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RESUMO

Os ecossistemas florestais estdo cada vez mais ameacados por atividades agricolas
insustentaveis que enfraguecem seu potencial regenerativo ao limitar fontes criticas
de regeneracao florestal, como o banco e a chuva de sementes. Este pode ser o caso
da agricultura de corte-e-queima, um meétodo agricola amplamente difundido em
florestas secas e que pode ameacar a resiliéncia dos ecossistemas florestais ao
reduzir o tamanho e a diversidade das comunidades de espécies no banco e na chuva
de sementes. Para testar essa hipotese e promover praticas de manejo voltadas para
a melhoria da recuperacao florestal, nesta tese examinei, por meio de um experimento
de agricultura de corte-e-queima, como essa pratica agricola impacta o banco e a
chuva de sementes de plantas lenhosas na floresta da Caatinga, uma floresta tropical
seca do nordeste do Brasil. Especificamente, 1) examinei os danos e viabilidade do
banco de sementes, e a estrutura (densidade e diversidade) e composicao
(taxondmica e funcional) das assembleias do banco de sementes antes e depois da
gueima, e 2) a estrutura e composi¢ao da chuva de sementes em parcelas expostas
a agricultura de corte-e-queima (ou seja, parcelas queimadas) e em parcelas de
controle (floresta em pé) durante um periodo de um ano. Encontrei uma reducéo
significativa na frequéncia e propor¢ao de sementes intactas (ndo danificadas) apos o
fogo e uma diminuicdo de 3,6 vezes na proporcao de sementes viaveis no banco de
sementes. Enquanto a densidade de sementes permaneceu constante, a diversidade
de espécies caiu drasticamente apds o fogo, especialmente o nimero de espécies
raras. A dissimilaridade composicional (diversidade B) entre as parcelas também
diminuiu apés o fogo, particularmente seu componente de substituicdo, levando a
homogeneizacdo das assembleias de sementes no espaco. A composi¢ao funcional
das assembleias de sementes também foi alterada, aumentando a frequéncia relativa
de espécies arbustivas apds o fogo, especialmente espécies com frutos carnosos e
disperséo bidtica. Em relagcdo a chuva de sementes, a densidade de propagulos foi
reduzida 15 vezes nas parcelas queimadas em comparacdo com as parcelas
florestais. A diversidade de espécies, particularmente o nimero de espécies raras,
diminuiu nas parcelas queimadas. Finalmente, nenhuma diferenca foi observada na
composicdo taxondmica e funcional das assembleias de espécies na chuva de
sementes. Dado que esses achados revelam um drastico empobrecimento do banco

e da chuva de sementes em resposta a essa pratica agricola, a regeneracdo da



Caatinga e provavelmente de outras florestas secas dependera em grande parte de
outras fontes de regeneracdo menos vulneraveis a essa pratica agricola como a

rebrota de plantas - uma interessante linha de investigagao para o futuro.

Palavras-chave: Potencial regenerativo; Banco de sementes; Chuva de sementes;

Agricultura de subsisténcia; Diversidade taxonémica.



ABSTRACT

Forest ecosystems are increasingly threatened by unsustainable agricultural activities
that damage their regenerative potential by disrupting critical sources of forest
regeneration, such as the seed bank and seed rain. This can be the case for slash-
and-burn agriculture — a farming method that is widespread in dry forests and which
can threaten the resilience of forest ecosystems, largely reducing the size of the soil
seed bank and seed rain species communities, while favoring regeneration based on
plant resprout. To test this hypothesis and promote management practices aimed at
improving forest recovery, in this thesis | examined, through a slash-and-burn
agriculture experiment, how this agricultural practice impacts the seed bank and seed
rain of plants woody plants in the dry tropical Caatinga forest of northeastern Brazil.
Particularly, 1) | examined the damage and viability of the seed bank, and the structure
(density and diversity) and composition (taxonomic and functional) of the seed bank
assemblages before and after the fire, and 2) the structure and composition of the seed
rain in plots exposed to slash-and-burn agriculture (i.e. burned plots) and in control
plots (forest stands) over a period of one year. | found a significant reduction in the
frequency and proportion of intact (undamaged) seeds after fire, and a 3.6-fold
decrease in the proportion of viable seeds of the soil seed bank. While seed density
remained constant, species diversity declined dramatically after the fire, especially the
number of rare species. The compositional dissimilarity (B-diversity) between plots also
decreased after the fire, particularly its turnover component, causing the
homogenization of seed assemblages across space. The functional composition of
seed assemblages was also altered, with the relative frequency of shrub species
increasing after fire, especially species with fleshy fruits and biotic dispersion.
Regarding to seed rain, the density of propagules was reduced by 15 times in burned
plots when compared to forest plots. Species diversity, particularly the number of rare
species, decreased in burned plots. Finally, no difference was observed regarding the
composition and functional of the seed rain assemblages. Thus, these findings reveal
a drastic impoverishment of the bank and seed rain to this common agricultural practice
in dry forests, the regeneration of the Caatinga and probably other dry forests cannot
rest on the seed bank and seed rain and will largely depend by other regeneration
sources less vulnerable to this agricultural practice, such as plant resprout — an

interesting line of research for the future. These findings have important implications



for the management and resilience potential of dry forests and for the conservation of

biodiversity and provision of ecosystem services in human-modified landscapes.

Keywords: Regenerative potential; Seed bank; Seed rain; Subsistence agriculture;
Taxonomic diversity.
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1 INTRODUCAO

O Antropoceno é marcado pelo aumento da conversdo de ecossistemas
florestais em terras agricolas (MALHI, 2017). Além da perda de habitat, tal converséo
causa uma miriade de efeitos em cascata na biodiversidade, incluindo nossa propria
espécie. A perda de ecossistemas florestais ao redor do mundo € principalmente
associada a agricultura de larga escala. Contudo, um outro tipo de atividade agricola
que € importante em pequena escala, mas é particularmente disseminado nas
florestas secas € a agricultura de corte-e-queima (CURTIS et al., 2018). Este método
agricola pode ter grandes impactos nos padrdes de biodiversidade, e pode ameacar
a resiliéncia dos ecossistemas florestais reduzindo em grande parte o tamanho das
comunidades de plantas que compreendem o banco e a chuva de sementes. Ao
contrario de outros ecossistemas como o Cerrado brasileiro, as plantas lenhosas da
Caatinga ndo apresentam adaptacdes ao fogo (PIVELLO et al., 2021). Logo, se é
verdade que este método agricola pode causar o empobrecimento drastico do banco
e da chuva de sementes, é razodvel esperar que a regeneracao futura em paisagens
da Caatinga expostas a agricultura de corte-e-queima tera pouca contribuicdo destas
fontes de regeneracéo florestal. Portanto, se quisermos promover praticas de manejo
devotadas a aumentar a resiliéncia dos ecossistemas florestais, entender o efeito da
agricultura de corte-e-queima sobre o processo de regeneracdo da floresta é
fundamental para promover praticas de manejo e conservacédo, particularmente em
florestas tropicais secas, que historicamente tém sido convertidas em mosaicos
sucessionais devido a agricultura de subsisténcia e pecuaria extensiva.

Em outras palavras, é preciso promover praticas de manejo destinadas ao uso
sustentavel da terra, a fim de aumentar a resiliéncia dos ecossistemas florestais e
estabelecer um compromisso ideal entre a provisao de servicos ecossistémicos para
populacdes humanas e a preservagcdo da vida selvagem, e, portanto, seguir em
diregcdo a “paisagens ideais ou paisagens antropicas amigaveis a biodiversidade”
(sensu ARROYO-RODRIGUEZ et al., 2020; MELO et al., 2013). Neste sentido,
buscando entender melhor os efeitos da agricultura de corte-e-queima sobre as fontes
de regeneracgéao da floresta, particularmente no que se refere ao banco e a chuva de
sementes, em esta tese avaliei por meio de experimento simulando a agricultura de
corte-e-queima como este meétodo agricola afeta particularmente as comunidades de

plantas lenhosas do banco e da chuva de sementes em uma paisagem da floresta
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tropical seca da Caatinga no nordeste do Brasil. Em particular, comparei o dano e a
viabilidade do banco de sementes, bem como a estrutura, especialmente no que se
refere densidade e diversidade de sementes, e composi¢cédo taxondmica e funcional
das assembleias do banco e da chuva de sementes em resposta a agricultura de
corte-e-queima.

Em dois artigos, eu demonstro que (1) florestas expostas ao fogo produzido
pela agricultura de corte-e-queima apresentam bancos de sementes que suportam
uma baixa propor¢do de sementes viaveis apos o fogo; (2) existe uma diminuigdo
drastica na diversidade de espécies apds o fogo, sobretudo no que se diz respeito as
espécies raras do banco de sementes; (3) a dissimilaridade composicional entre as
parcelas também diminui apos o fogo, o que é explicado em grande parte pela perda
de espécies, causando assim a homogeneizacdo das assembleias de espécies do
banco de sementes através do espaco; (4) a composicao funcional das assembleias
do banco de sementes também é alterada, com a frequéncia relativa de espécies
arbustivas aumentando apdés o fogo, especialmente espécies com frutos carnosos e
disperséo bidtica; (5) a densidade de propagulos da chuva de sementes é reduzida
em 15 vezes em parcelas queimadas quando comparada a parcelas de controle; (6)
a diversidade de espécies da chuva de sementes segue 0 mesmo padrao encontrado
para o banco de sementes no que se diz respeito especialmente a reducdo do nimero
de espécies raras; (7) a diversidade-B de espécies raras da chuva de sementes
aumenta nas parcelas queimadas, devido ao seu componente de rotatividade de
espécies; (8) no entanto, ndo se observa nenhuma alteracédo na composicao funcional
das assembleias de espécies. Uma vez que estas descobertas destacam a baixa
resiliéncia do banco e da chuva de sementes a este método agricola comum em
florestas tropicais secas, a regeneracao futura desta e potencialmente de outras
florestas tropicais ricas em espécies expostas a agricultura de corte-e-queima nao
podera depender do banco e da chuva de sementes, mas sim de outras fontes de
regeneracdo menos vulneraveis a este método agricola como a rebrota de plantas.
Esses resultados tém profundas implicacdes para o potencial de resiliéncia das
florestas tropicais secas e para a conservacgao da biodiversidade e sustentabilidade
ecolégica em paisagens modificadas humanas. Espera-se, assim, contribuir na
implementacdo de estratégias capazes de conciliar a producdo sustentavel de
alimentos em paisagens modificadas humanas e a implementacao de paisagens mais

amigaveis com a vida selvagem.
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2 FUNDAMENTACAO TEORICA

2.1 A crise da biodiversidade no Antropoceno: causas e consequéncias

A pegada humana sobre a Terra se expande, de tal forma que nenhum
ecossistema escapa do contato humano, isso levou a argumentacdo de que
estariamos vivendo sob uma nova era geolégica, o Antropoceno (CRUTZEN, 2002;
STEFFEN et al., 2015). O termo antropoceno inclui a concepcéo de que: (1) a pegada
humana na Terra exerce uma presséao tao forte que pode equivaler a algumas das
maiores forgas da Natureza em seu efeito sobre muitos processos ocorrendo na
biosfera; (2) a influéncia das pressdes humanas sobre o planeta ocorrem em varias
escalas espaciais variando em niveis locais e globais; (3) durante a revolugéo
industrial houve um desdobramento da influéncia humana em uma taxa e escala sem
precedentes, o que criou a primeira economia de combustiveis fésseis do mundo; (4)
os efeitos da pegada humana podem acarretar em grandes mudancas na estrutura e
funcionamento dos ecossistemas da Terra, incluindo agueles encontrados nas regides
mais remotas e de dificil acesso (MALHI et al., 2017; 2014).

Uma das caracteristicas mais marcantes do antropoceno é a transformacao
abrupta dos ecossistemas florestais para sistemas de uso humano, um processo
especialmente ligado a atividades como a agricultura, pecuaria extensiva, mineracao,
geracdo de energia e outras infraestruturas (CURTIS et al.,, 2018). Juntas, estas
atividades humanas resultam em uma alarmante perda de habitat diaria de quase
11.500 ha das ultimas florestas tropicais primarias do mundo (GLOBAL FOREST
WATCH, 2022). De modo geral, as causas da mudanca no uso do solo variam
regionalmente (CURTIS et al., 2018). Enquanto em florestas temperadas e boreais as
principais causas de degradacao dos ecossistemas florestais consistem na silvicultura
e queimadas florestais, nas florestas do sudeste da Asia a producéo de 6leo de dendé
€ o principal motor de perda de habitat. Ao longo dos trépicos Umidos a agricultura de
larga escala por meio de commodities agricolas como a carne bovina, soja, 6leo de
dendé e produtos de madeira sédo responsaveis pela maior parte do desmatamento
em todo o mundo. No mesmo caminho, na América do Sul, fazendas de gado e
campos de soja estdo devastando ndo apenas a Amazbnia, mas também as
paisagens do Chaco e do Cerrado brasileiro. Finalmente, nos tropicos secos da Africa
Subsaariana, América Central e do Sul a agricultura de subsisténcia é a principal fonte

de converséo de terras nativas em areas agricolas.
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Nesse contexto de deflorestacdo dos ecossistemas naturais, uma
consequéncia comum a qualquer motor de perda de habitat ao redor do mundo € a
perda da biodiversidade. Uma premissa universal prediz que habitats interrompidos e
de menor area suportam menos espécies, bem como favorecem um maior risco de
extincao local para espécies com baixa densidade de individuos (CHASE et al., 2020).
De modo geral, processos que levam a perda de espécies se iniciam a partir do
momento em que a floresta passa a ser distribuida em incontaveis e minasculos
fragmentos florestais imersos em matrizes agricolas e areas antropicas (tamanho
meédio global: 13-17 ha; para mais detalhes veja TAUBERT et al., 2018). Esses
pequenos fragmentos florestais formam um grande arquipélago de pequenas
manchas florestais com a conectividade biolégica interrompida, o que leva ao
isolamento dos fragmentos na paisagem (FAHRIG, 2003). Diante da fragmentacao e
isolamento da floresta, as comunidades de plantas das bordas recém-criadas passam
a experimentar novas condicbes microclimaticas como a reducdo da umidade,
aumento da luz e maior variabilidade da temperatura (HARPER et al., 2005; KAPOS
et al., 1989).

Em resposta a interrupcdo da cobertura florestal, mudancas na estrutura da
floresta remanescente sdo ocasionadas pelo aumento da mortalidade de espécies de
crescimento tardio e posterior colapso da biomassa vegetal (LAURANCE et al., 2002).
Por outro lado, espécies de crescimento rapido e de baixa biomassa séo favorecidas
e dao inicio ao processo de regeneracdo nas bordas da floresta (TABARELLI et al.,
2008). Conforme a regeneracdo nas bordas avanca em direcdo ao interior dos
fragmentos, o empobrecimento da assembleia de arvores promove o dominio de
espécies pioneiras e a simplificacdo das comunidades de plantas (SANTOS et al.,
2008; TABARELLI et al., 2008).

