da estacdo chuvosa e durante a estacdo seca
(Ramos et al., 2017). Nesse contexto, observa-se varia¢do tanto na época de dispersao
quanto nos tipos de dorméncia das sementes, resultando em um equilibrio que permite a
sincronizacdo da germinacdo com o inicio da estacdo chuvosa (Ramos et al., 2017).
Portanto, espécies que dispersam suas sementes nesse periodo, mas cuja germinagao
ocorre apenas no inicio da estacdo chuvosa, permanecem com suas sementes expostas no
solo até a chegada das chuvas.

Diante desse cenério, ha uma lacuna de informacdes na associacdo as flutuagdes
e 0s estresses térmicos sofridos pelas sementes no solo nas horas mais quentes do dia
durante a estacdo seca e 0 estabelecimento das plantulas, principalmente para gramineas
nativas. Essa relagdo é importante para se entender de que forma temperaturas mais
elevadas no solo interferem na viabilidade das sementes presentes no banco, e como isso
pode influenciar a capacidade das plantulas de se estabelecerem e se desenvolverem sob
condicGes naturais, considerando que, sob flutuagdes térmicas pos-fogo, muitas espécies
nativas de leguminosas e gramineas do Cerrado (familias mais abundantes e com maior
namero de espécies em ambientes savanicos e campestres do Cerrado) ndo apresentam
reducdo da viabilidade e, ainda assim, podem apresentar quebra de dorméncia, com
consequentes alteracdes no processo germinativo (Batalha e Martins, 2007, Daibes et al.,
2017, Dairel e Fidelis, 2020, Borgiani et al., 2022).
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Outros parametros concernentes ao processo germinativo (ou de emergéncia), tais
como o tempo médio de germinacdo (TMG) e o indice de velocidade de germinagéo
(IVG), podem interferir no estabelecimento dos individuos (Laumann et al., 2023).
Portanto, podem servir como pardmetros para a medir o vigor das plantulas e,
consequentemente, a probabilidade de se estabelecerem e sobreviverem em condigdes de
campo (Reis et al., 2022). O vigor € um conjunto de caracteristicas das plantulas que vai
influenciar a qualidade e robustez delas. Por exemplo, Felix et al. (2018) relacionaram o
indice de velocidade de germinacédo (IVG), avaliado sob diferentes potenciais hidricos e
temperaturas de incubacdo, a medidas de vigor de plantulas de Leucaena leucocephala
(Lam.) de Wit, como o0 comprimento e a massa da raiz e da parte aérea. Nesse caso, tanto
0 IVG quanto as medidas de vigor diminuem em temperaturas superiores a 30 °C, com
reducdes mais acentuadas acima de 35 °C, tanto sob condig¢des de défcit hidrico associado
ao aumento da temperatura quanto em temperaturas elevadas na auséncia de défcit
hidrico.

Considerando que as espécies precisam sobreviver para que suas populacdes
persistam, entender o processo de emergéncia e sobrevivéncia das plantulas é importante
para elucidar as estratégias adaptativas das espécies em campo e aprofundar o
conhecimento sobre sua ecologia (Donohue et al., 2010, Fernandez-Pascual et al., 2019).
Essas informagdes sdo essenciais para subsidiar agdes de conservacdo e restauracdo
ecologica (Dalziell et al., 2022).

Considerando a importancia do Cerrado como a savana mais biodiversa do mundo
e um hotspot de biodiversidade para conservacao (Myers et al., 2000, Murphy et al., 2016,
Borghetti et al., 2019), este tema é particularmente relevante no contexto das mudancas
climéticas, uma vez que 0 aumento da temperatura atmosférica pode levar a uma elevagéo
ainda maior na temperatura do solo (Ooi et al., 2012). Também é importante para a
restauracdo, ja que, na semeadura direta, as sementes sdo depositadas em solo sem
cobertura arborea e ficam expostas a amplitudes térmicas maiores e temperaturas
maximas que criam condicGes de estresse térmico intensificado (Grossnickle, 2000,

Sampaio et al., 2019, Laumann et al., 2023).
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OBJETIVOS

Objetivo Geral
Investigar de que forma tratamentos térmicos que simulam as temperaturas atuais
do solo e aquelas previstas para o futuro interferem no potencial de emergéncia e na taxa

de sobrevivéncia de plantulas de gramineas nativas do Cerrado.

Objetivos especificos

a) Analisar parametros de emergéncia em sementes de gramineas que
sofrem estresses térmicos durante as horas mais quentes do dia em
cenarios de mudancas climaticas comparada ao cenario atual;

b) Avaliar parametros de crescimento de plantulas provenientes das
sementes tratadas, através de medidas de sobrevivéncia;

c) Entender como as mudancas climéticas podem afetar a sobrevivéncia
pos-germinacdo de espécies de gramineas nativas do Cerrado;

d) Subsidiar acGes de restauracdo por semeadura direta, fornecendo
dados de eficiéncia sobre estabelecimento de plantas em campo, dada
a temperatura do solo durante o dia.

HIPOTESES

1. Temperaturas elevadas, que simulam solos mais quentes, reduzem a capacidade
de germinacdo e comprometem as estrategias de emergéncia das plantulas via
sementes.

2. Temperaturas elevadas, em especial nos cenarios de mudancas climaticas,

reduzem a sobrevivéncia e o potencial de crescimento das plantulas resultantes.
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CAPITULO 1: REFERENCIAL TEORICO

Cerrado e Gramineas

A savana tropical brasileira, denominada Cerrado, é uma vegetacdo com diversas
fisionomias, que variam desde campos até formacdes mais arborizadas (Ribeiro e Walter,
2008). Eiten (1968, 1972) utilizou de conceitos de vegetacdo, floristica e clima e definiu
savana como “campo graminoso com arvores ou arbustos ou arvoredos espalhados”. Cole
(1986) se utilizou de uma definicdo de vegetacdo com estrato graminoso continuo,
contendo arvores e arbustos e com caracteristicas estruturais e funcionais parecidas.
Assim, Cole (1986) cita a presenca de arvoredos e a transicdo entre savana e floresta.
Borghetti et al. (2023) abordaram a diversidade das savanas sul-americanas e definiram
Cerrado como um bioma caracterizado por formac@es de savanas, campestres e florestais,
todas essas com variacGes entre fisionomias Umidas e secas. As duas primeiras sao
caracterizadas pela predominancia de gramineas, sendo que na formacdo de savana ha
uma presenca maior de arvores e arbustos, sem a formagdo de um dossel continuo
(Ribeiro e Walter, 2008). Além disso, 0s ecossistemas abertos e as formacoes florestais
do Cerrado coexistem sob climas semelhantes, sendo funcionalmente distintos e
sustentados por aspectos como fogo, herbivoria e feedback ecoldgico (Bond, 2019).

Vaérios fatores ambientais influenciam na ocorréncia desses diferentes tipos de
vegetacao, incluindo clima, solo, relevo, hidrologia e frequéncia de fogo (Walter et al.,
2008). O Cerrado caracteriza-se principalmente por um clima do tipo Aw de Kdppen,
com duas estagdes bem definidas: um inverno seco e um verdo chuvoso (Alvares et al.,
2014). Astemperaturas médias mensais variam durante o periodo chuvoso de 16°C/23°C
(minimas) a 25°C/34°C (méaximas) e durante o periodo seco de 11°C/23°C (minimas) a
23°C/35°C (maximas) (Nascimento e Novais, 2020).

A familia Poaceae estd entre as 10 familias com maior nimero de especies
conhecidas no Brasil e esta presente em todos os biomas do pais (Filgueiras, 2020). Além
disso, o Cerrado compreende cerca de 745 espécies de gramineas, de um total de 12.400
espécies e 192 familias de angiospermas encontradas nesse bioma (Flora do Brasil, 2020).
Das 745 espécies de gramineas que ocorrem no Cerrado, cerca de 220 sdo endémicas do
Brasil (Filgueiras, 2021). Mendonga et al. (2008) analisaram 12.423 taxons de
faner6gamas e pteriddfitas do Cerrado e encontraram que o estrato subarbustivo-herbéaceo
compde cerca de 60% desses taxons. Assim, a camada de gramineas desempenha um

papel fundamental na cobertura vegetal do Cerrado, compondo grande parte da
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biodiversidade do bioma. Considerando o que resta de vegetacao nativa para o Cerrado,
campos e savanas compdem mais de 60% da vegetagdo desse bioma (Sano et al., 2010,
Projeto MapBiomas, 2022).

O fogo desempenha um papel crucial na estrutura e composicdo da flora do
Cerrado, sendo menos favoravel para espécies lenhosas, principalmente para individuos
jovens e de menor porte, que possuem menor resisténcia térmica (Medeiros e Miranda,
2008, Reis et al., 2015) e para espécies de fisionomias florestais, as quais ndo evoluiram
com caracteristicas de defesa ao fogo (Simon e Pennington, 2012). Além disso, a auséncia
do distarbio permite a regeneracdo dessas plantas apds longos periodos sem a passagem
do fogo (Machida et al., 2021, Durigan e Ratter, 2016). As gramineas toleram tanto
ambientes protegidos quanto aqueles com presenca de fogo e muitas espécies dessa
familia possuem ciclo de vida ligado a presenca desse distdrbio (Moreira, 2000, Linder
etal., 2018).

A sobrevivéncia pos-fogo em gramineas perenes foi associada ao metabolismo Cs
(Moore et al., 2019) e ao posicionamento das gemas para rebrota abaixo da superficie do
solo (Pausas e Paula, 2020). Gramineas que se reproduzem por sementes geralmente ndo
persistem em ambientes baixa frequéncia de queimada, quando comparadas as
rebrotadoras, que toleram diferentes frequéncias de fogo e persistem fortemente em
ambientes com maiores intervalos entre queimadas (Simpson et al., 2020).