Com a perda de espécies do habitat original, alteracdes na abundancia de
individuos das populacdes e interacdes bibticas sdo interrompidas, levando a
mudancas em todos os compartimentos bioldgicos do sistema, incluindo a estrutura e
composi¢cao da comunidade e os conjuntos de caracteristicas e interacdes que afetam
a resiliéncia de longo prazo das fun¢des do ecossistema (MORRIS, 2010; SANTOS
et al., 2010), e os servicos essenciais que elas prestam (NAEEM et al., 2012, SOUSA
et al., 2019). De modo geral, as respostas das espécies a perturbacdes antropicas
também podem ser refletidas em caracteristicas como o tamanho do corpo,

capacidade de dispersdo e tolerancia ao fogo e, portanto, até certo ponto séo
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previsiveis (JACKSON; FAHRIG, 2012; MIGUET et al., 2016). Nesse sentido, a perda
de funcdes ecossistémicas dependera de quanto o sistema consegue manter
caracteristicas que conferem resiliéncia, envolvendo fatores que interagem em
maiores escalas espaciais, como a heterogeneidade no nivel da paisagem ou
conectividade do habitat, para determinar a resiliéncia da funcdo do ecossistema
(OLIVER et al., 2015). Por exemplo, a disponibilidade de fontes de sementes pode ser
reduzida em sistemas com uma baixa proporgédo de florestas nativas na paisagem
circundante e, assim, diminuir a dispersao de sementes imigrantes por animais (e.g.
sementes grandes dentro de frutos carnosos) para areas afetadas por distarbios
antropicos (SAN-JOSE et al., 2020). Esse cenério impede a colonizacéo de plantas
nesses locais perturbados, originando um pool de espécies empobrecido localmente,
0 que pode causar extingbes em cascata, impedir a recuperacado da floresta e
sobretudo deteriorar ainda mais funcbes do ecossistema que essas espécies
suportam (ARROYO et al., 2020; OLIVER et al., 2015).

Em geral, a resiliéncia florestal apés perturbacéo procede mais rapidamente
em paisagens recentemente modificadas, onde a floresta de crescimento antigo ainda
esta presente na paisagem, bem como arvores adultas remanescentes e fontes de
regeneracdo viaveis (revisado por ARROYO-RODRIGUEZ et al., 2017). Assim,
paisagens florestais (aquelas contendo mais de 80% da cobertura arbérea) que
tenham sua cobertura florestal reduzida, mesmo que em pequenas proporcoes
(reducdes em até 60% da cobertura arb6rea) podem ser tipicamente conduzidas a
savanas (20% da cobertura florestal) ou areas de vegetacao arbustiva/pequeno porte
(sem cobertura arb6rea) em resposta a mudancas drasticas na abundancia relativa de
formas de vida vegetal, na estratificacédo e na biomassa da vegetacéo (HIROTA et al.,
2011). De fato, qualquer perturbacdo que interrompa a cobertura florestal e/ou cause
o esgotamento das fontes de regeneracdo da floresta (por exemplo, banco de
sementes, chuva de sementes e banco de plantulas, VIEIRA et al., 2015; VIEIRA,;
SCARIQOT, 2006) deve ser particularmente prejudicial para a regeneracao e resiliéncia
da floresta (BEZERRA et al., 2022; 2023; CHAZDON, 2014; DAINOU et al., 2011;
DALLING et al.,, 1997; PLUE; COUSIN, 2013; SOUSA et al., 2017; WIJDEVEN;
KUZEE, 2000).
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2.2 Agricultura de corte-e-queima no Antropoceno: uma revisao dos impactos em

florestas tropicais secas

Ocupando quase metade das florestas tropicais e subtropicais do mundo
(MURPHY; LUGO, 1986), as florestas tropicais secas integram 54% da cobertura
florestal global (MILES et al.,, 2006). Elas estdo distribuidas em zonas climaticas
similares onde uma das caracteristicas mais marcantes é a sazonalidade, o que limita
a ocorréncia de grupos biolégicos adaptados para enfrentar estiagens por mais de
seis meses (MALHI; WRIGHT, 2004; MURPHY; LUGO, 1986; PENNINGTON et al.,
2009). Em resposta as condi¢des impostas pelo estresse hidrico, alta irradiacéo solar
e evapotranspiragdo, a maioria das plantas lenhosas apresenta fenologia decidua e
ciclos bioldgicos definidos pela sazonalidade (DIRZO et al., 2011; MURPHY; LUGO,
1986; PENNINGTON et al., 2009). Diferencas entre grupos vegetais surgem a partir
de variacdes na estrutura florestal — arvores de pequeno porte, vegetacao arbustiva e
diferentes tolerancias e estratégias como: para escapar da seca ou tolerar a perda de
dgua, muitas plantas armazenam &agua em seus tecidos, produzem aculeos e
espinhos (para mais detalhes veja GIULIETTI et al., 2004).

Como biota, as florestas secas abrigam uma grande diversidade de espécies
de plantas arboreas, arbustivas e cactos (BULLOCK et al., 1995). Espécies de
mamiferos compreendem roedores, canideos, marsupiais, cervideos e felinos (ALVES
et al., 2020; DIRZO et al., 2011). Outros grupos incluem espécies de aves, lagartos e
insetos como formigas e borboletas (DIRZO et al., 2011; SILVA et al, 2017), incluindo
altos niveis de endemismos (LINARES-PALOMINO et al., 2011). Em relacdo a
provisdo de servicos ecossistémicos, essas florestas sao poderosos sumidouros de
carbono (BRIENEN et al., 2015; SAATCHI et al., 2011; SULLIVAN et al., 2017) com
impactos na regulacdo do clima, estoque de carbono e mitigacdo das mudancas
climaticas (PHILLIPS et al., 2009).

Apesar de abrigar um patrimonio biolégico e cultural de importancia unica, as
florestas tropicais secas sé@o habitadas por milhdes de comunidades rurais de baixa
renda que exercem forte pressao sobre a flora e fauna, retirando do meio produtos
florestais madeireiros e ndo madeireiros (por exemplo, madeira, lenha, carvao vegetal
e plantas medicinais) para fins de subsisténcia (ALBUQUERQUE et al.,, 2007;
SANCHEZ-AZOFEIFA et al., 2014). Junto com atividades como a criagdo extensiva

de caprinos e bovinos, caga e agricultura de corte-e-queima essas atividades



17

extrativistas criam um cenario de dependéncia intrinseca das populacées humanas e
recursos naturais.

A agricultura de corte-e-queima € a atividade de subsisténcia mais frequente
no contexto das florestas secas (CURTIS et al., 2018; FAO, 2010). Estima-se que,
globalmente, cerca de 36 milhdes de km? de terras estejam sob dominio da agricultura
de corte-e-queima e que este método de cultivo represente aproximadamente 30% do
recurso global do solo (HAUSER; NORGROVE, 2013). Areas cultivadas geralmente
envolvem campos agricolas de 0,5 a 5 ha (LOWDER et al., 2016; TANZITO et al.,
2020). A criacdo dos cultivos se inicia com o corte manual de toda a biomassa lenhosa
por meio de machados e facdes. Em seguida, os agricultores recolhem madeiras com
alta densidade para serem usadas como lenha, cercas e outras utilidades. Sem mais
remocao dos detritos restantes, a biomassa € entdo deixada para secar naturalmente
e no final da estacdo seca € queimada com posterior semeadura dos cultivares
comumente plantados na regido (HAUSER; NORGROVE, 2013; KLEINMAN et al.,
1995; RIBEIRO-FILHO et al., 2013). Com exce¢do da mao de obra, este método
agricola geralmente opera com baixos insumos externos (SANCHEZ, 2002), onde se
excluem a utilizacdo de maquinas para limpeza, irrigacdo dos cultivos, e uso de
fertilizantes e pesticidas (HAUSER; NORGROVE, 2013; KLEINMAN et al., 1995).

Esta forma tradicional de agricultura € utilizada ha milhares de anos e por isso
alguns autores a consideram sustentavel, principalmente em regiées com baixa
densidade populacional e alta cobertura florestal (BISHT et al., 2014; JOHNSON,;
CURTIS, 2001; KLEINMAN et al., 1995; PEDROSO-JUNIOR et al., 2008; 2009). No
entanto, avaliacdes recentes estimam que esse método agricola foi responsavel por
cerca de 24% da perda florestal global entre 2001 e 2015 (CURTIS et al., 2018). De
fato, a agricultura de corte-e-queima é altamente disseminada ao longo dos trépicos
e subtropicos da América Central e do Sul, Africa, Asia e Australia (CURTIS et al.,
2018). Devido ao crescimento demografico urbano e rural e as importantes
transformacdes climaticas ocorridas nas ultimas décadas nessas regides (MERTZ,
2002; PEDROSO-JUNIOR et al., 2008; 2009; VAN-VLIET et al., 2012), esta atividade
global pode limitar até mesmo sua propria sustentabilidade em cenarios futuros
(SOUZA et al., 2019).

A literatura cientifica gerada nas ultimas décadas tem mostrado que os efeitos
da agricultura de corte-e-queima podem ser muito variados. Por exemplo, em

pequenas escalas espaciais e temporais, o fogo aumenta a fertilidade do solo, ja que
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incinera detritos como pequenos galhos e folhas, permitindo a entrada de nutrientes
no solo como nitrogénio e fosforo via cinzas (MENEZES et al., 2012; RAISON, 1979).
Outro efeito positivo do fogo em escala local € a eliminacdo imediata de ervas
daninhas e outros inimigos das culturas, como artropodes herbivoros, fungos e
bactérias patdégenas (EBEL, 2018). Em escalas espaciais e temporais maiores, um
efeito positivo esta associado a geracao de areas abertas e florestas secundarias na
paisagem, uma vez que esses habitats sdo utilizados por muitas espécies de plantas
e animais, como muitos mamiferos (por exemplo, javalis, veados) e aves migratorias
(FERREIRA et al., 2018; KEAST; MORTON, 1980). A geracdo de novos habitats
também pode ser um processo muito valioso, pois aumenta a heterogeneidade da
paisagem, o que pode favorecer a coexisténcia de um maior nimero de espécies com
diferentes exigéncias ecologicas (FAHRIG et al., 2011).

A investigacdo cientifica sobre a agricultura de corte-e-queima também
demostrou que este método agricola pode ter efeitos neutros nas comunidades
bidticas. Por exemplo, Barros et al., (2021) e Filgueiras et al., (2021) analisaram a
diversidade de plantas e besouros rola-bosta ao longo de uma cronossequéncia de
florestas em sucessao (de 4 a 70 anos de abandono) que se dedicaram a essa
atividade e encontraram niveis de diversidade semelhantes aos registrados em
florestas maduras que nunca foram cultivadas. No entanto, o niumero de estudos
mostrando efeitos negativos dessa atividade tem aumentado nas Ultimas décadas.

Por exemplo, embora a agricultura de corte-e-queima aumente a fertilidade do
solo a curto prazo, os nutrientes que sao rapidamente incorporados as culturas sao
perdidos por lixiviacdo e erosédo do solo, bem como na forma de particulas de fumaca
(ANDREAE; MERLET, 2001; CHRISTENSEN, 1977; LEWIS, 1974, UHL; JORDAN,
1984). O nitrogénio € particularmente sensivel ao fogo, pois € muito volatil, a queima
de folhas e galhos pode causar uma perda de mais de 90% de nitrogénio (DEBELL,
RALSTON, 1970; LOBERT et al., 1990). Além disso, a liberacdo do carbono
armazenado na vegetacdo para a atmosfera como didéxido de carbono é outra
resposta esperada em relacdo a queima da vegetacdo. Em geral, a quantidade de
CO? liberada dependera da qualidade (e.g. arvores vs. arbustos) e quantidade da
biomassa original, bem como do seu teor de agua e das condi¢des climaticas que
governam a decomposicdo apés a queima (HAUSER; NORGROVE, 2013). Embora
os nutrientes do solo possam ser repostos com biomassa viva e serapilheira apés o

abandono da cultura, esse processo pode levar varias décadas até atingir os valores
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encontrados em florestas maduras adjacentes (BROWN; LUGO, 1990). Do mesmo
modo, o fogo também pode reduzir a porosidade do solo e causar compactacéo, o
gue aumenta a lixiviagao de nutrientes e a eroséo do solo (ALEGRE; CASSEL, 1996;
HERNANI et al., 1999; PEREIRA; VIEIRA, 2001). Isso pode forcar o agricultor a
abandonar as lavouras com mais frequéncia e encurtar o periodo de pousio, o que
pode reduzir a producdo agricola e favorecer a entrada de espécies invasoras
(LAWRENCE; FOSTER, 2002; KNOECHELMANN et al., 2020).

De fato, muitos fatores bi6ticos podem ser alterados pela agricultura de corte-
e-queima, incluindo varios processos ecoldgicos importantes para o funcionamento
do ecossistema (BEZERRA et al., 2022; KLANDERUD et al., 2010; RAMAN et al.,
2001, OAKLEY; BICKNELL, 2022). Por exemplo, a queima pode reduzir a biomassa
de microrganismos das camadas superficiais do solo e suas atividades de
decomposicdo (ABOIM et al., 2008; RIBEIRO-FILHO et al., 2013; 2015). Bactérias
fixadoras de nitrogénio sdo muito vulneraveis a mudancas de pH ap6s o fogo. Efeitos
da queima em microssimbiontes podem afetar a composi¢cdo e produtividade da
vegetacdo, bem como certas espécies que dependem de simbiontes para realizar
suas atividades. Este é o caso de muitos cultivos que tém micorrizas e sao habeis
para aumentar o acesso de fosforo organico usando a enzima fosfatase em uma
reacao de hidrélise. Embora a queima possa aumentar a disponibilidade de fosfato via
cinzas, isso reduz a quantidade de micorrizas, e no geral esses efeitos podem ser
negativos dependendo se os cultivos sdo micorrizicos e se o material de plantio esta
infectado (HAUSER; NORGROVE, 2013). Além disso, apds a queima de grandes
guantidades de biomassa as cinzas sdo dissolvidas nas primeiras chuvas. Essa
solucdo contém um alto conteudo de pH (acima de 10), o qual pode matar espécies
como as minhocas, que usualmente vivem sob condicdes menos acidas e que estao
tipicamente associadas a cobertura florestal (aproximadamente 4.0-4.5 em florestas
umidas) (ADEYOLANU et al., 2013).

Junto a eliminagéo da cobertura florestal também séo alterados varios atributos
das comunidades de animais como formigas arboricolas e de serapilheira, bem como
agentes polinizadores e dispersores de sementes, rompendo assim Servigos
ecossistémicos como a defesa de plantas contra herbivoros e processos ecolégicos
como a dispersdo de sementes (CARBONE; AGUILAR, 2021; HAUSER;
NORGROVE, 2013; SAN-JOSE et al., 2020; VENTER et al., 2017). Em espécies de

vertebrados a queima afeta especialmente sua mobilidade. Embora mamiferos sejam
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capazes de escapar do corte e queima da vegetacao fugindo para areas nao afetadas
da vegetacdao vizinha, muitos répteis e anfibios sdo mortos quando a floresta € cortada
e queimada, uma vez que ndo podem escapar rapidamente (RUSSEL et al., 1999).
Além disso, quando vertebrados e particularmente as densidades de mamiferos e
aves diminuem apoés agricultura de corte-e-queima, o potencial de resiliéncia da
floresta é reduzido porque muitos vertebrados sao responsaveis pela dispersao de
sementes (ALVES et al., 2020; BEZERRA et al., 2020; RAMAN et al., 2001).

Além dos efeitos anteriormente citados, este método agricola também pode
aumentar interacdes antagbnicas, como é o caso da herbivoria causada por formigas
cortadeiras (LEAL et al., 2017; TABARELLI et al., 2017). As coldnias dessas espécies
de formigas cortam folhas e outros materiais vegetais que usam como substrato para
o cultivo de fungos simbiéticos - a principal fonte de alimento da col6nia (ABRIL;
BUCHER, 2004). Hoje sabemos que essas formigas proliferam em campos agricolas
abandonados, o que pode fazer com que esses insetos limitem ou impecam a
regeneracao das plantas, principalmente em locais onde a cobertura florestal € menor
(KNOECHELMANN et al., 2020).

Embora seja possivel que, a escala da paisagem, as areas cultivadas e as
florestas secundarias sejam utilizadas por numerosas espécies de vertebrados, deve-
se ter em conta que a utilizacdo destas parcelas agricolas pode expb-las a caca.
Portanto, essas areas poderiam funcionar como armadilhas e sumidouros ecolégicos,
um aspecto plausivel e pouco explorado. De fato, a proliferagcao de cultivos e florestas
secundarias na paisagem pode provocar sua homogeneizagcdo, prejudicando as
espécies florestais comuns e ao mesmo tempo favorecendo certos tracos funcionais
ou algumas espécies adaptadas as perturbacées humanas. Isso € particularmente
provavel em regibes densamente povoadas, onde o numero e o tamanho dos
fragmentos florestais convertidos em culturas agricolas estdo aumentando, as custas
da cobertura florestal de crescimento primario (METZGER et al., 2002; 2003).

A remocao da vegetacdo também pode reduzir a precipitacdo localmente e
aumentar a radiacdo solar e a temperatura do solo, causando uma redistribuicéo
regional da precipitacdo (BALLING, 1989; CARLSON; GROOT, 1997; HAUSER;
NORGROVE, 2013; HE et al., 2010; KURC; SMALL, 2004; MORECROFT et al., 1998).
Por exemplo, a remocao da vegetacdo em regides semiaridas do México mostrou
estar associada a uma diminuicdo na precipitacdo e um aumento na temperatura do
solo (ALTHOFF et al., 2016; BALLING, 1989; HE et al., 2010; KURC; SMALL, 2004).
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Esses fatores reduzem o fornecimento de servigos ecossistémicos essenciais para as
comunidades humanas, como a regulacdo do clima, e aceleram o processo de
desertificacdo (CHEHINE, 1995; KOSTER et al., 2004; SCHLESINGER, 1990).
Espera-se que todos esses impactos piorem nos proXimos anos, pois as
florestas tropicais secas continuam a sofrer taxas de desmatamento muito altas
(CURTIS et al.,, 2018). Na verdade, essas florestas sdo um dos biomas mais
desmatados, mas também um dos mais negligenciados em termos de politicas de
conservacao (SIYUM, 2020). Muitas evidéncias empiricas mostraram fortes impactos
da agricultura de corte-e-queima na funcionalidade e salude das florestas tropicais
secas. Portanto, € crucial avaliar os efeitos deste modo de agricultura sobre fontes
criticas de regeneracao em florestas tropicais secas, a fim de entender melhor as
consequéncias dessa pratica e poder projetar estratégias adequadas de mitigacéo e

remediacao.

2.3 Impactos da agricultura de corte-e-queima sobre as fontes de regeneracéo da
floresta

A regeneracdo dos ecossistemas tropicais € um processo chave para a
resiliéncia florestal e estd diretamente ligada a persisténcia da biodiversidade,
manutengcdo da provisdo de servicos ecossistémicos e sustentabilidade
socioecologica em nivel global (CHAZDON et al., 2016; SOUZA et al., 2019). No caso
da agricultura de corte-e-queima, que € a perturbacdo mais frequente no contexto das
florestas tropicais secas, as florestas em regeneragcdo emergem em resposta a
pousios pos-cultivo (FAO, 2010). A regeneracdo florestal segue trajetérias
sucessionais especificas que se iniciam com a conversao de areas nativas para
agricultura/pecuéria, com posterior abandono da terra (LEBRIJA-TREJOS et al.,
2011), o que desenvolve possibilidades para a regeneragéo da floresta (AIDE; GRAU,
2004; CHAZDON, 2012).

A recuperacao de uma floresta geralmente esta ligada a fontes de regeneracao
baseadas em sementes como a chuva e o banco de sementes, bem como o pool local
de rebrotas de plantas sobreviventes apos disturbios (VIEIRA; SCARIOT, 2006). No
caso da regeneracdo em paisagens modificadas pela agricultura de corte-e-queima,
a regeneracdo da floresta depende ndo apenas da disponibilidade das fontes de

regeneracao, mas de quanto na verdade a agricultura as afeta e reduz a capacidade



22

de resiliéncia do sistema. Isto porque a regeneracdo futura da floresta pode ser
imprevisivel em areas expostas a este tipo de agricultura, pois seus efeitos perpassam
mais além dos danos causados durante o ciclo agricola (e.g. perda da cobertura
florestal e reducéo dos nutrientes do solo). Refiro-me particularmente a agricultura de
corte-e-queima agindo como forca deflagradora do processo de desertificacdo por
meio de efeitos deletérios como o empobrecimento do solo e a eliminacéo das fontes
de regeneracédo (VIEIRA et al., 2015). Isto deve ameacgar o potencial de regeneracao
da floresta por meio da reducao da qualidade/quantidade de sementes e aumento da
contribuicdo de espécies com capacidade de rebrota (COLON; LUGO, 2006), levando
a sistemas que seguem perfis de degeneracdo, mesmo que algumas caracteristicas
isoladas do sistema como a recuperacdo da biomassa e fertilidade do solo estejam
dando sinais de retorno/recuperacado (LAWRENCE et al., 2010, SOUZA et al., 2019).
De fato, evidencias ja mostraram que a agricultura de corte-e-queima causa nao
apenas um somatério de restricbes nas fontes de regeneracdo, mas também altera
Varios processos ecoldgicos essenciais para a manutencao e recuperacdo do banco
e da chuva de sementes nas areas de uso agricola (e.g. polinizacdo, producao de
sementes, dispersdo de sementes) (BEZERRA et al., 2022; KLANDERUD et al., 2010,
OAKLEY; BICKNELL, 2022; RAMAN et al., 2001).

Por exemplo, apds a converséo de areas de floresta nativa para uso agricola a
polinizacdo pode ser afetada, j& que muitos grupos biolégicos responsaveis pelos
sistemas de polinizagdo, como é o caso das abelhas, podem diminuir notavelmente
nas areas agricolas em comparacdo com a floresta circundante ou mesmo nas
parcelas com agricultura tradicional de baixa intensidade (LANDAVERDE-
GONZALEZ et al., 2017). Assim, a agricultura de corte-e-queima pode promover a
limitacdo da fonte de sementes, seja por falta de polinizacédo ou pela eliminacdo de
arvores adultas nos cultivos. De fato, a chuva de sementes parece conter menos
sementes e espécies em areas cultivadas do que em florestas adjacentes. Rocha et
al., (2021) também registraram menor abundancia de sementes dispersas por animais
em areas queimadas. Isso €& verdade até mesmo em locais onde predomina a
dispersdo abidtica de sementes, pois a perda da cobertura florestal reduz a
abundéancia de arvores adultas em nivel local, o que afeta diretamente a densidade
de sementes em areas queimadas, afetando principalmente o nimero de espécies
raras (CLARK et al., 1998; HOWE; SMALLWOOD, 1982; MULLER-LANDAU et al.,

2002). Isso provavelmente se deve a limitacdo da fonte e a limitagdo da disperséo,
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uma vez que a perda florestal aumenta a distancia entre as fontes de sementes e as
parcelas de cultivo (PIOTTO et al., 2019; SOUZA et al., 2014).

A limitacdo da fonte e/ou dispersdo de sementes em parcelas de cultivo é
particularmente preocupante no contexto da regeneracao florestal, uma vez que a
agricultura de corte-e-queima também parece ter impactos significativos no banco de
sementes (MAMEDE; ARAUJO, 2008). Por exemplo, em ecossistemas dependentes
do fogo, ou seja, ecossistemas que evoluiram na presenca de queimadas episddicas
e dependem delas para manter seus processos ecoldgicos, como é o caso do Cerrado
brasileiro, fogo direto, fumaca e cinzas podem estimular a germinacdo de sementes
enterradas no solo (FIDELIS et al., 2016; PIVELLO et al., 2011; 2021). Contudo,
ecossistemas independentes do fogo, ou seja, ecossistemas que ndo evoluiram com
a presenca de queimadas e cuja flora e fauna ndo tém adaptac¢des ao fogo, como por
exemplo a floresta Maya no México ou a Caatinga no Brasil, os bancos de sementes
s&o altamente vulneraveis ao fogo (MAMEDE; ARAUJO, 2008). Em particular, o fogo
reduz drasticamente a abundancia e diversidade de sementes no banco de sementes,
e a maioria das sementes remanescentes queima ou perde sua viabilidade
(KENNARD et al., 2002). A limitacdo da dispersdo também pode estar associada a
perda de dispersores de sementes nas areas de cultivo, incluindo muitos mamiferos
e aves (ALVES et al., 2020; RAMAN et al., 2001). Portanto, o fato de a disperséo de
sementes ser limitada indica que ela ndo pode repor o banco de sementes apos o
fogo. Isso deve afetar a dinamica florestal em paisagens habitadas por pessoas
dependentes dos recursos florestais e afetar a diversidade de espécies em florestas
perturbadas a longo prazo. Logo, se queremos promover praticas de gestdo ambiental
destinadas a aumentar a resiliéncia dos ecossistemas florestais, resguardar a
biodiversidade e manter a sustentabilidade de comunidades humanas e ndo-humanas
€ necessario compreender o impacto da agricultura de corte-e-queima no banco e na

chuva de sementes.

2.4 Caatinga: o que sabemos sobre impactos da agricultura de corte-e-queima sobre

a regeneracao da floresta

Desde os primeiros momentos do batismo por Martius em 1840 a Caatinga vem
sendo demonizada como um ambiente semiarido escaldante, no qual espécies de

arvores espinhosas e quase sem vida servem de cenario para uma populacdo ossuda,
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cuja agricultura de subsisténcia e a criacdo de pequenos rebanhos sao arruinadas
pelas estiagens que atingem a regido (LEAL et al., 2003; SILVA et al., 2017). Ainda
hoje as secas extremas que assolam o semiérido sdo resumidas como um argumento
politico quase irrefutavel para conseguir recursos para planos de desenvolvimento
rural (FARIAS et al.,, 2020). Muito distante dessa ideia, a Caatinga € mais
apropriadamente descrita como um sistema socioecoldgico exuberante (ANDRADE-
LIMA, 1981; PRADO, 2003; SILVA et al., 2017), mas que possui seu patriménio natural
e cultural sob constante ameaca (LEAL et al., 2003).

Cobrindo uma area de cerca de 912.529 km?, a floresta seca da Caatinga
integra o maior bloco de florestas secas do mundo (MMA/IBAMA, 2011; MILES et al.,
2006; SILVA et al., 2017). Apesar da alta diversidade bioldgica, a Caatinga tem apenas
~1% de sua area de protecao integral, a menor extensédo de area protegida de todos
0s ecossistemas brasileiros (LEAL et al., 2005; MELO et al., 2010). Esta floresta
também € o lar de quase 28,6 milhdes de pessoas, que exercem complexas interacoes
com a natureza (SILVA et al., 2017). Desde a chegada dos europeus no século XVI,
0 uso da terra associado a presenca de povos cacadores-coletores incorporou a
criacao extensiva e a agricultura de subsisténcia (TABARELLI et al., 2018). Séculos
mais tarde, plantios de mamona, cana, sisal, e algodao branco e colorido integram
alguns tipos de cultivos responsaveis pelo poder econdmico no semiarido durante
algum tempo (EVANGELISTA, 2010). No entanto, junto a posterior ruptura dessas
culturas no sertdo, surge um ecossistema a beira do colapso.

A Caatinga tal qual como conhecemos hoje representa o legado de trés séculos
de atividades baseadas no extrativismo e na subsisténcia (e.g. corte excessivo da
vegetacdo para lenha e outros usos, criagdo extensiva de caprinos e bovinos, e
agricultura de corte-e-queima), secas severas, restricdes politicas e pobreza extrema
(COIMBRA-FILHO; CAMARA 1996; FAO, 2010), cuja biodiversidade e processos
ecolégicos fundamentais para manutencdo da vida selvagem e humana como a
regeneracao florestal ndo tém acompanhado a transformacdo do ecossistema e o
namero crescente de espécies ameacadas de extincdo (TABARELLI et al., 2018).

Em resumo, a Caatinga hoje consiste em um ecossistema formado por
paisagens modificadas humanas cada vez mais descaracterizadas devido a
transformacdo da vegetacdo nativa em mosaicos compostos por florestas de
diferentes idades de abandono pelo homem, campos agricolas e manchas de floresta
nativa (LAWRENCE; FOSTER, 2002; SINGH, 1998). Nesse sentido, florestas em
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regeneracao surgem assim apos a ocorréncia de disturbios de origem antropica (e.g.
pecuaria e agricultura), com posterior abandono da terra (LEBRIJA-TREJOS et al.,
2011). Logo, florestas em regeneracao sdo hoje o componente mais expressivo dos
ecossistemas tropicais contexto regional e cabe a elas o dever de reter biodiversidade
e fornecer servicos ecossistémicos (FAO, 2018).