Durante a passagem do fogo, o solo do Cerrado, em formacgbes savanicas e
campestres, atinge temperaturas elevadas na camada superficial (aproximadamente 1 cm
de profundidade), ultrapassando 50 °C (Miranda et al., 2009, Daibes et al., 2017).
Dependendo da quantidade de material combustivel acima do solo e, consequentemente,
do intervalo sem a ocorréncia do fogo, essas temperaturas podem alcangar cerca de 130
°C a 1 cm abaixo do solo em formagGes savanicas (Zupo et al., 2022). Tanto a exposi¢ao
direta e instantanea ao fogo, quanto as flutuacdes térmicas subsequentes a esse disturbio,
podem afetar o banco de sementes do solo, alterando o processo germinativo por meio da
guebra de dorméncia e da viabilidade das sementes (Andrade et al., 2002, Daibes et al.,
2017, Dairel e Fidelis, 2020).
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Germinacéo e Temperatura

A temperatura € um fator limitante para a germinacdo, uma vez que afeta a
atividade enzimatica desse processo, de forma que temperaturas de incubacdo que
excedem o maximo podem ser deletérias para o processo germinativo (Carvalho et al.,
2001, Correaetal., 2021, Daibes et al., 2022). Cada espécie possui uma temperatura étima
de germinacdo e limites minimos e maximos de temperaturas em que a germinacdo ndo
ocorre (Labouriau, 1983, Borghetti, 2005, Correa et al., 2021).

Estudos sobre os fatores que influenciam a germinacdo das espécies nativas do
Cerrado foram realizados abrangendo diferentes espécies de plantas, desde arvores até
herbaceas, com andlises que incluiram a dependéncia de luz para germinacdo, a
temperatura 6tima de germinacdao e o0 armazenamento das sementes no solo (Zaidan e
Carreira, 2008). A maioria dos estudos focam nos efeitos do fogo e da temperatura na
germinacdo e na viabilidade das sementes, mas a literatura carece de estudos sobre banco
de sementes no solo (Daibes et al., 2022). Cabe destacar que, em um levantamento
bibliografico conduzido por Daibes et al. (2022), com o objetivo de avaliar o estado do
conhecimento sobre a ecologia da germinacdo de espécies do Cerrado até 2020, 19% dos
estudos publicados em periddicos cientificos abordaram o componente graminoso desse
bioma. Em rela¢do aos campos umidos, por exemplo, apenas 25% das espécies mais
abundantes nesses ambientes foram investigadas quanto a germinacdo (Santos et al.,
2025).

Em uma pesquisa conduzida por Carmona et al. (1998), foram examinados 0s
efeitos de temperaturas constantes (25°C) e alternadas (25°C-30°C) sobre sementes de
gramineas nativas, observando-se um aumento na germinacdo com a alternancia de
temperatura em relacdo a temperatura constante. Borghetti (2005) agrupou informacdes
sobre os efeitos de temperaturas constantes extremas (abaixo de 15°C e acima de 35°C)
em sementes de espécies dos biomas Cerrado, Caatinga, Mata Atlantica e Campos
Sulinos, de forma que, no geral, temperaturas baixas podem impedir a germinagao, mas
geralmente ndo resultam em perda de viabilidade, e sementes expostas a temperaturas
acima dos 40°C apresentam pouca ou nenhuma germinagdo, na maioria das espécies
estudadas, e podem apresentar efeitos deletérios nas sementes.

Algumas familias com sementes pequenas, como Bromeliaceae e Xyridaceae,
apresentam sementes sensiveis a altas temperaturas de incubagdo (Marques et al., 2014,

Giorni et al., 2018). Em contraste, espécies da familia Velloziaceae toleram a germinagéo
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sob temperaturas ambientais mais elevadas, entre 35 °C e 40 °C, nas gquais apresentam
germinagdo mesmo na auséncia de luz (Soares da Mota e Garcia, 2013). Sementes de
gramineas sdo frequentemente expostas a altas temperaturas, sobretudo em decorréncia
do fogo, e muitas espécies dessa familia apresentam respostas positivas a esse aumento
térmico, principalmente associadas a quebra de dorméncia fisiologica (Musso et al., 2014,
Dairel e Fidelis, 2020).

No Cerrado, muitas espécies do estrato herbaceo-arbustivo, com sindromes de
dispersdo anemocorica e autocdrica, apresentam frutos maduros ao final da estagédo
chuvosa e ao longo da estacdo seca, realizando a dispersao de suas sementes nesse mesmo
periodo (Munhoz e Felfili, 2007, Ramos et al., 2017, Ribeiro et al., 2023). Como a
disponibilidade hidrica é um fator limitante para a germinacao, sendo a dgua essencial
para a reativacdo dos processos metabolicos da semente (Bewley e Black, 1994, Cardoso,
2008, Bewley et al., 2013, Pompelli et al., 2023), a germinacdo de espécies nativas do
Cerrado costuma ocorrer apenas com o inicio da estacdo chuvosa, entre novembro e
dezembro (Escobar et al., 2018). Assim, as sementes dispersas ao final da estacdo chuvosa
ou durante a estacdo seca permanecem no solo e ficam sujeitas a varia¢fes térmicas até
que as condi¢des hidricas se tornem favoraveis para a germinacéo.

Contudo, ha uma lacuna de conhecimento a respeito de temperaturas extremas
sofridas pelo banco de sementes no solo nos momentos mais quentes do dia, ja que o
Cerrado, por ser uma vegetacdo aberta, esta sujeito a uma exposicao significativa a
radiacdo solar. Areas abertas sd0 mais suscetiveis a extremos de temperatura, em
ambientes abertos do Cerrado, ap6s a passagem do fogo, o solo exposto pode atingir
temperaturas acima dos 60°C (Daibes et al., 2017) e algumas espécies possuem sementes
tolerantes a esse calor, enquanto outras apresentam perda de viabilidade (Dairel e Fidelis,
2020, Daibes et al., 2021).

Mudancas Climaticas

As mudancas climaticas ocorrentes no planeta podem alterar diferentes aspectos
ambientais, incluindo aumentos na temperatura atmosférica, além de provocar extremos
de temperatura como, por exemplo, ondas de calor (IPCC, 2023). Os impactos do
aumento de temperatura ndo sdo lineares e estdo associados a eventos de desastres que se

retroalimentam, com ocorréncias de ondas de calor frequentes e intensas (Ripple et al.,
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2022). Ooi et al. (2012) investigaram a correlacdo entre 0 aumento da temperatura
atmosférica e o consequente aquecimento do solo. Suas conclusdes revelaram que um
incremento de 4°C na temperatura atmosférica pode resultar em um aumento de até 6°C
na temperatura do solo em savanas australianas.

Ambientes de savana, como o Cerrado, estdo frequentemente sujeitos a flutuacdes
didrias de temperatura do solo, de forma que campos e areas de clareira podem
experimentar temperaturas maiores que 50°C nas horas mais quentes do dia (Daibes et
al., 2017). Esses aumentos de temperatura podem ocorrer tanto apds a passagem do fogo,
que aquece o solo através de um pulso de calor, quanto pela abertura de clareiras, expondo
0 solo ao aquecimento provocado pela radiacao solar direta (Santana et al., 2013). Essas
flutuacGes causadas pelo fogo e pela radiagcdo afetam o processo germinativo, podendo
quebrar a dorméncia fisica de sementes de espécies mediterraneas, levando a um
adensamento populacional (Baeza e Roy, 2008).

Tendo em vista as projecBes de aumentos nas médias de temperatura atmosférica
global para até 5,7°C até 2100 (IPCC, 2023) e tendo como base as savanas australianas,
onde a previsdo de que para cada 1°C de elevacdo na temperatura atmosférica a
temperatura do solo aumentard 1,5°C (Ooi et al.,, 2012), € possivel relacionar as
temperaturas sofridas pelo banco de sementes ao longo dos dias com as previsfes para o
futuro em um cenario de mudancas climéticas. Essa relacdo se faz importante para
gramineas no Cerrado, uma vez que a floracdo geralmente ocorre até o final da estacdo
chuvosa e a frutificacdo e dispersdo durante a estacdo seca (Tannus et al., 2006, Ramos
etal., 2017), formando um banco de sementes no solo, até a chegada das proximas chuvas.
Além disso, a relacdo é importante no contexto da restauracdo ecoldgica, uma vez que
durante a restauracdo por semeadura direta as sementes ficam em solo totalmente exposto
ao sol por dias a semanas, podendo experimentar aumentos na amplitude térmica durante

o dia.

Restauracao

A restauracdo por semeadura direta € um metodo eficaz e de baixo custo, que
consiste em adicionar uma alta densidade de sementes de diferentes espécies ao solo
(Sampaio et al., 2019), de forma que ocorra uma sucessdo ecologica, processo de

mudanca progressiva na composicao de espécies de um ecossistema ao longo do tempo,
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podendo ocorrer em areas colonizadas pela primeira vez ou em locais que foram alvo de
eventos de perturbagdo (Odum, 2004, Prach e Walker, 2019).

O metodo da semeadura tem sido amplamente utilizado tanto no Cerrado quanto
na Amazonia para recuperar ecossistemas degradados (Schmidt et al., 2019). Porém, o
sucesso desse método pode estar relacionado a caracteristicas das sementes e de
germinacdo das mesmas, como, a massa da semente e o tempo médio para embebicéo,
uma vez que sementes de maior massa possuem maiores capacidades de se estabelecer
no ambiente (Passaretti et al., 2020, Quigley et al., 2023) e a embebicdo precoce é
desvantajosa para a germinacdo, pela suscetibilidade a dessecacdo (Laumann et al., 2023).
Pelizzaro et al. (2017) investigaram o estabelecimento e o crescimento inicial de espécies
nativas do Cerrado por meio de semeadura direta. Eles encontraram que a maioria das
espécies estudadas conseguiu se estabelecer durante pelo menos os primeiros dois anos e
meio, apresentando altas taxas de estabelecimento.