Este dever emergente na conservacao e sustentabilidade socioecoldgica global
trouxe de volta o interesse cientifico na regeneracdo de florestas secundarias de
paisagens modificadas humanas (ARROYO-RODRIGUEZ et al., 2017). Nesse
contexto, a floresta seca da Caatinga surge como um excelente cenario para entender
como perturbacdes de origem antropica como a agricultura de corte-e-queima podem
afetar a regeneracao e a resiliéncia da floresta. No entanto, entender como funciona
esse fenbmeno ainda é um obstaculo pois: (1) faltam estudos experimentais para
detalhar como a agricultura de corte-e-queima afeta as fontes de regeneracdo do
sistema, jA que a grande parte dos estudos trazem comparacdes em funcdo de
diferentes tipos de uso do solo, niveis de perturbacao e precipitacéo; (2) estudos sobre
0 banco e a chuva de sementes geralmente contabilizam todas as formas de vida, 0
gue torna dificil fazer generalizacdes para o ecossistema; (3) muitos desses estudos
se concentram na densidade de sementes intactas apOs agricultura, o que pode
mascarar os efeitos do fogo sobre a viabilidade das sementes; (4) a auséncia de
trabalhos sobre os padrdes de diversidade beta torna dificil descrever os efeitos deste
método agricola na homogeneizacdo da paisagem, (5) faltam estudos em nivel
funcional, j& que a maioria foca massivamente na estrutura taxonémica da vegetacéo
ao longo de gradientes de regeneracéo florestal (FERREIRA et al., 2015; PEREIRA et
al., 2001). Como a produtividade e a sustentabilidade da agricultura de corte-e-queima
dependem fortemente da capacidade da floresta se regenerar apds perturbacdes
(KUKLA et al., 2019; SANCHEZ, 2000), compreender o efeito deste método agricola
sobre o0 banco e a chuva de sementes da Caatinga € valioso para informar praticas de
manejo e conservacao, e de alguma forma, compreender os caminhos futuros de
outras fronteiras agricolas mais recentes das florestas secas.

Existem evidencias de que os bancos de sementes em florestas tropicais secas
sdo naturalmente pobres (i.e. em areas ndo perturbadas) em termos de abundéancia e
diversidade de sementes de plantas lenhosas (e.g. DA SILVA et al.,, 2013;
GARWOOD, 1989; SKOGLUND, 1992; GOMES et al., 2019). Logo, € provavel que a

agricultura de corte-e-queima atue como um fator critico de estresse ambiental,
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moldando a chuva e o banco de sementes na floresta seca da Caatinga (FERREIRA
et al., 2014). Em particular, estudos em outras florestas tropicais demonstram que a
densidade de sementes e a riqueza de espécies na chuva de sementes € menor até
duas vezes em florestas queimadas/em sucessdo do que em florestas nativas
(CARRIERE et al., 2002; MARTINI et al., 2007; PIOTTO et al., 2019; ROCHA et al.,
2021). Evidéncias anteriores também mostraram que a regeneracao florestal na
floresta da Caatinga por chuva de sementes tende a ocorrer lentamente mesmo em
estagios intermediarios de regeneracdo (SOUZA et al., 2014). Logo, os impactos da
agricultura de corte-e-queima poderiam ser particularmente importantes no
ecossistema da Caatinga, pois, é conhecido que as terras agricolas em florestas
secas tendem a apresentar falhas na chegada de sementes (CECCON et al., 2008;
JARA-GUERRERO et al., 2020).

No caso do banco de sementes existe um numero limitado de avaliacdes sobre
o efeito da agricultura de corte-e-queima sobre esta fonte de regeneracao. No geral,
a literatura disponivel sobre o tema demonstra que as florestas secundarias da
Caatinga suportam um banco de sementes de plantas lenhosas de baixa densidade
média mensal (4.89 sementes/m?), as quais estdo entre as mais baixas ja relatadas
para outras florestas tropicais sazonalmente secas (ou seja, 2.47 sementes/m?) (DE
PAULA et al., 2023). Uma Unica avaliagdo sobre os efeitos da agricultura de corte-e-
queima sobre o banco de sementes da Caatinga demonstra que &reas recém
queimadas apresentam reducdes de até de 80% na densidade de sementes e 44%
na riqueza de espécies (MAMEDE; ARAUJO, 2008). A suscetibilidade de sementes
ao fogo também foi demonstrada por Kennard et al., (2002) na floresta seca da Bolivia,
onde sementes incineradas pelas altas temperaturas alcancadas pelo fogo perdem a
viabilidade devido a desidratacdo das sementes e superaquecimento do embrido,
causando assim a mortalidade de até 94% das sementes. Na Caatinga, esses
processos de mortalidade de sementes poderiam resultar no declinio de espécies
raras em escalas locais e regionais, pois evidéncias anteriores apontam uma alta
vulnerabilidade de espécies raras de arvores a disturbios antropicos na Caatinga
(MAMEDE; ARAUJO, 2008; RITO et al., 2017; 2021).

Padrdes observados em regides mediterraneas do Iran demonstraram que
muitas areas afetadas por queimadas antropicas e naturais também sustentam menor
diversidade a e B (HEYDARI et al., 2017). Como o fogo elimina muitas espécies de

plantas intolerantes a altas temperaturas acaba reduzindo as populagbes destas
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espécies na paisagem, resultando assim em alta homogeneizacao floristica no
espaco. Do ponto de vista adaptativo, as plantas lenhosas da Caatinga nao
apresentam nenhum tipo de adaptacao ao fogo (PIVELLO et al., 2011), o que poderia
implicar na co-ocorréncia de espécies de plantas funcionalmente distintas (BARROS
et al., 2021). No entanto, € possivel que algumas caracteristicas pudessem conferir
algum nivel de tolerancia ao fogo (TANGNEY et al., 2019, 2020), como: (1) tamanho
pequeno, ja que poderia facilitar enterramento de sementes no solo (FERREIRA et al.,
2014; THOMPSON et al., 1993), (2) modo de disperséo, pois a limitacao de dispersao
em florestas perturbadas é geralmente mais forte em sementes dispersas por animais
do que em sementes dispersas pelo vento (SAN-JOSE et al., 2020), (3) sementes com
testa dura e menos sensiveis a dessecacdo (KHURUMA; SINGH, 2001,
TEEGALAPALLI et al., 2010), uma caracteristica associada a sementes ortodoxas
dentro de frutos secos que podem permitir que as sementes sobrevivem em solos
expostos a altas temperaturas (CLARK, 1991).

E claro que teoricamente tanto o banco como a chuva de sementes poderiam
ser reabastecidos pela dispersdo de sementes de areas proximas, mas € dificil dar
uma estimativa de tempo. Alguns trabalhos como o de Mendes et al., (2014) sugerem
gue esse processo deve levar mais de 17 anos para o banco de sementes e mais de
20 anos para a chuva de sementes. Isso pode ser particularmente verdadeiro para
paisagens expostas a falta de sementes devido a disponibilidade limitada de &arvores
e/ou producéao limitada de sementes e da limitacdo de dispersédo de sementes devido
a falha de uma semente em chegar a um local apesar da disponibilidade suficiente de
sementes (TRINDADE et al., 2020). Baixa producdo de sementes e limitacdo de
dispersdo néo sao uma novidade na Caatinga (LEITE; MACHADO, 2010; TRINDADE
et al., 2020). A baixa eficiéncia reprodutiva tem sido documentada como um fendmeno
frequentemente observado em espécies da familia Fabaceae (LEITE; MACHADO,
2010), onde a baixa taxa de producgao de frutos e a alta taxa de aborto de sementes
operam por uma deficiéncia na reproducao das espécies desta familia (MUNIN et al.,
2008; STEPHENSON, 1981; WEBB; BAWA, 1985). Além disso, apenas 0,003% das
sementes que chegam a florestas queimadas representam sementes zoocoricas
viaveis (Jakelyne S. Bezerra, dados ndo publicados). Logo, estas limitagbes na
producao e dispersdo de sementes ja presentes na paisagem da Caatinga devem ser

ampliadas devido a agricultura de corte-e-queima, levando a restricdo no
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reabastecimento do banco e da chuva de sementes e, naturalmente, da regeneracao
futura da floresta.

Outros estudos observaram que a regeneracdo da floresta da Caatinga €
funcionalmente estruturada em estagios ontogenéticos mediados principalmente pela
disponibilidade hidrica, mas ndo pelo tempo desde o abandono da terra. A limitagéo
de dispersdo seleciona apenas espécies com sementes pequenas e com alta
capacidade dispersiva da regido para o conjunto local e a limitagdo de recrutamento
desfavorece a germinagdo ou persisténcia de espécies com sementes pequenas e
com alta densidade da madeira (TRINDADE et al., 2020). Isto ajuda a explicar o caso
das comunidades em regeneracdo dominadas por adultos e ndo por plantulas
(TRINDADE et al., 2020; VANDERLEI et al., 2022). A floresta seca da Caatinga esta
exposta a uma assembleia de plantulas de baixa densidade de individuos (<0,5
plantula m?) e taxonomicamente empobrecida em escalas espaciais locais e da
paisagem (TRINDADE et al., 2020; VANDERLEI et al., 2022). Esse subconjunto de
plantulas é dominado por um pequeno grupo de espécies, o que pode refletir
limitagGes ao longo de paisagens modificadas na Caatinga (VANDERLEI et al., 2022).
Mesmo assim, certas espécies de plantulas sdo capazes de manter algumas funcdes
do ecossistema como é o caso da area foliar especifica e conteddo de matéria seca
foliar — uma resposta decorrente da presenca de estratégias conservadoras e
aquisitivas de uso de recursos entre as espécies remanescentes (VANDERLEI et al.,
2022).

Qualquer impacto negativo que a agricultura de corte-e-queima possa oferecer
a regeneracdo da floresta pode ser particularmente importante na floresta seca da
Caatinga (PIVELLO et al., 2021). Sendo assim, a regeneracao da floresta seca da
Caatinga nao poderd contar com uma regeneracdo bem-sucedida baseada em
sementes (i.e. banco de sementes, chuva de sementes e banco de plantulas), mas de
outras fontes de regeneracdo como a rebrota de plantas. Espécies vegetais como a
Pityrocarpa moniliformis (Fabaceae), que tem uma ampla capacidade de rebrotar
plantulas através da propagacéo vegetativa, demonstrou ser particularmente valiosa
para promover a regeneracdo da floresta da Caatinga apds o abandono da area de
cultivo (BARROS et al., 2021; VANDERLEI et al., 2021). Logo, como a rebrota também
€ uma fonte de regeneracdo menos vulneravel a distlirbios e que permite que as
plantas sobrevivam ao corte e queima da vegetacéo, bem como a capina e diferentes
regimes de perturbacdo (BARROS et al., 2021; CLARKE et al., 2013; VANDERLEI et
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al., 2021), podemos supor que recuperacao da floresta apds a agricultura de corte-e-
gueima dependerd em grande parte da rebrota— uma importante caracteristica de

tolerancia a praticas agricolas insustentaveis.
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3 ARTIGO 1 - DRASTIC IMPOVERISHMENT OF THE SOIL SEED BANK IN A
TROPICAL DRY FOREST EXPOSED TO SLASH-AND-BURN AGRICULTURE
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ARTICLE INFO ABSTRACT
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Forest ecosystems are increasingly threatened by unsustainable agricultural practices, especially by those that
damage their regenerative potential. This can be the case of slash-and-burn agriculture - a farming method that
can negatively impact the soil seed bank, potentially limiting the resilience of forest ecosystems. To test this
hypothesis, and thus look for management practices aimed at enhancing forest recovery, we examined the impact
of fire throughout an experiment of slash-and-burn agriculture on the soil seed bank of woody plants in the
Caatinga tropical dry forest, northeast Brazil. We compared seed damage and viability, and the structure (seed
density and diversity) and composition (taxonomic and functional) of seed bank assemblages before and after
fire. We found a significant decrease in the frequency and proportion of intact (undamaged) seeds after fire, and a
3.6-fold decrease in the proportion of viable seeds. While seed density remained constant, species diversity
drastically decreased after fire, especially the number of rare species. The compositional dissimilarity (f-di-
versity) between plots also dropped after fire, particularly its tumover component, thus causing the homoge-
nization of seed assemblages across space. The functional composition of seed assemblages was also altered, with
the relative frequency of shrub species increasing after fire, especially species with fleshy fruits and biotic
dispersal. Taken together, our findings highlight the low resistance of the soil seed bank to this common farming
method in tropical dry forests. Therefore, the recovery of this and potentially of other species-rich tropical forests
exposed to slash-and-burn agriculture cannot rest on the soil seed bank, but on other processes such as seed
dispersal and resprouting - an interesting avenue for future research.

1. Introduction

forest regeneration, such as the soil seed bank.
Forest regeneration after disturbance is usually faster and more

The ‘Anthropocene’ is characterized by an increasing conversion of
forest ecosystems to agricultural lands (Malhi, 2017). Aside of forest loss
(Hansen et al., 2020), such conversion has severe impacts on forest’s
regenerative potential (Arroyo-Rodriguez et al., 2017; Malhi et al.,
2014). This is particularly true for unsustainable agricultural practices
that disrupt key ecological processes for forest regeneration (e.g. polli-
nation, seed dispersal, seed bank formation) (Arroyo-Rodriguez et al.,
2017; Malhi et al., 2014). Therefore, if we are to promote management
practices aimed at enhancing the resilience of forest ecosystems, we
need to understand the impact of agriculture on important sources of

* Corresponding author.
E-mail address: jakelyne.sousa@ufpe.br (J.S. Bezerra).
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predictable in recently modified landscapes, where remnant trees and
the soil seed bank persist, and where well-preserved native forests are
still present in the landscape (reviewed by Arroyo-Rodriguez et al.,
2017). Therefore, the farming methods that eliminate the tree cover and
disrupt the soil seed bank (“seed bank™ hereafter) are expected to be
particularly harmful for forest regeneration and resilience (Chazdon,
2014; Dainou et al., 2011; Dalling et al., 1997; Plue and Cousins, 2013;
Sousa et al., 2017; Wijdeven and Kuzee, 2000). This can be the case of
slash-and-burn agriculture — a common farming method in tropical dry
forests where billions of people depend on it for their subsistence (Curtis
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et al., 2018). The slash-and-burn agriculture involves the cutting down
of the trees and other woody plants in an area to leave the downed
vegetation (slash) to dry, and then burn the plant biomass (Fig. 1).
Burning promotes a rapid incorporation of nutrients to the soil and the
elimination of weeds in agricultural areas that are used for cultivation
for up to 4 years before abandonment takes place and forest regenera-
tion starts (Hauser and Norgrove, 2013; Ribeiro-Filho et al., 2015,
2013).