O sucesso no estabelecimento vai variar de acordo com as caracteristicas da
espécie e alguns estudos sugerem o estabelecimento de plantulas bem-sucedido quando
as mesmas desenvolvem folhas verdadeiras (Rehmani et al., 2023). Para que a restauragéo
seja eficaz, € essencial que as espécies nativas consigam se estabelecer no ambiente de
acordo com o seu ciclo de vida, sob condi¢cbes ambientais locais (Shackelford et al.,
2021). Nesse sentido, alguns estudos tém investigado a influéncia de fatores ambientais
sofridos pelas sementes, como temperaturas constantes e alternadas, de 20 a 40°C, no
vigor das plantulas produzidas (Oliveira et al., 2014; Felix et al., 2018), ja que plantulas
provenientes de sementes mais vigorosas tém maior probabilidade de se estabelecerem

em condigdes de campo (Reis et al., 2022).

Relacdo sementes e sobrevivéncia das plantulas

A reproducédo sexual por sementes € um processo importante, pois é a principal
maneira pela qual as espécies podem se adaptar as mudangas ambientais. Os mesmos
fatores que influenciam a germinacdo também vdao afetar os individuos jovens e a
expressdo de diferentes caracteristicas das plantas em um determinado ambiente
(Donohue et al., 2010).

Plantulas sdo individuos jovens que ainda dependem das reservas da semente para
alguma de suas funcgdes (Melo et al., 2004, Hanley et al., 2004, Winkler et al., 2024).
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Nesse contexto, plantulas serdo tratadas aqui como sinénimos de mudas. O
estabelecimento e a sobrevivéncia das plantulas sédo processos fundamentais para a
persisténcia das comunidades e a eficacia do ciclo reprodutivo das espécies (Garwood,
1996, Jiang et al., 2022). Diversos fatores influenciam o desenvolvimento das plantulas,
incluindo caracteristicas morfologicas, condi¢cbes ambientais, fatores abioticos e
interacOes entre espécies (Melo et al., 2004, Jiang et al., 2022).

A emergéncia de plantulas e o sucesso na capacidade de recrutar plantulas devem
ser avaliados como um processo dinamico que envolve ndo s6 a porcentagem de
emergéncia, mas também o tempo, a velocidade, a homogeneidade e a sincronia (Ranal e
Santana, 2006). Assim, existem alguns parametros usados para medir esse processo,
como, tempo médio de emergéncia (tempo médio exigido para que o grupo de sementes
emerjam do solo) e indice de velocidade de emergéncia (nUmero de sementes emergidas
por unidade de tempo).

O indice de velocidade de emergéncia (IVE) é um pardmetro que computa o
namero de sementes emergidas a cada dia e pode ser relacionado com o vigor, de forma
que quanto maior o IVE, maior a velocidade do processo e maior é o vigor das sementes
(Nakagawa, 1999), mas ndo necessariamente o vigor das plantulas proveniente sera
maior. Além dessas medidas que levam em consideracdo a média, também é importante
considerar a variagdo e o desvio padrdo dessas medidas, para analise da distribuicdo
temporal no processo de emergéncia (Ferreira e Borghetti, 2004). A relagdo entre
velocidade de emergéncia e o sucesso no estabelecimento das comunidades de plantas vai
depender de variaveis climaticas relacionadas com o nicho ecoldgico de cada espécie,
assim, a emergéncia mais rapida pode ser benéfica em condicbes sazonais (Kadereit et
al., 2017). Por outro lado, atrasos da emergéncia, combinados com a assincronia, podem
ser favoraveis em condigbes ambientais imprevisiveis, reduzindo o risco de morte das
plantulas por eventos de seca por exemplo (Laumann et al., 2023).

O recrutamento das espécies pode ser influenciado por caracteristicas intrinsecas
das sementes, como biomassa. Sementes maiores possuem taxas mais elevadas de
germinacdo e maior vantagem para sobrevivéncia, pois possuem maior quantidade de
reservas, as quais podem ser alocadas internamente em condi¢gdes ambienatis estressantes
(McCann e Sage, 2022). A sobrevivéncia das plantulas pode estar associada a massa da
semente ou a outras caracteristicas, como comprimento da raiz e razao raiz/ parte aérea,
pois com um maior investimento em raiz as plantas do Cerrado sdo capazes de aumentar

a eficiéncia da captacdo e armazenamento de dgua (Passaretti et al., 2020).
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Além disso, fatores externos induzidos nas sementes podem afetar seu processo
de germinacdo. Diferentes temperaturas, por exemplo, influenciam a germinabilidade, o
tempo médio de germinacdo e o indice de velocidade de germinacdo (Oliveiraetal., 2014;
Dosseau et al., 2013; Azerédo et al., 2011). Portanto, estresses induzidos nas sementes
podem alterar o vigor das plantulas que serdo produzidas por essas sementes.

E evidenciado na literatura uma correlagio entre o tempo para uma semente iniciar
a embebicéo e 0 sucesso na sobrevivéncia da plantula em campo (Laumann et al., 2023).
Nesse caso, sementes que iniciam 0 processo germinativo mais tarde (dorméncia nao
quebrada) possuem maior sucesso na semeadura direta. A presenca de revestimentos
naturais nas sementes, como estruturas de frutos, pode atrasar a germinagdo e assim
aumentar o sucesso no estabelecimento em campo (Correia et al., 2021).

Diante disso, a avaliacdo de como os fatores ambientais podem influenciar o
processo germinativo e a sobrevivéncia das plantulas pds emergéncia é essencial para
subsidiar técnicas de restauracdo e para orientar politicas de mitigacdo das mudancas

climéticas causadas pelo homem.

Nota introdutéria

O capitulo 2 sera apresentado no formato de artigo, com vistas a submissao para

publicacdo apds a incorporacdo das consideracdes da banca examinadora.
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CAPITULO 2: Increased soil temperature and its effects on the emergence and
survival of grass seedlings in the Cerrado biome.

» Background and Aims

The increase in atmospheric temperature resulting from climate change directly affects
soil temperature, and this can affect seedling recruitment through its effects on the soil
seed bank. In this study, we investigated how the exposure of native grass seeds to
increasing soil temperatures affects seedling emergence and survival.

* Methods

Seeds of three native grasses (Aristida longifolia Trin, Aristida riparia Trin, and
Loudetiopsis chrysothrix (Ness) Conert), of wide occurrence in open Cerrado formations,
were selected. The current soil temperature regime in the seed collection region was
obtained from literature, and based on these values, future soil temperature regimes were
estimated in two climate change scenarios: intermediate and pessimistic. The seeds were
exposed to 45°C, 49°C, and 52°C during the seven hottest hours of the day and maintained
at 20°C for the remainder of the period. The treatments were compared with a control
experiment (22°C constant). We evaluated the percentage of emergence (%), mean
emergence time (MET), emergence speed index (ESI), and survival (%) of seedlings over
60 days after the heat treatments.

* Key results

A. longifolia seeds showed a dry mass three times greater than A. riparia, while L.
chrysothrix showed an intermediate value between the two. At 22°C, A. longifolia showed
91% emergence, A. riparia 40%, and L. chrysothrix showed an intermediate value
between them. For the three species, increasing temperatures had little effect on the
percentages of emergence, their mean times, and the emergence speed indices. However,
over 60 days, a progressive decrease in seedling survival was observed for the three
species, regardless of the heat treatment applied. The highest mortalities were found for
A. riparia, and the lowest mortalities for A. longifolia.

« Conclusions

Compared to the control (22°C), we observed that both current and high temperatures did
not significantly interfere with seed emergence patterns. However, post-emergence
seedling survival was affected by the increasing temperatures applied to the seeds. A.
longifolia seedlings showed the highest survival rates, perhaps associated with their
greater seed mass.

Key words: emergence, recruitment, grasses, survival, climate changes
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INTRODUCTION

Recruitment from seed is a fundamental mechanism by which plant populations
adapt, persist, or migrate in response to environmental shifts (Grubb, 1977, Donohue et
al., 2010, Fernandez-Pascual et al., 2019). This process, which encompasses seed
dispersal, survival, germination, and subsequent seedling development, represents a
significant bottleneck in the plant life cycle (Fay and Schultz, 2009; Donohue et al.,
2010). In seasonal environments, such as the Cerrado biome, the Brazilian savanna, these
stages are intrinsically linked to seasonality (Kuhlmann and Ribeiro, 2016, Ramos et al.,
2017). The recruitment of new individuals and their growth are typically confined to the
rainy season, which offers favorable conditions for the initial development of plant
species (Higgins et al., 2000, Escobar et al., 2018).

However, recruitment from seeds in neotropical savannas is particularly
challenging for native plant species. Studies have revealed a low density of tree seeds in
savanna soils (Kraaij and Ward 2006), including those of the Cerrado (Salazar et al. 2011;
Andrade and Miranda 2014). In open Cerrado formations, such as campo sujo, the soil
seed bank is typically dominated by species from the Poaceae and Cyperaceae families,
but it's still low (Dairel and Fidelis, 2020). Consequently, sexual reproduction via seeds
is considered a relatively challenging event in these ecosystems (Salazar et al., 2011).
Instead, vegetative reproduction through root suckers, rhizomes, and resprouting from
underground organs is often the prevalent persistence strategy for Cerrado grass plants
(Hoffmann 1998, Salazar and Goldstein 2014, Zupo et al., 2021).

For native grasses — many of which disperse their seeds late in the wet season or
during the dry season (Munhoz and Felfili, 200, Tannus, 2006), with germination
positively influenced by storage time (up to six months) and declining in viability nine
months after dispersal (Silva et al., 2009, Ramos et al., 2017) — the challenges are also
notable. These species tend to form transient seed banks due to their seeds’ short longevity
(Aires et al., 2014, de Andrade and Miranda, 2014). Given this narrow window of
opportunity and the low seed density in the soil, successful seed persistence, germination,
and initial growth become rare and strategically critical events in tropical savannas.

This already delicate process is further threatened by climate change, which has
unevenly impacted global ecosystems. Tropical savannas are expected to experience
large-scale impacts (Loarie et al 2009). For instance, climate models predict that the

central portion of South America will become hotter and drier (IPCC 2022), a trend
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already observed in the Cerrado, which has grown progressively warmer and drier in
recent decades (Hofmann et al, 2021). A hotter, drier climate is projected to shorten the
rainy season, reducing the window of opportunity for plant establishment and potentially
impacting the recruitment of new individuals (Assad and Assad, 2024). This situation is
already affecting agriculture in the region, and its impacts on native vegetation dynamics
are difficult to estimate.

The soil microclimate, which directly connects regional climate with plant
recruitment patterns (Kenedy-Siqueira et al., 2025), is central to this issue. Soil variables
such as temperature, texture, and moisture directly influence plant establishment by
affecting seed bank dynamics (Garwood, 1989, Ooi, 2012), dormancy break (Jurado and
Flores, 2005), germination strategies (Venable, 2007, Ooi et al., 2009, Daibes et al.,
2017), and recruitment. As such, understanding how a future climate will affect these
variables is essential for predicting impacts on species recruitment, vegetation dynamics,
and ecosystem resilience in the future (Walck et al., 2011).

Studies simulating future climate conditions have demonstrated potential risks for
plant recruitment. In Australian savannas, predicted soil temperature increases were
shown to disrupt seed bank dynamics, potentially compromising the risk-spreading
function of persistent seed banks and increasing local extinction risks for some species
(Ooi et al 2009). Similarly, research on native Cerrado grasses found that simulated future
temperatures reduce the seed viability of wet grassland species and alter the germination
strategies of dry grassland species, reducing the median time to germination (Souza et al.,
2022). Increased water deficit stress also progressively reduced seed viability and
germination for both types of grassland species, regardless of the temperature regime
(Souza et al., 2022).

The context presented highlights a critical limitation in seed quality assessment,
particularly concerning its application in restoration projects subjected to adverse
environmental conditions. Abiotic factors, such as elevated temperatures and water
deficit, exert selective pressure not only on germination capacity (sensu stricto), but also
on the intrinsic physiological quality of the seeds. Exposure to stress conditions can lead
to damage to membrane systems (Ribeiro and Borghetti, 2024) and promote the loss of
cellular integrity, resulting in reduced vigor and, subsequently, loss of viability
(deterioration), a process that manifests faster in desiccated seeds (Walters, 2000, Walters
et al., 2005). Therefore, the isolated measurement of germination percentage, according
to the Brazilian Rules for Seed Analysis (Brasil, 2009), proves insufficient to predict
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success in harsh environments, since there is a known discrepancy between laboratory
results and field establishment (Gomes et al., 2024, Redario e Comité Técnico de
Sementes Florestais, 2023).

The insufficiency of germination measurement resides in the fact that seed vigor
is the parameter that may truly predict the potential for high performance after sowing
(Bicalho et al., 2024). Vigor is crucial for establishment because it is closely linked to the
speed of germination (IVG) and the capacity for post-germination adaptation (Donohue
et al., 2010, Larson et al., 2020). Faster germination and emergence minimize the time
the seedling is exposed to adverse soil conditions, such as low moisture, microorganism
action, or competition, which is a key factor for success in direct seeding in neotropical
savannas (Sampaio et al., 2019, Laumann et al., 2023). The capacity to rapidly acquire
morpho-functional competence is essential, as vigorous seeds ensure the efficient
mobilization of reserves (Melo et al., 2004), which results in more robust seedlings with
a high root:shoot ratio, a characteristic directly correlated with field survival under water
deficit stress (Lloret et al., 1999).

A comprehensive assessment of the effects of environmental stress on field
recruitment requires more than germination tests alone. Understanding the processes that
underlie plant community establishment, as well as maximizing the efficient use of seed
resources in restoration under an uncertain future (Broadhurst et al., 2016), demands that
experimental approaches also incorporate survival analyses and evaluations of plant
performance under simulated stressful conditions. In particular, tests should include
osmotic stress under elevated temperatures, as these conditions more closely reflect
projected future climate scenarios (Souza et al., 2022).

In this context, our study investigated the effects of thermal treatments simulating
predicted future soil temperatures on the germination potential and seedling survival of
native Cerrado grasses. Our hypotheses were: (1) Elevated temperatures simulating
warmer soils reduce emergence capacity and compromise seed germination strategies;
and (2) Elevated temperatures to which seeds are exposed reduce the survival and growth
potential of the resulting seedlings. The species selected for this study are not only widely
distributed in the Cerrado's grassland and savanna formations but are also frequently used
in ecological restoration projects involving direct seeding (Sampaio et al., 2015, Ribeiro
et al., 2023). By identifying species or populations with greater tolerance to
environmental stress, this research can contribute significantly to developing more

climate-resilient ecological restoration practices.
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MATERIALS AND METHODS

Species

We selected three widely distributed species of native grasses occurring in
savanna and grassland formations of the Cerrado (Ribeiro et al., 2023, Longhi-Wagner,
2020): Aristida longifolia Trin, Aristida riparia Trin and Loudetiopsis chrysothrix (Ness)
Conert.

A. longifolia is a C3 grass (Tlatilpa and Columbus, 2009) native to Brazil, widely
distributed mainly in South America (Tropicos, 2025), with confirmed occurrences in the
Cerrado, Caatinga, and Amazon regions, spanning the central-west, southeast, northeast,
and north of Brazil. It occurs in cerrado (lato sensu), campo rupestre, and caatinga
(stricto sensu) vegetation (Longhi-Wagner, 2015), and has been widely used in
restoration programs, with studies addressing its germination and seedling production
(Silva, 2022; Oliveira, 2023). A. riparia and L. chrysothrix, in turn, are perennial C4
grasses (Klink and Joly, 1989) broadly distributed in Brazil, with confirmed occurrences
across all regions of the country. Both species are associated with open vegetation types
typical of the Cerrado domain, including campo limpo, campo sujo, campo rupestre, and
cerrado (lato sensu), while A. riparia also occurs in caatinga (stricto sensu) (Longhi-
Wagner, 1999; Filgueiras et al., 2015; Ribeiro et al., 2023). In addition, L. chrysothrix
extends beyond Brazil, occurring also in Bolivia and Paraguay (Tropicos, 2025), and, like
A. longifolia, has been associated with ecological restoration programs in the Cerrado
(Ribeiro et al., 2023).

As reported above, these species have been frequently used in ecological
restoration projects by direct seeding (Sampaio et al., 2015, Ribeiro et al., 2023) and data
on their seeds are already available. A. longifolia has an average emergence rate of >
60% at approximately 25°C, the seeds are non-dormant, and has an average of 72% full
seeds in a sample (Oliveira, 2023, Maia et al., unpublished data). For A. riparia, an
average germination rate of 52% was found in freshly collected seeds, and the seeds are
non-dormant (Dairel and Fidelis, 2020). The percentage of full seeds is approximately
69% for this species (Oliveira, 2023). Finally, for L. chrysothrix, an average of 28% of

full seeds was detected (Oliveira, 2023), furthermore, an average germinability of 45% in
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freshly collected seeds and the presence of physiological dormancy was reported (Dairel
and Fidelis, 2020).

Seeds

Species of the Poaceae family usually disperse caryopsis (dry fruits attached to
the seed) frequently associated with other structures of the floret or spikelet. Considering
that there is no separation between fruit and seed for natural dispersal, and given the
common sowing techniques used in ecological restoration, we will here consider the
fertile floret as synonymous with seed. The chosen species had their seeds collected from
May to July of 2024 in natural grassland physiognomies locally named as campo sujo and
campo limpo (Aristida riparia and Loudetiopsis chrysothrix), as well as in dry forest
physiognomies locally named as mata seca and savanna physiognomies named as
cerrado denso (Aristida longifolia) in the Chapada dos Veadeiros region, Goias (GO),
Brazil. The seeds were collected in the following municipalities: Alto Paraiso de Goias,
Cavalcante, Colinas do Sul and Teresina de Goias. This region is located from 12°50'00"S
to 14°50'00"S and from 46°10'00"W to 48°20'00"W. The climate predominantly
classified as Aw, characterized as a seasonal tropical climate with a dry winter and a rainy
summer, with precipitation following a seasonal pattern (Beck et al., 2018). The period
from October to April is marked by heavy rainfall, with a reduction in May, while the
months of July to August concentrate the longest dry period (da Silva Santos et al., 2019).
The Chapada dos Veadeiros ranges in altitude from 577 to 1676 meters (Chapada dos
Veadeiros National Park) (de Carvalho Junior et al., 2015). In addition, the predominant
vegetation in the region is cerrado sensu stricto, with extensive occurrences of campo
sujo, campo limpo, cerradéo, veredas, and gallery forests (Felfili et al., 2007).

The seeds were collected by the Associacdo Cerrado de Pé (ACP; Cerrado
Standing Association) within the local communities where its members reside and were
supplied for the experiments by the Rede de Sementes do Cerrado (RSC; Cerrado Seed
Network). Because the seeds were collected through community-based efforts and across
different areas (Table S1), it was possible to work with samples that are representative of
their natural environments. After collection, the seeds were stored under controlled
conditions (22 °C) at the Laboratory of Native Seeds and Restoration (LaSeNa),
physically located at the L. G. Labouriau Thermobiology Laboratory, University of
Brasilia (UnB), from September to December 2024, when the experiments were initiated.
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Tests

The seeds were manually sorted into filled and empty categories using a
stereomicroscope and forceps, and only filled seeds (containing an embryo) were used in
the experiments. For the determination of seed dry mass and moisture content, six
replicates of 100 seeds per species were weighed on a precision balance (0.0001 g) before
and after oven-drying at 105 °C for 24 h. Seed moisture content was calculated according
to the formula below:

Moisture content on a fresh-weight basis (%) = (water mass of the seed / total seed
mass) x 100

The dry mass and moisture content analyses were conducted at LaSeNa in May
2025 and followed the protocols established by the Brazilian Rules for Seed Testing
(https://wikisda.agricultura.gov.br/pt-
br/Laborat%C3%B3rios/Metodologia/Sementes/RAS_2025/RAS_2024).