The fire can have direct negative effects on the seed bank (Fig. 1).
The loss of adult trees and seed dispersers in burned lands can also limit
the abundance and diversity of seeds in the seed bank through the so-
called ‘seed source limitation’ (Clark et al., 1998) and ‘seed dispersal
limitation’ (Howe and Smallwood, 1982; Fig. 1), which together limit
potentially forest recovery after disturbance. We expect that fire

Slash-and-burn agriculture
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Adult trees
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Fig. 1. Hypothesized effects of slash-and-burn agriculture on the soil seed
bank. Positive associations are indicated with continuous arrows, and negative
associations with dashed-line arrows. The loss of adult trees and seed dispersers
in burned areas can cause limitations in seed source and seed dispersal,
impoverishing seed assemblages in the soil. Fire can also have direct negative
impacts on the seed bank, by dehydrating and/or incinerating the seeds and
limiting its viability.
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increases the frequency and proportion of damaged (i.e. dehydrated and
burned) seeds, and decreases the proportion of viable seeds. In addition,
as the seed bank in tropical dry forests is naturally poor in terms of seed
abundance and diversity of woody plants (e.g. da Silva et al., 2013;
Garwood, 1989; Gomes et al., 2019; Skoglund, 1992), it is reasonable to
expect a drastic impoverishment of the seed bank after fire, with a sig-
nificant decrease in seed density and diversity, particularly the diversity
of rare (less abundant) species (Mamede and Aratijo, 2008). This is not
only because of the incineration of seeds, but because of seed source and
seed dispersal limitations caused by the loss of adult trees (Fig. 1).

We can also expect that the strong environmental filtering imposed
by fire should decrease the seed species turnover (f-diversity) between
plots (floristic homogenization) after fire. The few remaining species
after fire are predicted to be those with traits that confer tolerance to fire
(Tangney et al., 2020, 2019), such as small size which makes it easier
seed burial in the soil (Ferreira et al., 2014; Thompson et al., 1993).
Dispersal mode can also be important, as dispersal limitation in
disturbed forests is usually stronger in animal-dispersed than in wind-
dispersed seeds (San-José et al., 2020). Another relevant trait includes
a high seed hardness that favors physical dormancy - an attribute
related to orthodox seeds inside dry fruits that could allow seeds to
survive in soils exposed to high temperatures (Clark, 1991).

The slash-and-burn agriculture is widespread in the ‘Caatinga’
(Curtis et al., 2018; Kleinman et al., 1995) - a seasonally dry tropical
forest endemic to Brazil (Silva et al., 2017). As other tropical dry forests,
forest recovery after disturbance in this region is known to depend on
plant resprouting (e.g. Barros et al., 2021; Kennard et al., 2002) and the
seed bank; however, this later topic have been poorly investigated
(reviewed by Meiado et al., 2012). About 75% of species in the Caatinga
forest produces small seeds at the onset of the rainy season — a pheno-
logical synchronization that favors rapid seed germination for the suc-
cessful establishment of seedlings (Meiado et al., 2012; Patricio and
Trovao, 2020; Skoglund, 1992). Nevertheless, some species, particularly
from the Fabaceae family, produce orthodox seeds that can remain in
the soil for months or years until conditions become favorable for
germination (Almeida-Cortez, 2004; Aratjo-Neto et al., 2005; Barbosa
et al., 2003; Gomes et al., 2019; Meiado, 2014; Nascimento and Meiado,
2016). The seed bank is generally dominated by herbaceous plants with
a high dispersal ability (Mendes et al., 2015; Santos et al., 2013), which
can reduce the compositional similarity between the seed bank and the
local standing vegetation in regenerating forests (Gomes et al., 2019).
Nevertheless, we only found one assessment of the effect of slash-and-
burn agriculture on the seed bank, which demonstrates an 80% reduc-
tion of seed density and a 44% reduction of species richness following
fire (Mamede and Aratjo, 2008). However, the impact of fire on seed
damage and viability, and on the taxonomic and functional composition
of seed assemblages remains unknown. As the productivity and sus-
tainability of this farming method strongly depend on the ability of the
forest to recover after disturbance (Kukla et al., 2019; Sanchez, 2000),
understanding the effect of slash-and-burn agriculture on the seed bank
is valuable to inform management and conservation practices, particu-
larly in seasonally dry tropical forests. Here, we assessed seed damage
and viability, and the structure (seed density and diversity) and
composition (taxonomic and functional) of seed assemblages in the seed
bank in plots exposed to an experiment of slash-and-burn agriculture in
the Caatinga dry forest, northeast Brazil.

2. Methods
2.1. Study area

This study was performed in the Catimbau National Park (8°23'17"-
8°36/'35" S; 37°11'00"-37°33'32"W; ~600 m a.s.l.), a protected area
covering 607 km? of Caatinga dry forest in northeastern Brazil. Flat
lands covered by sandy soils predominate through the landscape, which
is mostly exposed to a semi-arid climate (Koeppen's classification Bsh).
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Annual temperature averages 23 °C, and annual rainfall ranges from 650
to 1100 mm (Rito et al., 2017). The original vegetation consists of small-
statured dry forest dominated by Fabaceae, Euphorbiaceae and Myrta-
ceae (Rito et al., 2017). Previous surveys reported at least 151 woody
plant species (de Paula, 2017; Rito et al., 2017), but in the study plots
(see below) we recorded 74 species. Most woody plant species are trees,
almost 60% of which have dry fruits, and almost 50% have abiotic
dispersal mode (see Fig. S1 in Supplementary material). Land use in this
park include slash-and-burn agriculture (e.g. maize, cassava, beans) and
free-ranging cattle, that convert the old-growth forest into a mosaic of
different-aged secondary forests (Barros et al., 2021; Souza et al., 2019;
Specht et al., 2019).

2.2. Slash-and-burn experiment

To assess the potential effect of slash-and-burn agriculture on the
seed bank of woody plant species we adopted an experimental approach.
At the end of the dry season (November-December) of years 2018, 2019
and 2020, we prepared 9 forest plots (three plots per year) of 20 x 50 m
(0.1 ha each) for agriculture by local farmers (Fig. 2). These plots were
located at least 400 m apart to minimize spatial dependence, after
verifying with the information provided by local people that these forest
stands were not submitted to recent agriculture.

The woody vegetation was completely cut with the help of axes and
machetes. As they usually do, all high-density poles were immediately
collected by farmers to be used as firewood, fences and other household
facilities. The remaining plant biomass was left to dry naturally for a
period of 20 days, piled into small amounts and then completely burned
through a controlled fire that lasted between 20 and 40 min (Fig. 2).
Following the methods described below, we collected the seed bank 30
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days before vegetation cutting (i.e. ‘before fire’ treatment), and imme-
diately (2-3 days) after burning the fields (‘after fire’ treatment).

2.3. Seed bank sampling

In each plot, we recorded the seed bank in 20 randomly located
samples, 10 samples before fire and 10 samples after fire. Each sample
consisted of a 0.2 x 0.2 m (0.04 m? each) metal grid, and we collected
the litter and soil layer up to 5 cm depth (i.e. sample unit = 2000 em®).
Soil samples were sieved to collect the seeds, which were counted and
identified up to the lowest taxonomic level possible with the help of
literature, seed specialists and a catalog of Caatinga seeds stored at the
Applied Plant Ecology Laboratory (Universidade Federal de Pernam-
buco, Recife).

2.4. State of seeds

To assess the state of the seeds before and after fire, we classified the
seeds as either: (1) undamaged seeds (i.e. intact seeds without any
physical damage), (2) damaged seeds (i.e. dehydrated, and/or burned
seeds), (3) predated (i.e. with signs of predation by bruchids), or (4) with
signs of rotting by fungi (moldy seeds). We also assessed changes in seed
viability using the tetrazolium method (sensu Moore, 1973). We selected
this test because it is a reliable method to assess the physiological quality
of seeds, in addition to offering measurements similar to those found in
germination methods (Witkowski and Wilson, 2001). In particular, we
first scarified each seed with a sandpaper to expose the endosperm, but
avoiding any damage to embryo tissue. We then pre-conditioned the
samples in deionized water for 12 h, and immersed them in tetrazolium
(0.075%) at 25 °C for approximately 240 min. We also washed the seeds

Fig. 2. The slash-and-burn experiment. In each plot, the native forest (A) was slashed and burned (B, C and D) to be converted into agricultural areas.
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with running water and cut them longitudinally with the aid of a stylus
and observed the color of the embryo tissues. A reddish color indicates
the presence of living tissue (Moore, 1961; Franca-Neto and Krzyza-
nowski, 2019), while milky-white color means dead tissue. Thus, we
considered the presence of living tissue in the embryo as a signal of seed
viability, and estimated the proportion of viable seeds before and after
fire.

2.5. The structure and composition of seed assemblages

As the seed bank refers to the seeds present in the soil that are able to
germinate and become seedlings (i.e. viable seeds, Turnbull et al.,
2000), the response variables and analyses that are described below
include only the viable seeds. The structure of seed assemblages was
described in each plot as the density and diversity of seeds summing up
the information of the 10 samples per plot to avoid pseudoreplication
problems. To estimate species diversity we used the Hill numbers of
order 0 (°D, species richness), 1 (D, exponential Shannon entropy) and
2 (D, inverse Simpson concentration) (Chao et al., 2014, Jost, 2006). ’p
is not sensitive to differences in seed abundance and it gives a dispro-
portionate weight to rare species. p weights each species according to
its abundance in the community, without favoring rare or abundant
species. 2D favors very abundant species, and is therefore interpreted as
the effective number of dominant species in the community. In partic-
ular, we calculated both « and y diversities. o-diversity refers to the
mean unweighted a-diversity per plot within each treatment, and was
calculated with the “entropart” package (Marcon and Hérault, 2015),
whereas y-diversity is the accumulated diversity in all plots per treat-
ment, and was calculated using the “iNEXT" package (Hsieh et al.,
2016), for the R 3.3.0 software (R Core Team, 2016). To assess the ac-
curacy of seed inventories in each plot, we estimated the sample
coverage estimator (Chao and Jost, 2012), which vary from 0 to 1, and
indicates the proportion of the total number of individuals in a com-
munity that belongs to the species found in the sample. Sample coverage
was relatively high (>0.9) in all plots, suggesting that our sampling
effort was adequate to assess changes in species diversity in all plots.
However, to avoid any potential bias in our results due to differences in
sample coverage among sites (see Chao and Jost, 2012), we considered
not only the observed values of species richness, but also the expected
values based on coverage-based rarefactions performed with the ‘INEXT"
package (Hsieh et al., 2016).

To assess the differences in species composition between treatments,
we calculated f-diversity between plots before and after fire with Hill
numbers (Jost, 2006). We separately assessed p-diversity of all (DD,;),
typical (JDI,) and dominant species (2Dp) using the ‘entropart’ R package
(Marcon and Hérault, 2015). These indices are interpreted as the
effective number of completely different communities, and can vary
between 1, when all plots are identical, and N communities, when all N
plots are completely different from each other. To assess the mecha-
nisms driving fi-diversity patterns, we partitioned p-diversity into its
turnover and nestedness components (Baselga, 2010) with the ‘betapart’
R package (Baselga and Orme, 2012). This procedure measures the
overall dissimilarity (measured with the Sgrensen dissimilarity index,
fsor), and partitions it into its turnover (fsn) and nestedness resultant
components (fs,e) (Legendre, 2014). These two components reflect (1)
the replacement of some species by others as consequences of environ-
mental filters or spatial and historical constraints (fisin), and (2) the loss
(or gain) of species across space causing a nested pattern (fge). We
complemented these compositional analyses by assessing the differences
in species abundances before and after fire with abundance-rank curves.

We also assessed the differences in functional composition of seed
assemblages considering plant traits available in previous studies (de
Paula, 2017; Rito et al., 2017). In particular, we considered traits
potentially associated with seed resistance to fire and seed dispersal
capacity, including (1) seed size (cm); (2) seed mass (g); (3) life form
(tree or shrub); (4) fruit type (dry or fleshy); (5) seed dispersal mode
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(abiotic and biotic) and (6) seed type (orthodox or recalcitrant) (Diaz
etal., 2016). Seed type was classified according to traits proposed by the
literature, such as the presence of a hard coat (Turner, 2004). The abiotic
dispersal syndrome includes species dispersed by wind, gravity and
ballistic, whereas the biotic syndrome includes endozoochory and
ectozoochory. We then calculated the community weighted mean
(CWM) of each continuous trait (i.e. seed size and seed mass) in the plots
before and after fire using the ‘FD’ R package for R, version 3.5
(Laliberté and Legendre, 2010). For the categorical traits, we calculated
the relative abundance of seeds with each trait class.

2.6. Data analysis

We first tested whether the state of seeds (i.e. frequency of undam-
aged, damaged, predated and moldy seeds) was independent of the
treatment (before and after fire) with a contingency table and an inde-
pendence y? test. The difference in the proportion of viable seeds before
and after fire was tested using the prop.test function in R. However,
given the paired nature of our experimental design, the difference in
mean seed density and seed species diversity between treatments was
tested with the non-parametric Wilcoxon signed-rank test. We did not
use the parametric paired t-test because the residuals of several models
did not meet the normality assumption. Regarding the functional
composition of seed assemblages, we tested for differences between
treatments in the frequencies of each categorical (binary) variable (i.e.
life form, fruit type, dispersal mode, and seed type) with the Fisher's
exact test for 2 x 2 contingency tables. For continuous variables (i.e.
CWM of seed size and CWM of seed mass), we used the Wilcoxon test.
We also tested for differences between treatments in total (y) diversity
comparing the mean values and 95% confidence intervals estimated for
rarefied samples using the bootstrapping protocol described by Chao
et al. (2014), and available in the ‘iINEXT’ package for R (Hsieh et al,,
2016). Following Marcon et al. (2012), we also used 95% confidence
intervals to test for changes in p-diversity between plots before and after
fire using the bootstrap confidence intervals of diversity values provided
by the ‘entropart’ package. Note that, as indicated above, all these sta-
tistical analyses were performed considering the viable seeds only.

3. Results
3.1. Seed damage and viability

In total, we recorded 449 seeds from 18 woody species belonging to 7
families. However, only 241 seeds (53%) were classified as undamaged,
followed by predated (102 seeds, 23%), damaged (89 seeds, 20%), and
moldy (17 seeds, 4%). Viable seeds belonged to 13 species, with Faba-
ceae and Euphorbiaceae representing 69% of species and 23% of viable
seeds. Viable seeds mainly consisted of tree species (69% of all species)
bearing dry fruits (84%) with abiotic dispersal (76%).

Seed state depended significantly on the treatment (;{2 =61.03, df =
3, p < 0.001), with the observed frequency of undamaged seeds being
higher than expected by chance before fire, but lower than expected
after fire (Fig. 3). The frequency of damaged seeds followed the opposite
pattern, with a higher frequency of damaged seeds after fire. The total
number of viable seeds was 2.4 times higher before fire than after fire,
and we found a 3.6-fold decrease in the proportion of viable seeds after
fire (Table 1).