Treatments

Data on surface soil temperatures experienced by recently dispersed seeds in
natural ecosystems were obtained from direct soil measurements in open grassland
formations of the Cerrado during the dry season (Daibes et al., 2017). In that study, daily
temperatures recorded in exposed soils (without direct vegetation cover) ranged from 18
to 53 °C and remained above 50 °C for at least two hours during the hottest period of the
day. Based on these observations, seeds of the three species were subjected to extreme
temperatures of 45 °C, 49 °C, and 52 °C for seven hours, simulating the hottest hours of
the day, and subsequently maintained at 20 °C for the remaining 17 hours.

The temperature of 45 °C was considered a treatment simulating current thermal
conditions, as it falls within the range of soil temperatures recorded during the hottest
hours of the day in campo sujo formations of the Cerrado (Daibes et al., 2017). The
temperatures of 49 °C and 52 °C represent projected future soil temperatures under
intermediate and pessimistic climate scenarios, respectively (IPCC, 2023). Potential soil
temperatures corresponding to each projected atmospheric temperature were calculated

using the equation proposed by Ooi et al. (2012):
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Ymax = 1.3169 xg 10%
Where:
Y max = maximum daily soil temperature (°C)
Xd¢ = temperatura maxima diaria do ar (°C).

The thermal treatments were compared with a control group maintained at
laboratory storage temperature (22 °C). The control treatment consisted of seeds not
subjected to any thermal treatment and served as a reference to assess differences between
seeds exposed to daily soil temperature fluctuations and those not experiencing thermal

fluctuations.

Experimental design

For each thermal treatment, eight replicates of 30 seeds per species were used
(Figure S1b). Each replicate was placed separately in Petri dishes without filter paper or
water and exposed to high temperatures for seven hours (a period estimated based on soil
temperatures remaining above 30 °C for approximately nine hours), followed by 20 °C
for the remaining 17 hours (corresponding to the mean daily temperature during the cooler
hours of the day) (Daibes et al., 2017). Seeds were maintained under these thermal
regimes without imbibition for 75 days, representing conditions experienced by seeds in
the soil seed bank during the dry season and corresponding to the average time between
seed dispersal and the onset of the rainy season (Ribeiro et al., 2023). The treatments were
simulated in Eletrolab germination chambers (EL202/4) programmed to alternate

between maximum and minimum temperatures.

Sowing

After the application of the thermal treatments, seeds were sown in sealed plastic
pots to maintain moisture (length x width x height = 13 x 8.5 x 5 cm) containing washed
medium sand, irrigated, and placed to germinate in growth chambers at a constant
temperature of 28 °C (Figure Sla), which is considered to be within the optimal
germination range for seeds of Cerrado species (Brancalion et al., 2010). Seedling
emergence was recorded daily, with emergence defined as the elevation of the seedling
shoot above the substrate surface (Figure 1).

Emergence data were used to calculate emergence percentage (%E), mean
emergence time (MET), and the emergence velocity index (EVI), following Ranal e
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Santana (2006). %E was calculated as the proportion of sown seeds that successfully
produced emerged seedlings in each treatment. MET was calculated using the formula:
MET = Z(n; - t;) / Zn;, where n; is the number of seeds that emerged at time i and t; is the
time elapsed from the beginning of the experiment to the i-th observation. The EVI was
calculated using the formula: EVI = Ei/N: + E2/N2 + ... + E./N,, where E represents the
number of seedlings emerged by the n-th observation and N represents the number of

days since sowing.
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Figure 1. Emergence of two Aristida longifolia Trin. seedlings in sand (substrate). The
green part corresponds to the aerial part (coleoptile) emerging from the substrate. The
fertile floret (seed) structures can be seen in brown. The markings on the graph paper

represent 0 and 50 millimeters.

Seedling survival test

To assess the survival of seedlings originating from thermally treated seeds under
field-like conditions, seven days after emergence in sand, seedlings were individually
transplanted into plastic seedling tubes (height = 28 cm; diameter = 12 cm) filled with
approximately 190 grams of red latosol collected from a native cerrado sensu stricto area
near LaSeNa (UnB). The chemical composition of the soil used to evaluate seedling
growth was analyzed by an accredited laboratory (Table S2).

The seedling tubes were placed in plastic trays, which were arranged on a bench
outside the laboratory, in a covered location, to allow exposure to indirect sunlight and
natural thermal conditions, although irrigation was done manually (Figure S2).
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Atmospheric temperature and soil moisture data were recorded approximately every two
days throughout the experiment using a digital thermo-hygrometer equipped with max—
min recording functions (Figure S3, Table S5). The soil was gently irrigated daily to
prevent drying in order to minimize the impacts of soil moisture loss on the hottest and
driest days while avoiding waterlogging.

For each species and each thermal treatment, 60 seedlings were transplanted, and
their initial growth and survival were monitored for 60 days, simulating the first two
months of the rainy season.

All seed germination, seedling growth, and survival experiments were conducted
at LaSeNa between March and May 2025.

Data analyses

To evaluate significant differences in the emergence process among thermal
treatments, data were first subjected to tests of normality and homogeneity to assess their
suitability for different statistical analyses. Based on the outcomes of these tests,
generalized linear models (GLMs) were fitted, using a binomial distribution to analyze
emergence percentage and a Gamma distribution to analyze the emergence speed index
(ESI) and mean emergence time (MET), as these variables are positive and
asymmetrically distributed, with non-normal residuals in some groups and residual
variance increasing with the mean (Zuur et al., 2009).

Analyses were conducted to compare thermal treatments with the control group,
which was considered the baseline for comparison, as the objective was also to contrast
thermal treatments with a condition in which seeds do not experience temperature
fluctuations. In addition, Tukey post hoc tests were performed to evaluate multiple
comparisons among treatments and to assess differences among temperatures under
climate change scenarios.

Seedling survival was analyzed using the Mantel-Cox test (log-rank test) to
determine whether survival curves differed significantly among treatments. Pairwise
comparisons with Bonferroni adjustment were applied to the Cox model to identify which
treatments differed from each other. Pairwise comparisons were conducted both between
each treatment and the control group and among thermal treatments only, excluding the

control.
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All analyses were performed in R software version 4.4.3, using the packages Ime4
(Bates et al., 2015), emmeans (Lenth, 2025), car (Fox and Weisberg, 2019), ggplot2
(Wickham, 2016), survival (Therneau, 2024), and survminer (Kassambara et al., 2025).
In addition, an artificial intelligence tool (OpenAl, 2025) was used as support for the

development and revision of R scripts (version 4.4.3).

RESULTS

Physical characteristics of seeds

Seeds of the studied grass species showed mean dry mass values ranging from 1.0
to 3.3 miligrams (Table 1) and moisture content between 9 and 11% on a fresh-weight

basis.

Table 1. Mean seed dry mass (mg) and seed moisture content (%) of three native Cerrado
grass species collected in the field. Collections were conducted from May to July 2024 in
the Chapada dos Veadeiros region, Goias State, Brazil. Measurements were performed at

the Laboratory of Native Seeds and Restoration, University of Brasilia.

Species Dry mass of 100 seeds Dry mass per seed  Moisture (%)
(mg) (mg)
Aristida longifolia 326.8 + 25.74 3.27 £ 0.257 9.00+0.2
Aristida riparia 100.1 +2.90 1.00 + 0.029 10.00+1.8
Loudetiopsis chrysothrix 227.5+11.09 2.27+£0.111 11.00+0.3

Emergence parameters

Under constant 22°C conditions (control), the studied species showed mean
emergence percentages ranging from 40% (Aristida riparia) to 91% (Aristida longifolia)
(Figure 2). Mean emergence time (MET) varied from 113 hours (A. riparia) to 202 hours
(Loudetiopsis chrysothrix), and the emergence velocity index (EVI) ranged from 3.5 (A.
riparia) to 5.9 (A. longifolia) (Figure 2; Table S3).

Under the alternating temperature regimes simulating current and future soil

thermal conditions, treatments representing the current scenario (45 °C) and those
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projected under intermediate (49 °C) and pessimistic (52 °C) climate scenarios did not

show significant differences in %E when compared to each other (Figure 2; Table S3).
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Figure 2. Effect of thermal treatments simulating soil temperatures on seed emergence of
three native grasses of the Cerrado biome. The parameters analyzed were: Emergence
(%), mean emergence time (MET) (hours) and emergence velocity index (EVI) Different
letters indicate significant differences (p < 0.05). Three climate scenarios were
considered: current (45 °C), intermediate impact climate scenario (49 °C) and pessimistic
impact climate scenario (52 °C). These high temperatures were applied daily for 7 hours,
followed by incubation for 17 hours. The control treatment corresponded to a constant 22
°C. Different letters indicate significant differences (p < 0.05) (GLM considering control
as baseline and Tukey test for comparison among treatments). The seeds were collected
in the field from May to July 2024, in the Chapada dos Veadeiros region (GO).
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Germination experiments were carried out from March to April 2025 in germination

chambers at the Native Seeds and Restoration Laboratory - University of Brasilia.

A. longifolia showed a tendency toward reduced emergence percentage under
thermal treatments compared to the control, with statistically significant differences only
at 45 °C and 52 °C (Table S4, Figure 2). Mean emergence time (MET) also showed a
significant decreasing trend at all tested temperatures compared to the control, whereas
the emergence velocity index (EVI) increased significantly at 49 °C when compared to
both the control and 52 °C. When comparing treatments, MET was significantly lower at
45 °C and 49 °C (with no difference between them) relative to the control and 52 °C, the
latter differing from all other treatments and the control (Table S4, Figure 2). The
emergence curve under the control treatment (Figure 3) reveals a later germination
strategy. However, under elevated temperature treatments, the emergence peak occurs
earlier than in the control.

For Aristida riparia, a significant increase in mean emergence time (MET) was
observed only at 52 °C when compared to the control. Among the treatments, this
temperature also resulted in a significantly longer mean emergence time compared to 45
°C. No significant variation was detected for the other evaluated parameters (Table S4,
Figure 2). The emergence curves for this species indicate that its germination pattern,
characterized by emergence spread over time, was maintained under higher incubation
temperatures (Figure 3).

Regarding Loudetiopsis chrysothrix, thermal treatments led to a decrease in MET
and an increase in emergence percentage and emergence velocity index (EVI), in other
words, a faster emergency response compared to the control. However, no significant
differences were detected among the thermal treatments for any of the three analyzed
parameters (Table S4, Figure 2). Additionally, the emergence temporal distribution under
the control treatment indicates a more temporally dispersed germination pattern, which

became more concentrated and earlier under higher temperature conditions (Figure 3).
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Figure 3. Temporal distribution of emergence percentage of three native Cerrado grasses:
Aristida longifolia, Aristida riparia, and Loudetiopsis chrysothrix after thermal
treatments applied to the seeds. Seeds were collected in the field from May to July 2024
in the Chapada dos Veadeiros region, Goias State, Brazil. Experiments were conducted
at the Native Seeds and Restoration Laboratory, University of Brasilia.
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Seedling survival

Seedling survival of Aristida longifolia decreased linearly and in a highly similar
manner across all treatments throughout the experiment. The control and the 49 °C
treatment showed an 18% reduction in survival between 15 and 60 days of cultivation,
whereas survival declined by 14% at 45 °C and by 16% at 52 °C (Figure 4a). Between 45
and 60 days, survival decreased by 5% for all treatments and for the control (Figure 4a,
Table S6). At the end of the 60-day experiment, this species exhibited survival rates of
75% (control), 69% (45 °C), 71% (49 °C), and 45% (52 °C). Survival curves showed a
statistically significant difference at 52 °C compared to the control (p = 0.0023), 45 °C (p
=0.0357), and 49 °C (p = 0.0231) (Table S7).

Seedlings of Aristida riparia grown under control conditions showed a marked
reduction in survival percentage during the first 30 days; however, from 30 to 60 days
survival declined by only 5% (Figure 4b, Table S6). The overlap of survival curves under
treatments simulating high soil temperatures (45 °C, 49 °C, and 52 °C) indicates a
progressive and uniform decline in seedling survival from the 15th day of monitoring,
reaching 0% (45 °C and 49 °C) and 3% (52 °C) after 60 days of incubation (Figure 4b,
Table S6). For this species, only the control differed significantly from the treatments,
which did not differ among themselves (Table S7).

For Loudetiopsis chrysothrix, the control survival curve also remained relatively
stable after 30 days of incubation, with a final survival of 47%, whereas seedlings
originating from the 45 °C, 49 °C, and 52 °C treatments showed survival rates of 40%,
19%, and 17%, respectively, within the first 15 days of monitoring, and declined to 7%,
3%, and 1% by the end of the experiment (Figure 4c, Table S6). In pairwise comparisons
considering the control group, survival curves of the thermal treatments did not differ
from one another, while the control differed significantly from all three temperatures (45,
49, and 52 °C) (Table S7). When the control was excluded, pairwise comparisons
revealed a significant difference between the 45 °C and 52 °C survival curves (p = 0.037).
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Figure 4. Seedling survival of three grass species grown under ambient environmental

conditions (Figure S2) in Red Latosol soil (Table S2) after seed exposure to different
temperatures (control, without thermal treatment). Survival is expressed as the number of
live seedlings relative to the 60 individuals initially transplanted. Pairwise comparisons
indicated significant differences at 52 °C relative to the control, 45 °C, and 49 °C for A.
longifolia; between the control and 45 °C, 49 °C, and 52 °C for A. riparia and L.
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chrysothrix (when the control was included in the analysis); and, when the control was
excluded, L. chrysothrix showed a significant difference between 45 °C and 52 °C (Table
S7). Seeds were collected in the field from May to July 2024 in the Chapada dos
Veadeiros region, Goias State, Brazil. Experiments were conducted at the Native Seeds

and Restoration Laboratory, University of Brasilia.

Seed mass was positively associated with seedling survival (Figure 5). The species
with lower seed mass tended to exhibit lower survival percentages, whereas the species

with higher seed mass tended to show higher survival rates.
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Figure 5. Relationship between seed mass and seedling survival after seed exposure to
different temperatures (control, without thermal treatment) for the three native grass
species analyzed in this study. Seeds were collected in the field from May to July 2024
in the Chapada dos Veadeiros region, Goias State, Brazil. Experiments were conducted

at the Native Seeds and Restoration Laboratory, University of Brasilia.
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DISCUSSION

Dry mass was the parameter that showed the greatest variation among seeds and
appeared to have a direct effect on seedling emergence indices. Seeds of Aristida
longifolia exhibited biomass approximately three times greater than that of Aristida
riparia and, concomitantly, showed the highest emergence indices among the three
species (Table 1). Seeds of Loudetiopsis chrysothrix, with intermediate mass, also
exhibited intermediate emergence values, whereas the lighter seeds of A. riparia showed
the lowest emergence percentages, regardless of the thermal treatment applied to the
seeds.

The relationship between seed mass and emergence percentage suggests that seeds
with greater mass have a higher emergence capacity than seeds with lower mass, as
previously reported for native tree and shrub species (Laumann et al., 2023). Similarly, a
study conducted by Cordazzo (2002) showed that, for coastal grass species from southern
Brazil, larger seeds exhibit higher germination rates as well as greater seedling elongation
and growth. Seed mass can also be used as a predictor of seed survival when exposed to
high temperatures in the Cerrado (Ribeiro et al., 2015, Daibes et al., 2019). Regarding
moisture content, values ranged from approximately 9 to 11%, suggesting that these
species produce orthodox seeds, which is consistent with their predominantly dry-season
dispersal period (Salazar et al., 2011, Ramos et al., 2017, Ribeiro et al., 2018).

Comparison of emergence percentages after high-temperature treatments showed
that, for each species, values were relatively similar and without a clear pattern (Figure
2). Among the simulated climatic scenarios, warmer soil temperatures compared to their
respective controls did not significantly compromise the field emergence potential of
these grasses. Studies testing the effects of future temperature scenarios on germination
percentages of Cerrado grasses have shown species-specific responses; however, in
general, studies focusing on seed germination in scenarios of increased soil temperature
have shown a reduction in germination percentages compared to current thermal regimes
(Souza et al., 2022).

In our study, A. longifolia was the only species that showed a slight tendency
toward reduced emergence percentage at 45 °C and 52 °C compared to the control.
However, it did not show divergence between the current scenario and those projected
under climate change. Elevated temperatures affecting seeds of shrub species deposited

on the soil surface can reduce seed viability and germination percentage (Daibes et al.,
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2017). Even among tree species, comparative studies indicate that seedling emergence
after thermal treatments represents a species-specific response rather than one directly
linked to other external factors, a pattern that has been recurrent in studies addressing
germination strategies of Cerrado species (Ribeiro et al., 2021).

Analysis of the temporal distribution of seedling emergence, expressed both by
mean emergence time (MET) (Table S3, Figure 2) and by the emergence distribution over
time (Figure 3), indicates a general tendency for seeds to emerge more rapidly under
higher soil thermal regimes simulating future conditions when compared to the current
thermal regime. This response would be expected, as it is primarily a kinetic phenomenon,
in which seeds germinate (emerge) more rapidly when incubated under higher
temperatures (22 °C vs. 20/45 °C) (Labouriau, 1983, Borghetti and Ferreira, 2004).
However, this logic does not apply when comparing seeds treated under thermal regimes
simulating the current scenario (20/45 °C) with those treated under regimes projected for
the future (20/49 °C and 20/52 °C). In these cases, the progressive increase in temperature
resulted in slower seed emergence compared to the current scenario, contrasting with the
expected kinetic effects of higher temperatures on the germination speed (Labouriau,
1983, Bewley et al., 2013, Ribeiro and Borghetti, 2024). These results suggest an opposite
effect, in which elevated temperatures simulating future climate scenarios may be causing
metabolic damage to seeds, manifested not necessarily only in germination percentage
but also in germination speed (Bewley et al., 2013, Ribeiro and Borghetti, 2024).

In contrast to the other species, seeds of L. chrysothrix showed reduced MET and
increased emergence velocity index (EVI) and emergence percentage when subjected to
higher temperatures compared to the control. This response indicates dormancy release
under high temperatures simulating soil conditions and suggests that elevated
temperatures experienced by seeds in the soil seed bank may promote dormancy breaking.
Indeed, this species has been shown to exhibit physiological dormancy that can be broken
by temperature fluctuations following fire events (Dairel and Fidelis, 2020). In addition
to L. chrysothrix, similar thermal effects have been observed for seeds of shrubby legume
species from the Cerrado, such as Mimosa leiocephala and Harpalyce brasiliana (Daibes
etal., 2017). Temperature fluctuations (with amplitudes of 10-40 °C) applied to seeds of
exotic and invasive grasses of the Cerrado have also been shown to break dormancy and
increase germination, potentially facilitating invasion processes and negatively affecting

native grass populations (Gorgone-Barbosa et al., 2016).
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An increase in mean emergence time and emergence variance, reflected in a more
temporally dispersed emergence pattern (Figure 3), may represent a germination strategy
adopted by several species under unpredictable climatic conditions (Venable, 2007,
Ribeiro and Borghetti, 2014, Ribeiro et al., 2015). Evidence suggests that species from
more climatically stable environments exhibit faster germination compared to those from
environments with greater climatic unpredictability (Ooi et al., 2009, Souza et al., 2022;
Borghetti et al., 2024). This pattern can be observed, for example, when comparing forest
and savanna species occurring within the same biome. Although these species experience
the same macroclimatic domain, forest environments exhibit lower temperature variation,
more stable soil water supply, and are generally not subject to fire, unlike savanna
environments. Under such conditions, savanna species tend to show slower and more
temporally spread germination than forest species (Ribeiro and Borghetti, 2013, Borghetti
et al., 2024), a germination pattern aligned with a bet-hedging strategy. There is also
evidence that elevated temperatures can accelerate germination of invasive grass species
(Faria et al., 2015), conferring a competitive advantage under field conditions, as seeds
that germinate more rapidly tend to establish earlier within the community (Parsons,
2012).