3.2. Structure of seed assemblages

Mean seed density did not differ significantly between treatments
(Table 1). However, species diversity drastically decreased after fire,
particularly the species richness (’D,) (Table 1). This means that the
negative impact of fire is stronger when considering rare species than
when considering the number of typical (‘D) or dominant species (“D,)
(Table 1). Considering the accumulated number of species in all plots
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Fig. 3. Total frequencies of seeds (observed and expected values) within each seed state in 9 plots exposed to an experiment of slash-and-burn agriculture in the
Catimbau National Park, Brazil. We tested for differences in frequencies between treatments (i.e. before and after fire) with a ;{2 test of independence (p < 0.001).
Undamaged seeds are those without any physical damage, whereas the damaged ones are those dehydrated and/or burned.

Table 1

Description of seed assemblages in the seed bank of 9 plots exposed to an
experiment of slash-and-burn agriculture in the Catimbau National Park, Brazil.
The absolute and relative degree of seed viability is indicated, as well as the
structure (seed density and diversity) and functional composition of seed as-
semblages before and after fire, When possible, we show mean values per plot
and 95% confidence intervals.

Seed attributes Before fire After fire Statistical
test®
Total mumber of seeds 179 270 -
Number of viable seeds 58 (32.4%) 24 (8.9%) 38.3**
(total and %)
Structure of seed assemblages
Mean seed density (seeds/ 16.11 6.66 28 ns
m?) (5.02-27.19) (1.42-14.76)
Mean species richness 233 0.77 21*
Dy (1.31-3.35) (0.06-1.61)
Mean number of typical 1.91 0.71 33*
species ('D,) (1.14-2.68) (0.02-1.44)
Mean number of dominant ~ 1.70 0.68 33*
species (°D,) (1.06-2.34) (0.01-1.37)
Functional composition”
Mean CWM - Seed size 0.21 0.30 2ns
(cm) (0.10-0.32) (0.09-0.69)
Mean CWM -Seed mass (g)  1.17 0.73 8ns
(0.11-2.45) (0.67-2.12)

* Only the two continuous traits are indicated, the community weighted mean
(CWM) of seed size and seed mass, which indicates the mean trait value of all
species present in the plots, weighted by their relative abundances.

> We tested for differences among treatments in the proportion of viable seeds
with the prop.test function of R. The differences in the rest of variables were
tested with the Wilcoxon test for dependent samples. *p < 0.05, **p < 0.01, ns p
> 0.05.

(y-diversity), species richness (OD,) was 67% higher before fire than after
fire, while the accumulated number of typical species (IDT) was 69%
higher before fire than after (Fig. 4a). In contrast, the accumulated
number of dominant species (ZDT) did not differ between treatments
(Fig. 4a).

3.3. Taxonomic and functional composition of seed assemblages

Forest stands before fire were dominated by two tree species (Senna
acurensis and Pityrocarpa moniliformis) and a shrub species (Croton
tricolor), together representing 66% of all viable seeds in these plots
(Fig. 5; Table S1). Interestingly most species (75%) before fire were
relatively rare, with nine species showing less than three seeds. In
contrast, the plots after fire were composed of four similarly abundant
species, three of them shrubs (Croton tricolor, Byrsonima gardneriana and
Senna rizzinii), and only one tree species (Pityrocarpa moniliformis)
(Fig. 5; Table 81).

A ~Before fire  =After fire

16 1
14 4

g =
o %]
1 1

Total diversity (y)

(= A
1

55 -
5.0 -
45 A
40 4
35 -
3.0 - \
25 1 %___/}
20 -

15 -
10

Beta diversity between plots

q=0 g=1 g=2

Fig. 4. Rarefied effective number of species (sample coverage = 0,91 in all
cases) considering the total number of species (°D,), the number of common
species (JD,. , and number of dominant species (zDr) before and after fire (A).
Differences in species composition between plots (p-diversity) before and after
fire is also indicated for q = 0, ¢ = 1 and q = 2 (B). These measures of p-di-
versity indicate the effective number of completely different communities, and
can vary between 1, if all plots (n = 9) are identical, and 9, if the plots are
completely different from each other.

These compositional changes caused a significant decrease in (-di-
versity between plots (Fig. 4b). Considering all species (GD,;), f-diversity
was 50% higher before fire than after fire (Fig. 4b). Such differences
between treatments decreased when considering the typical and domi-
nant species (Fig. 4b), thus indicating that the loss of p-diversity was
relatively stronger when considering rare species. Total p-diversity (i.e.
f-JAC) was mainly caused by differences in species turnover among
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Fig. 5. Rank-abundance curves showing the relative abundance of viable seeds in nine 50 x 20-m plots (total sampling area = 0.9 ha) before (i.e. in forest stands)
and after fire in a slash-and-burn experiment in the Catimbau National Park, Brazil. The species are ranked from highest to lowest abundance. The absolute
abundance of the dominant species is also indicated (in parentheses), as well as those species with one (*singletons) and two (+doubletons) seeds. For further details

see Table S1.

plots, but this component of p-diversity was slightly higher before fire
(B-TUR = 0.91) than after fire (p-TUR = 0.73). The nestedness compo-
nent of f-diversity followed the opposite pattern (§-NES before fire =
0.03; B-NES after fire = 0.22), thus indicating that there was a 7.3-fold
increase in the relative contribution of nestedness to p-diversity after
fire.

Functional composition of seed assemblages showed an increase in
the frequency of shrubs after fire (Odds ratio, OR = 7.58, p < 0.001,
Fig. 6a). The frequency of fleshy fruits also tended to increase after fire
(OR = 0.22, p = 0.05, Fig. 6b), as did the frequency of seeds with biotic
dispersal mode (OR = 0.07, p < 0.001, Fig. 6c). However, the relative
frequency of recalcitrant and orthodox seeds did not differ between
treatments (OR = 0, p = 1, Fig. 6d), and the two continuous seed traits
(CWM of seed size and CWM of seed mass) were also similar before and
after fire (Table 1).

4. Discussion

This study assessed the impact of experimental slash-and-burn
agriculture on the soil seed bank in the Caatinga biome - a species-
rich but vanishing tropical dry forest from northeastern Brazil. In
agreement with previous studies (Mamede and Araujo, 2008), our
findings support the hypothesis that this farming method promotes a
drastic impoverishment of the seed bank. In particular, we found that
fire: (1) increased seed damage and compromised seed viability; (2)
decreased the diversity of seed species, particularly impacting rare
species; (3) caused a significant homogenization (loss of f-diversity) of
seed assemblages across space; and (4) changed its functional compo-
sition after fire. Together, these findings have critical applied implica-
tions that can be used to promote the sustainability of slash-and-burn
agriculture in this and potentially other tropical dry forests.

As expected, we found evidence of strong deleterious effects of slash-
and-burn agriculture on seed damage and viability. Thus, seeds of
woody plants in this tropical forest are extremely vulnerable to this
farming method. This is consistent with other studies that show the
susceptibility of seeds to fire in the Caatinga forest (Mamede and Aratijo,
2008) and other ecosystems (Auld and Denham, 2006; Kennard et al.,

2002; Tarrega et al., 1992; Uhl et al., 1981), not only because fire can
dehydrate the seeds, but also because it can overheat the embryo of
seeds, causing the mortality of the seeds. Such negative impacts can be
particularly important in the Caatinga biome, as unlike other fire-prone
biomes such as the Brazilian Cerrado, the Caatinga’s woody plants do
not present adaptations to fire (Pivello et al., 2021).

We found a significant decrease in species diversity after fire. Such a
loss of species diversity was evident at the local («) and landscape (y)
scales. As the seed bank before and after fire was sampled with one
month of temporal difference, the observed loss of species cannot be due
to the loss of adult trees and seed dispersers in burned areas (i.e. seed
source limitation and seed dispersal limitation, respectively), but simply
to seed incineration by fire (Fig. 1). Importantly, the decline of species
after fire was particularly evident when considering rare species, thus
supporting previous evidence on the high susceptibility of rare tree
species to forest disturbance in the region (Rito et al., 2017). In fact, our
findings suggest that the most common species are likely less impacted
by this farming method, as two dominant species in forest plots (i.e.
Croton tricolor - Euphorbiaceae, and Pityrocarpa moniliformis - Fabaceae)
remained dominant after fire. However, as other dominant species in
forest plots (i.e. Senna acurensis - Fabaceae) were absent in burned plots,
the effect of fire on dominant species needs to be investigated in more
detail in the future.

Our finding also supports the hypothesis that, at the taxonomic level,
this farming method homogenizes the composition of seed assemblages.
This process of floristic homogenization can be associated with the loss
of species discussed above, as the loss of p-diversity after fire was
particularly evident when considering rare species (oD,;), and these
species were the most impacted by fire. Our assessment of the compo-
nents of p-diversity also support the idea that floristic homogenization is
mainly related to the loss of species in burned plots, as we found a 7.3-
fold increase in the relative contribution of nestedness after fire, and this
component is associated with the loss of species (Baselga, 2010). In
contrast, species turnover — the substitution of species in one site by
different species in another site - is usually related to species sorting (i.e.
sites with different environmental conditions are occupied by different
species; Baselga, 2010). Thus, the loss of p-diversity can also be partially
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Fig. 6. Percentage of seeds (and absolute values within bars) per treatment, separately assessing different life forms (a), fruit types (b), dispersal modes (c), and seed
types (d). The study plots were exposed to an experiment of slash-and-burn agriculture in the Catimbau National Park, Brazil, and we tested for differences between
treatments (i.e. before and after fire) with a Fisher exact test for 2 x 2 contingency tables (see results in the main text).

related to the homogenization of environmental conditions after fire,
which can cause the loss of species turnover in burned plots — a possi-
bility supported by previous studies (Heydaui et al., 2017).

4.1. Management implications

Taken together, these findings have important applied implications
for the appropriate management and restoration of these (and poten-
tially other) tropical dry forests. We not only found that slash-and-burn
agriculture impoverishes the seed bank by decreasing o, p and y di-
versity, but that this farming method causes severe physical damages on
the remaining seeds after fire, compromising their viability. Impor-
tantly, as our sample plots are much smaller than the areas that are
cultivated by the local population (i.e. slash-and-burn agriculture
practiced in seasonally dry tropical forests usually involves crops of 0.5
to 5 ha; Lowder et al., 2016; Tanzito et al., 2020}, we think that our
assessment is conservative, as the impact of slash-and-burn agriculture
should be more detrimental if extended over larger spatial extents.

From an applied perspective, our findings imply that forest recovery,
and thus the productivity and sustainability of this farming method,
cannot rely on the seed bank, but on other mechanisms of regeneration,

such as seed dispersal. In fact, the seed bank could be replenished by
seed dispersal from nearby areas, but we still do not know how long this
could take. Thus, additional monitoring long-term studies are needed to
fill this important knowledge gap. In any case, as this agricultural
method is widespread in the region, a first and critical step to replenish
the seed bank through seed dispersal and thus enhance forest recovery in
sites exposed to slash-and-burn agriculture is to maintain a relatively
high proportion of native old-growth forests in the surrounding land-
scape. This can increase the availability of seed sources, and thus
enhance seed dispersal and plant colonization of regenerating stands
(Piotto et al., 2021). Although we do not know exactly how much forest
should be maintained in the landscape, there is evidence for other
temperate and tropical forests that we should maintain at least 40% of
landscape forest cover to prevent the extinction of most species (Arroyo-
Rodriguez et al., 2020, 2021). Therefore, this could be used as reference
data while we do not have specific information for the region.
Regarding the spatial configuration of old-growth forests in the
landscape, we suggests that rather than preserving the 40% of forest
cover in a single continuous forest, forest recovery is likely better if the
remaining forest cover is preserved in many smaller forest patches
scattered in the landscape (Arroyo-Rodriguez et al., 2020). We would
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suggest this because by increasing the number of relatively smaller old-
growth forest patches in the landscape we can increase the probability
that different patches have different environmental conditions (e.g.
different precipitation regime), thus covering a wider range of envi-
ronmental heterogeneity in the landscape (Arroyo-Rodriguez et al.,
2020; Fahrig et al., 2019). This is important to increase the composi-
tional dissimilarity (f-diversity) of plant assemblages in the region
(Arroyo-Rodriguez et al., 2013; Liu and Slik, 2014; Rito et al. 2021).
Furthermore, by increasing the number of small patches we can also
reduce the isolation distance between agricultural lands and old-growth
forest patches — a key strategy to improve landscape connectivity and
prevent seed source and dispersal limitations (Arroyo-Rodriguez et al.,
2017; Piotto et al., 2021). However, as we there is no available infor-
mation on the relative importance of single-large vs several-small
patches in preserving the seed bank in the Caatinga forest, this sugges-
tion of preserving many smaller forest patches scattered in the landscape
should be taken with care.

Finally, it is important to note that forest recovery can also depend
on the ability of the plants to resprout — an important tolerance trait that
enable plants to survive different disturbance regimes (Clarke et al.,
2013). We particularly refer to the resprouting of tree stumps that sur-
vive the slashing and burning of vegetation, as well as the stumps and
roots able to persist weeding and initiating forest regeneration (Barros
et al., 2021; Dufumier, 2006; Vanderlei et al., 2021). Unlike fire-prone
ecosystems, the ability to resprout in the Caatinga may be a strategy
to overcome water stress or nutrient deficiencies (Costa et al., 2014;
Souza et al., 2021), but also a source of regeneration that is less
vulnerable to unsustainable agricultural practices such as slash-and-
burn agriculture (Barros et al., 2021; Vanderlei et al., 2021). In fact,
given the impoverished seed bank found in the present research, and the
available evidence on the importance of resprouting for forest recovery
(Barros et al., 2021; Vanderlei et al., 2021), we can hypothesize that
forest recovery after slash-and-burn agriculture will largely depend on
seed dispersal and resprouting — two interesting avenues for future
research.
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Forest’s recovery potential in human-modified landscapes is increasingly threatened by agricultural activities
that disrupt critical sources of forest regeneration, such as the seed rain. Slash-and-burn agriculture is a good
example. By slashing and burning the vegetation, this farming method can promote seed source and seed
dispersal limitation, but this hypothesis remains poorly tested. Here, we sampled the seed rain during a complete
year in nine plots exposed to slash-and-burn agriculture (i.e., burned plots) and in forest stands (control plots) in
the Caatinga biome - a species-rich tropical dry forest endemic to Brazil that is increasingly threatened by slash-
and-burn agriculture. We compared seed density, seed species diversity, and the taxonomic and functional
composition of seed assemblages between burned and control plots. As expected, seed density was 15 times lower
in burned plots than in control plots. Species diversity was also lower in burned plots, but only when considering
the number of rare species. However, burned plots showed a higher B-diversity of rare species than forest plots,
mainly caused by species replacement (i.e. species turnover) from plot to plot. Burned plots also showed 30%
more species with dry fruits and abiotic dispersal than control plots, but this difference was not statistically
significant. Taken together, our findings highlight the low tolerance of the seed rain to this dominant agricultural
practice in tropical dry forests. This is likely related to the lack of seed sources and seed dispersers in burned
plots. Therefore, increasing the availability of seed sources and ecological connectivity in the surrounding
landscape are critical management strategies for enhancing seed dispersal and forest recovery in forest areas
exposed to this farming method.