After 60 days of growth in red latosol soil, seedling survival was higher for control
seeds than for those subjected to high-temperature treatments for all grasses studied
(Figure 4). For A. riparia and L. chrysothrix, the control group exhibited significantly
higher survival rates than all temperature treatments. These results indicate that elevated
temperatures, even when experienced for only part of the day, can negatively affect
seedling survival under field conditions. In this context, survival can be related to seedling
vigor, as seedlings originating from more vigorous seeds (with greater shoot and root
length and dry mass) have a higher probability of establishment and survival under field
conditions (Reis et al., 2022). Félix et al. (2018) demonstrated that temperatures above
30 °C applied to seeds of Leucaena leucocephala (Lam.) de Wit under different water
potentials reduced seedling vigor, with more pronounced reductions above 35 °C,
highlighting the influence of high temperatures on survival.

The higher survival observed in seedlings of A. longifolia may be related to seed
mass, which is approximately 30% greater than that of L. chrysothrix and at least three
times greater than that of A. riparia (Table 1). The lighter seeds of A. riparia exhibited
the lowest survival rates, including under control conditions, suggesting that seed mass is

an important parameter influencing seedling survival under field conditions (Figure 5).
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Seedlings originating from seeds with greater mass tend to show higher survival,
particularly under experimentally induced severe water stress, as observed in tree species
from tropical dry forests (Khurana and Singh, 2004). This effect of seed mass on seedling
survival has also been confirmed for native tree species of the Cerrado (Passaretti et al.,
2020) and for native grasses of North America (Quigley et al., 2023). This relationship
highlights seed vigor—here inferred from initial seed mass—as an important attribute for
seedling survival in soils subjected to higher levels of thermal stress predicted for future
climates.

Seed mass is a trait that explains the success of direct seeding of Cerrado trees and
shrubs when individual characteristics are analyzed separately (Laumann et al., 2023). In
ecological restoration initiatives, where restored environments may include soils exposed
to elevated temperatures and other intensified stress conditions (Grossnickle, 2000),
selecting heavier seeds during processing may substantially increase the success of
seedling establishment and, consequently, restoration outcomes. This rationale is
supported by the present study, in which heavier seeds produced seedlings with higher

survival rates.

CONCLUSIONS

None of the species analyzed showed significant differences in emergence
percentage when comparing temperature fluctuation scenarios associated with climate
change (current, intermediate, and pessimistic), but showed a difference between the
control group and the remaining treatments for two species. Elevated temperatures
simulating future climate scenarios may interfere with emergence speed and,
consequently, with the field survival of native grass seedlings. Although thermal
treatments did not significantly reduce seed viability, subsequent seedling development
was negatively affected. Our results suggest that seed mass may be a more determinant

factor for seedling survival than soil temperature fluctuations.
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SUPPLEMENTARY DATA

Table S1. Seed collection data for the three grass species analyzed in this study. Seeds

were mixed using the method “muvuca” (ISA, 2018).

Weight Collection
Specie (kg)  Municipality site Latitude Longitude
Aristida longifolia
Trin. 3,5 Cavalcante Prata 13°13'48.0"S 47°39'05.0"O
Aristida longifolia Corgue
Trin. 4.4 Cavalcante Fundo 13°15'03.3"S 47°33'39.8"0
Aristida longifolia
Trin. 51 Cavalcante  Maiadinha 13°16'31.59"S 47°24'46.09"0
Aristida longifolia Véo do
Trin. 2,2 Cavalcante Moleque 13°19'04.4"S 47°24'10.8"0O
Aristida longifolia
Trin. 3,4 Cavalcante Capela  13°20'54.0"S 47°27'09.0"O
Aristida longifolia
Trin. 6 Cavalcante Taboca  13°20'56.7"S 47°26'29.3"0
Aristida longifolia Teresina de
Trin. 3,9 Goias Ribeirdo  13°27'54.5"S 47°12'17.6"0O
Aristida longifolia Teresinade  Teresina de
Trin. 2,3 Goias Goias 13°46'25.6"S 47°15'52.3"0
Aristida longifolia
Trin. 1 Cavalcante  Cavalcante 13°47'21.04"S47°27'14.43"0
Aristida longifolia
Trin. 1 Colinasdo Sul PA Real | 13°59'11.92"S47°59'48.71"0
Aristida longifolia Colinas do
Trin. 4,9  Colinas do Sul Sul 14°9'0.03"S 48°4'25.70"0
Aristida longifolia Alto Paraiso de PA Silvio
Trin. 3,55 Goias Rodrigues 14°20'15.7"S 47°35'41.3"0
Aristida riparia
Trin. 58 Cavalcante Prata 13°13'48.0"S 47°39'05.0"O
Aristida riparia
Trin. 4,8 Cavalcante  Maiadinha 13°16'31.59"S 47°24'46.09"0
Aristida riparia Véo do
Trin. 0,2 Cavalcante Moleque 13°19'04.4"S 47°24'10.8"0O
Aristida riparia
Trin. 0,6 Cavalcante Capela  13°20'54.0"S 47°27'09.0"O
Aristida riparia
Trin. 0,75 Cavalcante Taboca  13°20'56.7"S 47°26'29.3"0
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Aristida riparia
Trin.

Avristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Avristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Aristida riparia
Trin.

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

0,5

3,9

3,3

3,2

12,65

0,6

0,8

6,1

2,2

2,8

1,45

2,2

0,05

0,8

1,1

0,8

5,4

Cavalcante
Teresina de
Goias
Teresina de
Goias
Teresina de
Goias
Cavalcante

Colinas do Sul

Colinas do Sul

Alto Paraiso de

Goias

Alto Paraiso de

Goias

Alto Paraiso de

Goias

Corrente

Ribeirdo

Ema

Teresina de
Goias

13°25'14.2"S 47°31'43.4"0

13°27'54.5"S 47°12'17.6"0O

13°36'38.9"S 47°14'19.0"O

13°46'25.6"S 47°15'52.3"0

Cavalcante 13°47'21.04"S47°27'14.43"0

PA Real |

Colinas do
Sul

Alto Paraiso

Sé&o Jorge

PA Esusa

Alto Paraiso de PA Silvio

Goias

Cavalcante

Cavalcante

Cavalcante

Teresina de
Goias

Teresina de

Goias

Cavalcante

Rodrigues

13°59'11.92"S 47°59'48.71"0O

14°9'0.03"S 48° 4'25.70"0

14°08'57.7"S 47°30'53.3"0

14°11'50.7"S 47°49'03.3"0

14°19'51.6"S 47°42'54.0"0O

14°20'15.7"S 47°35'41.3"0

Maiadinha 13°16'31.59"S 47°24'46.09"0O

Véo do
Moleque

Capela

Ema

Teresina de
Goias

13°19'04.4"S 47°24'10.8"0

13°20'54.0"S 47°27'09.0"O

13°36'38.9"S 47°14'19.0"0O

13°46'25.6"S 47°15'52.3"0

Cavalcante 13°47'21.04"S47°27'14.43"0
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Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

Loudetiopsis
chrysothrix (Nees)
Conert

0,35

0,8

1,4

2,1

1,5

Colinas do Sul PA Real | 13°59'11.92"S47°59'48.71"0O
Colinas do
Colinas do Sul Sul 14° 9'0.03"S 48° 4'25.70"0

Alto Paraiso de

Goias Alto Paraiso 14°08'57.7"S 47°30'53.3"O

Alto Paraiso de

Goias Sdo Jorge 14°11'50.7"S 47°49'03.3"0
Alto Paraiso de
Goias PA Esusa 14°19'51.6"S 47°42'54.0"0

Alto Paraiso de PA Silvio

Goias Rodrigues  14°20'15.7"S 47°35'41.3"0

Table S2. Characterization of the soil used for seedling growth in this study.

Particle Size Distribution (g/kg)

Clay Sand Silt

300 625 75
Chemical Analysis

Parameter Value Unit

pH in water 51 -

Nitrogen (N) 1,0 mg/Kg
Phosphorus (P) 2,3 mg/dm3
Calcium (Ca) 0,1 cmolc/dm3
Magnesium (Mg) 0,1 cmolc/dm3
Potassium (K) 0,06 cmolc/dm3
Sodium (Na) 0,19 cmolc/dm3
Aluminum (Al) 0,5 cmolc/dm3
Exchangeable acidity (H + Al) 3,7 cmolc/dm?
Sum of bases (SB) 0,5 cmolc/dm3
Cation exchange capacity atpH 7 (CECpH 7) 4,2 cmolc/dm3
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Base saturation (V) 11 %
Aluminum saturation (m) 53 %
Sodium saturation (ISNa) 42 %
Organic carbon (C) 15,2 g/Kg
Organic matter (OM) 24,4 g/Kg
Micronutrients

Boron (B) 0,05 mg/dm3
Copper (Cu) 1,60 mg/dm3
Iron (Fe) 150,9 mg/dm3
Manganese (Mn) 41,5 mg/dm3
Zinc (Zn) 1,50 mg/dm3
Sulfur (S) 15,3 mg/dm3

Table S3. Means and standard deviations of emergence parameters in the different

treatments and in the control for the three species analyzed in this study.

Specie

Treatment

Emergence (%) MET (h) EVI

Aristida longifolia

Aristida riparia

Loudetiopsis chrysothrix

Control (22°C)

Control (22°C)

Control (22°C) 91+4a

80+8Db
85+8ab
83+11b

40+15a
43+ 18a
43+9a
40+5a

50+11b
78+11a
78+12a
76 +8a

117+6b 59+06D
89+6a 66%09ab
89+4a 72+x09a
103+4c 6,0+£09b

113+22a 32+12a
104+15a 32*+106a
119+ 18ab3,0+0,8a
136 £25b 2,4+05a

202+38b 2,7+0,7b
84+7a 74+13a
89+6a 6,9+10a
90+6a 6,2 £0,7 a

Different letters (a, b) denote significant differences (p < 0.05) (GLM considering control

as baseline and Tukey test)

48



2)

b) 45°C 49°C 52°C Control (22°C)

= GO0 0000 0000 0000
W EEEE BEEQS BEED z=eee

w OGO OO00 0000 0000
el P00 0000 0000 0000

Loudetiopsis

chrysothrix

(Ness)

Conert

Figure S1. Experimental design of the heat treatments. In a) the seed sowing method is
represented, corresponding to a replicate with 30 seeds. In b) the scheme for setting up

the treatments at different temperatures is shown.

Figure S2. Arrangement of seedlings cultivated in the outdoor area of the Native Seeds

and Restoration Laboratory, University of Brasilia.
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Figure S3. Maximum and minimum air temperatures and soil humidities measured

during the seedling growth period.
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Table S4. Estimated parameters in the GLM models for emergence percentage (%E),

mean emergence time (MET), and emergence velocity index (EVI) in the thermal

treatments and control groups for three native grass species from the Cerrado.

E (%) MET EVI
(h)
Species Treatment Estimate p value Estimate  p value Estimate p value
Control 2.244403 <0,00001 4.75574  <0.00001 1.77071  <0.00001
Aristida longifolia 45 °C -0.85810 0.00162 -0.26150 <0.00001 0.12014  0.07958
49 °C -0.54211 0.05534 -0.26711 <0.00001 0.21030 0.00354
52 °C -0.63496 0.02307 -0.12101 0.00109 0.02105 0.75224
Control -0.21752  0.09394 4.72739  <0.00001 1.17900 <0.00001
Aristida riparia 45 °C -0.06773 0.71286  -0.08420 0.31160 <0.00001 1.00000
49 °C -0.05074 0.78264  0.05593  0,49930 -0.08004 0.64620
52°C -0.18794 0.30967  0.18435 0.03210 -312.70  0.07970
Control 0.370859 0.00474 5.27875 <0.00001 1.01160 <0.00001
Loudetiopsis 45°C 1.015434 0.00001  -0.85092 <0.00001 0.98649  <0.00001
chrysothrix
49 °C 0.914338 <0.00001 -0.79434 <0.00001 0.91629 <0.00001
52 °C 0.77270  0.00011 -0.77478 <0.00001 0.82098 <0.00001
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Table S5. Maximum and minimum temperatures and humidity levels measured during

the seedling growth period.

Date Minimum air ~ Maximum air ~ Minimum soil ~Maximum soil
temperature temperature moisture (%) moisture (%)
(°C) (°C)
18/03/25 17,3 29,3 20 74
20/03/25 20,4 32,1 33 74
22/03/25 20,7 29,2 46 79
24/03/25 20,6 31,3 49 81
26/03/25 20,2 29 40 80
28/03/25 20,0 28,7 39 81
30/03/25 19,3 29,3 37 83
01/04/25 19,7 29,0 37 75
03/04/25 18,8 29,6 40 76
05/04/25 19,3 28,9 49 79
07/04/25 19,1 29,9 38 75
09/04/25 18,8 26,7 49 76
10/04/25 20,0 28,5 45 72
11/04/25 19,4 27,6 48 82
14/04/25 20,4 28,0 48 83
16/04/25 20,0 27,1 52 83
19/04/25 19,0 27,0 49 82
22/04/25 19,3 28,5 42 80
23/04/25 20,4 28,1 48 80
24/04/25 20,7 26,7 51 73
26/04/25 20,0 27,3 47 79
28/04/25 21,0 26,9 55 77
30/04/25 19,9 25,8 60 80
02/05/25 20,1 26,6 50 79
03/05/25 17,1 25,6 48 74
05/05/25 15,9 25,1 48 69
08/05/25 17,5 27,6 45 73
12/05/25 18,1 28,5 39 71
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14/05/25 18,4 27,8 45 69

16/05/25 16,9 21,7 46 71
19/05/25 15,8 27,1 44 72
21/05/25 14,3 28,2 42 70
22/05/25 16,1 27,8 46 70
Mean 189+17 28,1+15 447+7,1 76,5+ 4,6

Table S6. Seedling survival (Surv) over 60 days of cultivation for three Cerrado grass
species subjected to different temperature treatments and the control (ambient
temperature). Day 1 survival is 100% for all treatments and species.

Specie Treatment Surv—15 Surv-30 Surv-45 Surv-60
days (%) days (%) days (%) days (%)

Aristida longifolia Control 93 88 80 73

45°C 83 76 74 69

49°C 87 80 76 71

52°C 61 59 50 45
Loudetiopsis chrysothrix  Control 72 50 48 47

45°C 40 19 12 6

49°C 19 8 6

52°C 17 7 3
Aristida riparia Control 68 30 25 20

45°C 17 10 5 0

49°C 15 8 7 0

52°C 8 7 0 0
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Table S7. Pairwise comparisons of survival among treatments using the log-rank test

(including the control, with Bonferroni adjustment) and the Cox proportional hazards

model (excluding the control).

Species Treatment Test HR p value
Control x 45°C+  Log-Rank - 1.0000
Control x 49°C+  Log-Rank - 1.0000
Control x 52°C+  Log-Rank - 0.0023**
45°C X49°C+  Log-Rank - 1.0000
Aristida longifolia 45°C X 52°C+  Log-Rank - 0.0357
49°C X 52°C + Log-Rank - 0.0231
45°C X 49°C Cox 0.96 0.904
45°C X 52°C Cox 2.34 0.006**
49°C X 52°C Cox 2.44 0.005**
Control x 45°Ct+  Log-Rank - 7.1g 08
Control x 49°C+  Log-Rank - 2.9g 06%*x
Control x 52°C+  Log-Rank - 1.9g 06+
45°C X 49°C+ Log-Rank - 1.0000
Aristida riparia 45°C X 52°C+ Log-Rank - 1.0000
49°C X 52°C+ Log-Rank - 1.0000
45°C X 49°C Cox 0.91 0.591
45°C X 52°C Cox 0.99 0.958
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49°C X 52°C Cox 1.09 0.800

Control x 45°Ct+  Log-Rank - 1.4e°%
Control x 49°C+  Log-Rank - 1.0e%
Control x 52°Ct+  Log-Rank - 7.5¢ 1
45°C X 49°C+ Log-Rank - 0.420
Igr?gyi%ttir?fiiis 45°C X 52°Ct Log-Rank - 0.075
49° C X 52°C+ Log-Rank - 1.0000
45°C X 49°C Cox 1.45 0.052
45°C X 52°C Cox 1.58 0.016*
49°C X 52°C Cox 1,09 0.400

+ Pairwise comparisons including the control treatment (log-rank test).
Comparisons without the + symbol were performed only among treatments using the Cox

proportional hazards model.* = P<0.05; ** = P < 0.01; *** = P < 0.001.
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CONSIDERACOES FINAIS

Inicialmente, um dos objetivos deste trabalho era de avaliar o vigor das plantulas
por meio de medidas diretas de biomassa da parte aérea e radicular e comprimento da
parte aérea e radicular das plantulas. Esses parametros sdo comumente utilizados na
literatura como indicadores quantitativos do vigor e do desempenho inicial de plantulas,
pois refletem o potencial de crescimento e estabelecimento inicial das plantas a partir de
sementes de diferentes tratamentos (Fagundes et al., 2011; Silva et al., 2017; Felix et al.,
2018).

Contudo, o ajuste da metodologia para o crescimento das plantulas néo foi bem-
sucedido. Observou-se uma mortalidade extremamente elevada das plantulas durante o
periodo inicial de crescimento, o que inviabilizou a obtencdo de amostras suficientes para
a analise comparativa dos demais parametros planejados. A elevada mortalidade das
plantulas é um fenémeno documentado em espécies de gramineas e pode ocorrer devido
a uma combinacéo de fatores ambientais desfavoraveis e estresses abidticos que afetam a
sobrevivéncia pos-germinacdo. Altas taxas de mortalidade de plantulas sdo comuns em
gramineas, assim, a transicdo de uma semente germinada para uma plantula estabelecida
é o principal gargalo no recrutamento (James et al., 2011).

Dada a elevada mortalidade e a baixa quantidade de plantulas sobreviventes, ndo
foi possivel realizar analises estatisticamente robustas de altura, biomassa ou outros
atributos de vigor, pois ndo havia nimero de individuos suficiente para calculos de médias
representativas. Desta forma, a andlise foi restringida a taxa de sobrevivéncia dos
individuos, que foi a Unica varidvel que pbde ser avaliada com algum grau de
confiabilidade estatistica. O cultivo ao ar livre, em condi¢Ges ambientais ndo controladas,
pode ter contribuido para que ndo fosse possivel cultivar o nimero necessario de
plantulas, uma vez que varidveis como temperatura do solo, umidade disponivel,
nutrientes e outras condicdes estressantes podem ter influenciado a mortalidade e o
crescimento lento.

Mesmo as plantulas que permaneceram vivas produziram massa seca muito baixa,
de forma que a taxa de erro na medicdo da biomassa foi substancial. Nesse contexto,
mesmo uma balanca de precisdo de 0,0001 g ndo foi suficiente para mensurar diferencas
significativas ou confiaveis entre os tratamentos.

E possivel que, com um manejo mais controlado das condicdes de cultivo, como

a utilizacdo de fitotron, cAmaras de germinagdo ou condigdes ambientais mais estaveis,
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além da escolha de um substrato mais adequado para o desenvolvimento inicial das
plantulas, os resultados permitissem uma avaliagdo completa dos parametros de vigor
originalmente propostos no projeto. Tais sistemas controlados sdo frequentemente
recomendados para minimizar estresses ambientais e reduzir a mortalidade em estudos de

fisiologia de sementes e plantulas.
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