1. Introduction patterns and processes (Bezerra et al., 2022; Klanderud et al., 2010;

Oakley and Bicknell, 2022; Raman, 2001). In particular, it can threaten

We are amid a planetary emergency, largely pushed by extensive
forest loss, which causes a myriad of cascading effects on biodiversity,
including our own species (Ripple et al., 2017; Rockstrom et al., 2009).
Forest loss is largely driven by agriculture worldwide, especially by
large-scale (commercial) agriculture (FAO, 2020). However, small-scale
agriculture, such as slash-and-burn agriculture, also leads to the loss and
disturbance of forest ecosystems (Curtis et al., 2018). This farming
method is widespread in tropical dry forests (FAO, 2020), and although
it usually involves relatively small (0.5 to 5 ha) areas (Lowder et al.,
2016; Tanzito et al., 2020), it can have major impacts on biodiversity

* Corresponding author.
E-mail address: jakelyne.sousa@ufpe.br (J.S. Bezerra).
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the resilience of forest ecosystems by altering key sources of regenera-
tion (e.g., soil seed bank; Bezerra et al., 2022). However, our knowledge
on this topic is far from complete, especially regarding the impact of
slash-and-burn agriculture on the seed rain.

The seed rain is defined as all seeds falling on the soil surface of a
particular site. Seed arrival to a site depends on the availability of fruits
and seeds in the surrounding vegetation, and on active seed dispersal by
frugivores or passive dispersal (e.g. gravity, wind) (Carriere et al., 2002;
Huanca-Nunez et al., 2021; Nathan and Muller-Landau, 2000; San-José
et al., 2020; Schott and Hamburg, 1997). Animal seed dispersal is
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particularly important in the tropics (Carriere et al., 2002; Gentry, 1982;
Howe and Smallwood, 1982), but wind-dispersed seeds can become
dominant in defaunated areas (Martinez-Garza et al., 2009; San-José
et al., 2020). Thus, the composition and structure of the seed rain can be
highly variable among sites, with direct consequences for forest recov-
ery (Arroyo-Rodriguez et al., 2017; Cole et al., 2010; Huanca-Nunez
et al., 2021; Pickett et al., 1987; Svenning and Wright, 2005).

The seed rain is paramount during early successional stages (Carriere
et al., 2002; Cole et al., 2010; Huanca-Nunez et al., 2021; Svenning and
Wright, 2005). This is particularly true in areas exposed to slash-and-
burn agriculture (e.g. Carriere et al, 2002), as the seed rain can
replenish the seed bank and increase the regenerative potential of
burned areas, which typically show few seed species in the soil seed
bank that are generally damaged by fire (Bezerra et al., 2022). Such a
critical functional role of the seed rain could be, however, jeopardized if
slash-and-burn agriculture erodes the seed rain. Therefore, under-
standing the effect of this farming method on the seed rain has major
ecological and applied implications.

Slash-and-burn agriculture is particularly common in the Brazilian
Caatinga biome (Curtis et al., 2018; Silva et al., 2017). In this tropical
dry forest, some plant species can resprout after fire (Barros et al., 2021;
Kennard et al., 2002), providing some level of resilience to regenerating
forests (Lawrence et al., 2010). However, as this regenerative potential
is biased to few resprouting species (Barros et al., 2021; Ceccon et al.,
2006; Cury et al., 2020), the recovery of major community attributes
such as species diversity and composition in burned areas largely de-
pends on the seed rain (Souza et al., 2014). Yet, slash-and-burn

Slash-and-burn agriculture ’

Slashing and burning of vegetation

5 Adult trees

I Source limitation L

Seed dipersers| W

Dispersal limitation ]

Functional
composition of seeds

Density and
diversity of seeds

Taxonomic
composition of seeds

Fig. 1. Hypothesized effects of slash-and-burn agriculture on the seed rain.
Adult trees and seed dispersers directly contribute to the structure and
composition of seed rain through seed production and seed dispersal, respec-
tively. Therefore, the loss of adult trees and seed dispersers after slashing and
burning of vegetation can modify the structure and composition of seed as-
semblages through the so-called seed source and seed dispersal limitations.
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agriculture can negatively affect the seed rain through two alternative
but non-exclusive paths (Fig. 1): (i) by decreasing the availability of
trees and seeds (i.e. seed source limitation; Clark et al., 1998); and/or
(ii) by decreasing the abundance (and diversity) of seed dispersers
thereby limiting seed dispersal (Howe and Smallwood, 1982). As most
species (70 %) in the Caatinga forest show abiotic dispersal (e.g.
gravity, wind, and ballistic; Griz and Machado, 2001; Barbosa et al.,
2003), the former path is likely more important than the latter. How-
ever, many plant species have small- and medium-sized berries or
drupes (with seeds < 1 cm in length) primarily dispersed by ants, birds
and bats (Griz and Machado, 2001; Leal et al., 2007, E. Bernard, per-
sonal communication), so the impact of slash-and-burn agriculture on
animal dispersed seeds should not be overlooked.

In this study, we assessed for the first time the structure (seed density
and diversity) and composition (taxonomic and functional) of seed as-
semblages in the seed rain in plots exposed to an experiment of slash-
and-burn agriculture in the Caatinga dry forest. As this farming
method can promote seed source and seed dispersal limitations (Fig. 1),
it is reasonable to expect that the seed rain is extremely susceptible to
slash-and-burn agriculture. In particular, compared to paired control
plots (forest stands), we expected to find (i) a significantly lower number
of seeds from a lower number of species in burned plots (i.e. areas
exposed to slash-and-burn agriculture). We expected that this particu-
larly affect rare species because forest loss in the region usually has
stronger negative effects on adult trees of rare species than on common
or dominant species (Rito et al., 2017). As burned plots are extremely
homogeneous environments compared to forest plots, we also expected
to find (ii) a lower p-diversity between burned plots (floristic homoge-
nization) than between forest plots, especially the species turnover
component of f-diversity. In addition, we predicted that (iii) the seed
rain of burned plots would be composed of few species, particularly
those with ecological traits that provide high dispersal ability (Trindade
et al., 2020). Examples of such traits include small seeds with abiotic
dispersal, which are commonly produced in large numbers by woody
plants (Leishman, 2001); these traits are predicted to be particularly
frequent in burned plots.

2. Methods
2.1. Study area

We carried out the study in the Catimbau National Park, north-
eastern Brazil (8°23'17"-8°36'35" S; 37°11'00"-37°33'32"W; ~600 m a.
s.1.). This protected area was created in 2002 and covers 607 km? of the
Caatinga biome - a tropical dry forest endemic to Brazil. The climate is
semi-arid (Koppen classification), with annual temperature averaging
25 to 30 °C, and annual rainfall ranging from 450 to 1100 mm,
concentrated in a few (but variable) months (Nimer, 1972; Rito et al.,
2021). Most (=70 %) of the area is composed of litosol soils, and has
been strongly impacted by human activities since the beginning of Eu-
ropean colonization in the 16th century (Coimbra-Filho and Camara,
1996). Small groups of farmers are still present within this national park,
where they traditionally practice slash-and-burn agriculture to produce
mainly beans, cassava, corn, and watermelon. Free-ranging cattle
raising is also practiced, and both activities have converted old-growth
forests into a mosaic of different-aged secondary forests (Barros et al.,
2021; Souza et al., 2019; Specht et al., 2019).

2.2. Slash-and-burn experiment

The study design was described elsewhere (Bezerra et al., 2022), but
a summary is provided here. We adopted an experimental approach to
assess the effects of slash-and-burn agriculture on the seed rain of woody
plant species (i.e., trees and shrubs; Fig. 2). We selected nine blocks of
two paired plots of 50 m x 20-m (0.1 ha) each, with no record of recent
agricultural practices. One plot was exposed to slash-and-burn
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Fig. 2. Distribution of the Caatinga dry for-
est (dark gray area in A) and location of the
Catimbau National Park (black square in B)
within the Pernambuco state of Brazil (dark
gray area in B), in which we sampled the
seed rain using the experimental approach
described in panels C and D. We sampled 9
paired (C = control; B = burned) plots in
three different years (C) and sampled the
seed rain along a complete year in 5 seed
traps (red squares in D) within each plot. An
example of burned plot is also indicated (D),
courtesy of Jens Brauneck.
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agriculture (i.e. burned plots), and as a reference (control), we located
another plot in a forest area near (50 m apart) the burned plot. As all
burned plots had the same size and were surrounded by forest, the
isolation distance between sampling areas (i.e. the seed traps, see below)
and the extant forest remained constant across burned plots (Fig. 2C),
allowing us to control the potential effect of such a distance on the seed
rain. The entire experiment was carried out with official permission
from ICMBio (the Brazilian agency for protected areas). The information
on historical land use was confirmed by the local community.

The blocks were located at an average distance of 400 m apart from
each other to avoid spatial autocorrelation. The woody vegetation pre-
sent in the nine plots exposed to slash-and-burn agriculture was
completely cut by local farmers with the help of axes and machetes at
the end of the dry season (November-December). Following the prac-
tices they usually do, all high-density poles were immediately collected
by farmers, as they use them for firewood, fences and other household
facilities. The remaining plant biomass was left to dry naturally for a
period of 20 days, piled into small amounts and then completely burned
(during between 20 and 40 min) through a controlled fire by the park’s
fire brigade team (Fig. 2). After that, without further removal of the
remaining debris, farmers seeded manually-three kilograms of each of
the crop types commonly seeded by local farmers (i.e. beans, corn, and
watermelon).

2.3. Seed rain sampling

We randomly placed five square (1 m x 1 m) seed traps of nylon
mesh in each plot but keeping a minimum distance of 2.5 m from each

other. Each trap was maintained 50 cm above the ground with plastic
(PVC) poles. We collected the content of the traps every 30 d during a
complete year. Three blocks (including burned and control plots) were
sampled from February 2019 to February 2020, three additional blocks
from February 2020 to February 2021, and three blocks from February
2021 to February 2022. This allowed us to have a more representative
seed rain assemblage, as some species have triannual cycles of repro-
duction and can be overlooked if sampling all plots along a single year.
Samples were sorted to separate leaves, flowers and/or fruits from the
seeds of woody plant species (i.e., trees and shrubs), which were
quantified and identified at species or genus level with the help of
literature, seed specialists and a guide of Caatinga seeds available at the
Applied Plant Ecology Laboratory (Universidade Federal de Pernam-
buco, Recife). It is important to note that annual rainfall during the
sampling years (2019, 2020 and 2021) was 439 mm, 582 mm and 414
mm, respectively, which are normal values according to data collected
by meteorological stations installed by the Long-Term Ecological
Research Network (https://www.peldcatimbau.org.br) close to the
study sites.

2.4. Structure and composition of seed assemblages

To avoid pseudoreplication, we combined (summed) the data from
the five seed traps from each plot and considered each plot as an inde-
pendent sample. To characterize the structure of seed assemblages in the
seed rain, we calculated the total number of seeds (seed density here-
after) and seed species diversity. This later response variable was esti-
mated with Hill numbers of order 0 (°D, species richness), 1 (p,
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exponential Shannon entropy) and 2 (°D, inverse Simpson concentra-
tion) (Chao et al., 2014; Jost, 2006). D is not sensitive to differences in
seed abundance, so it gives a disproportionately high weight to rare
species. 'D weights each species according to its relative abundance in
the community, without favoring rare or abundant species, and thus it is
considered a measure of the effective number of common or typical
species (Jost, 2006). Finally, %D favors very abundant species, and is
therefore interpreted as the effective number of dominant species in the
community (Jost, 2006). To assess the accuracy of our seed inventories
in each plot, we estimated the sample coverage index (C,) proposed by
Chao and Jost (2012). This index ranges from 0 to 1 and indicates the
proportion of seeds in a plot that belongs to the species found in it.
Sample coverage was very high (C, > 0.9) in all plots, which suggests
that our sampling effort was adequate to assess changes in species di-
versity in all plots. However, to avoid any potential bias in our results
due to differences in sample coverage among sites (see Chao and Jost,
2012), we carried out diversity analyses with coverage-based rarefied
values of OD,,, D, and ZD,,, performed with the ‘iNEXT" package for R,
version 3.5. We also evaluated the patterns of f-diversity between
control plots and between burned plots with Hill numbers (i.e. Dy = D,/
D,; Jost, 2006). We assessed p-diversity considering all species (ODﬂ),
and focusing on typical ('D,,) and dominant ones (ZD,,) using the
‘entropart’ R package (Marcon and Herault, 2015). We calculated these
three metrics using a function designed by Sfair et al. (2016) to construct
a matrix that contained f-diversity values of each pairwise comparison
within each treatment. Independently of order of q (i.e. Dy, 'D; and
ZD,,), p-diversity values within the matrix could range between 1, when
two plots were identical in composition, and 2, when both plots were
completely different from each other. Then, following Sfair et al. (2016),
we calculated the mean pairwise f-diversity values and 95 % confidence
intervals to compare p-diversity between treatments. To assess to some
extent the mechanisms driving p-diversity differences between treat-
ments, we also assessed the species turnover and nestedness-resultant
components of p-diversity with the metrics proposed by Baselga
(2010) and calculated by the ‘betapart’ R package (Baselga and Orme,
2012). In particular, we calculated overall dissimilarity (measured as
Jaccard dissimilarity, fJac) and partitioned it into its turnover (Sim)
and nestedness (fSne) components (Legendre, 2014). fSim reflects the
substitution of some species by others, usually associated with envi-
ronmental filters and historical contractions, whereas Sne is related to
the loss (or gain) of species through space in a nested pattern. We
complemented our compositional analyses with abundance-rank curves
to assess how the composition and dominance of species differed be-
tween control and burned plots. Finally, we assessed the functional
composition of seed assemblages considering plant traits that can affect
seed dispersal capacity, including (i) seed size (em®); (ii) life form (tree
or shrub); (iii) fruit type (dry or fleshy); and (iv) seed dispersal mode
(abiotic or biotic) (Diaz et al., 2016; Rito et al., 2017; Turner, 2004;
Alexandre de Paula, unpublished data). For seeds identified only at the
genus level, we considered the mean characteristics of all species within
this taxon. For the continuous trait (seed size), we calculated the com-
munity weighted mean per plot with the ‘FD’ R package (Laliberte and
Legendre, 2010). Following Bezerra et al. (2022), for categorical traits,
we calculated the relative abundance of seeds with each trait class.

2.5. Data analyses

To test for differences in response variables between treatments
(control and burned plots) we used parametric paired t-test after veri-
fying that residuals of all models followed the normality assumptions
(Shapiro-Wilk test): (i) seed density, (ii) total number of species (OD,,),
(iii) number of typical species ('D,,), (iv) number of dominant species
(®D,), and (v) CWM of seed size. Following Bezerra et al. (2022), for
categorical seed traits, we tested for differences between treatments in
the total frequencies of each binary variable (i.e., life form, fruit type,
dispersal mode, and seed type) with the Fisher’s exact test for 2 x 2
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contingency tables. Finally, the differences between treatments in
pairwise f-diversity values were assessed by comparing mean and 95 %
confidence interval values.

3. Results
3.1. Overview

In total, we found 8417 seeds belonging to 50 species, 37 genera and
18 families. The most abundant species was Guapira gracilifiora, fol-
lowed by Croton heliotropiifolius, and Pityrocarpa moniliformis, together
representing 55 % of seeds. Most species (54 %) belonged to Fabaceae
and Euphorbiaceae. Seed density averaged 467 seeds per plot (range = 6
to 3556 seeds), and the observed species richness averaged 10 species
(range = 1 to 29 species). Seeds mainly consisted of tree species (76 % of
all species) bearing dry fruits (70 %) with abiotic dispersal mode (62 %).

3.2. Structure of seed assemblages in burned and control plots

Both the total and the mean density of seeds were 15 times higher in
control plots than in burned plots (Table 1). The total number of species
was also 1.7-times higher in control plots (47 species) than in burned
plots (27 species). Considering the rarefied values, seed species diversity
was also significantly higher in control plots, but only when considering
species richness °p,) (Table 1, Fig. 3). As the number of typical ('p,)
and dominant (°D,) species did not differ between treatments, our
findings indicate that the species that are lost in burned plots are rela-
tively rare (with few seeds) (Table 1, Figs. 3 and 4).

3.3. Differences in taxonomic and functional composition of seed
assemblages

Control plots were dominated by two species, a tree (Guapira graci-
liflora) and a shrub (Croton heliotropiifolius), together representing 46 %
of all seeds in control plots (Fig. 4). Other common tree species in control
plots were Pityrocarpa moniliformis, Guapira laxa and Senegalia piau-
hiensis. However, most species (46 %) in control plots were relatively
rare (i.e. 23 species showed < 15 seeds; Fig. 4). In contrast, burned plots
were by far dominated by a tree species (Moquiniastrum oligocephalum)
that represented 43 % of all seeds recorded in these plots (Fig. 4). Sen-
egalia piauhiensis, Combretum leprosum, Cnidosculus bahianus, and

Table 1

Structure of seed assemblages in the seed rain in 9 plots exposed to an experi-
ment of slash-and-burn agriculture (i.e. burned plots) and 9 forest stands (i.e.
control plots) in the Catimbau National Park, Brazil. The total number of seeds
(i.e. summing all plots per treatment), as well as the mean (and range) values per
plot are indicated. Significant differences between treatments are indicated with
asterisks (*p < 0.05; **p < 0.01; ns p > 0.05).

Response variables Control plots Burned plots test
value
Total number of seeds 7888 529 -
Total number of species 47 27 -
Structure of seed assemblages’
Seed density (seeds/plot) 876.4 (74 - 58.7 (6 - 307) 2.32**
3556)
Species richness (°D,) 9(5-22) 4(1-14) gee
Number of typical species 4(1-8) 3(1-12) 1.38™
('Da)
Number of dominant species 3(1-6) 3(1-10) 0.14™
(D)
Functional composition
CWM - Seed size (cm)” 0.54 (0.23 - 0.56 (0.10 - -052™
0.83) 0.91)

" Note that our unit of analysis is the plot (50 m x 20 m; 0.1 ha each), and that
we sampled 5 m? per plot.

" The community weighted mean (CWM) of seed size is the mean value of all
species per plot, weighted by their relative abundances.



J.S. Bezerra et al.
12 - oControl plots eBurned plots

10 -+

oo
1

Alfa diversity
£ (<)}

q=0 g=1 q=2
Seed species diversity

Fig. 3. Mean (+SE) rarefied effective number of species recorded in 9 plots
exposed to slash-and-burn agriculture (burned plots) and 9 control (forest
stands) plots in the Catimbau National Park, Brazil. We considered three orders
of q ©“D, = species richness; 'D., = number of typical species, and 2D(l = number
of dominant species).

Pityrocarpa moniliformis were also relatively common in burned plots,
together representing 39 % of seeds. The rest of the species (78 %) in
burned plots were rare (i.e. 21 species showed < 15 seeds).

B-diversity was significantly higher between burned plots than be-
tween control plots, but only when considering all species (OD,,; Fig. 5).
As pB-diversity did not differ between treatments when assessing typical
(’Dﬂ) and dominant species (ZD,;), our findings indicate that the rela-
tively higher compositional differentiation between burned plots was
driven by differences in rare species between plots. The partitioning of
total p-diversity (B-Jac) in its turnover (B-Sim) and nestedness (-Sne)
components indicated that in both treatments p-diversity was mainly
driven by species replacement from plot to plot (f-Sim), but the
contribution (in percentage) of species turnover to total p-diversity was
90 % in burned plots and 92 % in control plots, whereas the nestedness
component of f-diversity followed the opposite pattern (burned plots =
10 %,; control plots = 8 %).

Regarding the functional composition of seed assemblages, we found
that the seed rain in both control and burned plots was dominated by
trees (77 % and 81 % of the species, respectively; Odds ratio = 0.75, p =
0.77, Fig. 6). Seed size varied more in control (0.03 to 2.43 g) than
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burned plots (0.03 to 1.74 g), but the community-level weighted mean
(CWM) of seed size was similar in both treatments (Table 1). The per-
centage of species with dry fruits was 1.3-times (i.e. 30 %) higher in
burned plots (85 % of species) than in control plots (68 %), but this
difference was not significant according to Fisher’s exact test (fleshy vs
dry; OR = 2.66, p = 0.17, Fig. 6). Similarly, the percentage of species
with abiotic dispersal was also 30 % higher in burned (78 %) than
control (60 %) plots, but again the Fisher’s test suggest this difference is
not significant (biotic vs abiotic; OR = 2.35, p = 0.13).

4. Discussion

This study evaluates the impact of experimental slash-and-burn
agriculture on the seed rain in the Caatinga biome - a species-rich but
threatened tropical dry forest from northeastern Brazil. Our findings
indicate that, as expected, this agricultural practice causes a drastic
impoverishment of the seed rain, not only because seed density was 15
times lower in burned plots, but because seed species diversity was also
significantly lower, particularly the number of rare species. Contrary to
our expectations, B-diversity was significantly higher (not lower) in

2.00 =Control plots <Burned plots
1.90
1.80
1.70

1.60

1.50

Beta diversity between plots

1.40
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Fig. 5. Mean pairwise p-diversity values (and 95 % confidence intervals) be-
tween control and burned plots separately for different q orders (q = 0 assesses
all species irrespective to their abundances, q = 1 focuses on typical species,
and q = 2 focuses on highly abundant or dominant species). Note that these
three f-diversity metrics can vary between 1 (if two plots are identical), and 2
(the plots are completely different from each other).

eBurned plots

Mogquiniastrum oligocephalum (227)
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Fig. 4. Rank-abundance curves showing the proportion of seeds per species in control (forest stands) and burned plots in the Catimbau National Park, Brazil. The
species are ranked from highest to lowest abundance, and we indicate the absolute abundance of each species in parentheses, as well as those species with one (*

singletons) individuals.



J.S. Bezerra et al.

B Burned plots

Tree

Shrub

a7

Forest Ecology and Management 531 (2023) 120821

H Control plots

_Odds ratio = 0.75
p=0.77

Fleshy fruits

Dry fruits

Biotic dispersal
Abiotic dispersal

0% 20%

40% 60% 80%

Odds ratio = 2.66
“p=0.17

Odds ratio = 2.35
“p=0.13

100%

Fig. 6. Total percentage of species (and absolute frequency within bars) with different life forms (tree and shrub), fruit types (dry and fleshy) and dispersal modes
(abiotic and biotic) in control and burned plots. The differences between treatments were tested with Fisher exact tests for 2 x 2 contingency tables, and the odds

ratio and p-value of each test is indicated for each seed trait.

burned plots than in control plots, but only when considering rare spe-
cies. Although the functional composition of seed rain did not differ
significantly between treatments, we found some interesting trends that
merit special attention. As discussed below, our findings can be
explained by the lack of seed sources and seed dispersers in burned plots,
which together limit the arrival of seeds to areas exposed to slash-and-
burn agriculture. Therefore, we highlight some important applied im-
plications for increasing the resilience of these degraded lands.

As expected, seed dispersal was extremely limited in burned plots.
The significantly lower seed density and diversity in burned plots add to
emerging evidence of the widespread impact this farming method has on
different biodiversity patterns and processes (Bezerra et al, 2022;
Klanderud et al., 2010; Oakley and Bicknell, 2022; Raman, 2001). For
example, Rocha et al. (2021) and Cury et al. (2020) found that seed
density and richness in the seed rain was significantly lower (up to two
times) in burned forests than in control ones. This is likely caused by the
removal of adult trees (and seeds) in burned sites (i.e. seed source lim-
itation; Clark et al., 1998), especially in the Caatinga forests, where most
plant species (<70 %) have abiotic dispersal (e.g. gravity, wind, and
ballistic; Barbosa et al., 2003; Griz and Machado, 2001), so they do not
depend on animals for dispersing their seeds. Yet, the removal of adult
trees not only causes seed source limitation, as it also increases the
distance to seed sources, causing seed dispersal limitation (Piotto et al.,
2019; Souza et al., 2014).

Slash-and-burn agriculture seems to be causing stronger negative
impacts on rare species. This is consistent with previous studies of adult
trees (Rito et al., 2017) and the soil seed bank (Bezerra et al., 2022) in
the region, thus suggesting that rare species in the Caatinga forest are
the most sensitive to human disturbances throughout ontogeny. This is
not surprising, as the factors that limit seed dispersal in burned plots are
expected to be even more limiting in species that have smaller pop-
ulations (Pinho et al., 2022). What is likely more interesting is the fact
that even relatively common plants in forest stands, such as Croton
heliotropiifolius and Senna macranthera, showed a lower number of seeds
in burned plots, and some of them (e.g. Croton nepetifolius) where
actually absent in these plots. All these species have dry fruits with
abiotic dispersal and are geographically restricted across the landscape,
so the lack of seeds in burned plots could be simply caused by the
removal of adult trees in burned plots, and/or by the absence of adult
trees in the nearby forest. Nevertheless, as most tree species in this
tropical dry forest are relatively rare (Bezerra et al., 2022; Pinho et al.,
2022; Rito et al., 2017), and our findings suggest that they are exposed
to strong dispersal limitations, the recovery of community attributes

such as species diversity in the seed rain will be difficult.

Surprisingly, this farming method does not seem to promote the
compositional homogenization (loss of p-diversity) of seed assemblages
in burned plots, but rather the opposite. Our pairwise comparisons of
B-diversity indicated that most burned plots were completely different
from each other independently of species abundances (i.e. for all order
q). This pattern is similar to that observed in adult trees in the region
(Rito etal., 2021), likely because most species have abiotic dispersal and
depend strongly on the composition of the remaining adult trees in the
surrounding areas. Thus, such a relatively high f-diversity in adult trees
and seeds is probably caused by the clumped spatial distribution of trees
across the Caatinga forest (Pinho et al., 2022; Rito et al., 2021, 2017;
Alexandre de Paula, unpublished data), which promotes a very high
species replacement (turnover) from plot to plot. But why was f-di-
versity of rare species higher between burned plots than between control
plots? The partitioning of p-diversity into its turnover and nestedness
components suggests the answer is in both the loss and replacement of
rare species from some burned plots to others. In addition to the
aforementioned effects of tree spatial distribution on the turnover
component of p-diversity, the loss of rare species in some burned plots
can explain why the nestedness component of p-diversity was 2 % higher
in burned plots, as this component is associated with the loss (or gain) of
species from some plots to others (Baselga, 2010). In any case, our
findings imply that because of the very high p-diversity between plots,
each burned plot will follow different successional pathways after
disturbance depending on the composition of surrounding adult trees
(Arroyo-Rodriguez et al., 2017).

Our findings suggest that animal seed dispersal is not significantly
impacted by this farming method. Previous studies in secondary
(regenerating) tropical forests (Martinez-Garza et al., 2009) and frag-
mented tropical forests (San-José et al., 2020) suggest that seed dispersal
limitation causes a proportionally stronger impact on animal-dispersed
species than in species with abiotic dispersal. Yet, in our study the
percentage of species with biotic and abiotic dispersal did not differ
significantly between treatments, probably because burned plots were
relatively small (0.1 ha), which would not be expected to have a major
impact on seed-dispersing fauna. Alternatively (but not exclusively), our
findings could be explained by centuries of overhunting and habitat
degradation in the Caatinga forest. These processes have gradually
defaunated the whole region (Alves et al., 2020, 2022; Bezerra et al.,
2020), contributing to a generalized loss of animal-dispersed seeds
across the ecosystem (Leal et al. 2014a, 2014b; Lins et al., 2022). It is
worth noting, however, that the percentage of species with fleshy fruits
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and biotic dispersal was 30 % lower in burned plots — a non-negligible
trend that might (to some extent) reflect the fact that the remaining
fauna, although scarce, may avoid burned lands, either because these
areas have fewer resources (e.g. food, shelter), or because they are
perceived by animals as places of risk, and they avoid using them (see
the “landscape of fear” conceptual framework; Frid and Dill, 2002).
However, additional studies are needed to identify the composition and
structure of animal assemblages, and their behaviors in burned lands to
better understand the potential cascading effects of slash-and-burn
agriculture on plant-animal interactions in the Caatinga.

All in all, our results have important implications. As argued in the
introduction section, seed rain is paramount for replenishing the seed
bank and thus increasing the resilience (regenerative potential) of
burned areas, which usually have an impoverished soil seed bank
(Bezerra et al., 2022). Therefore, the first and likely the most important
implication of our findings is that such a critical functional role of the
seed rain is likely compromised in burned plots, as the seed rain was
significantly poorer in the number and diversity of seeds than in control
(forest stands) plots. This finding is not trivial, as the study plots are
smaller than the areas that are usually dedicated to this farming method
in tropical dry forests (0.5 to 5 ha; Lowder et al., 2016; Tanzito et al.,
2020). Therefore, as argued in previous studies (Bezerra et al., 2022),
another important implication is that the impact of slash-and-burn
agriculture on the seed rain is likely to be worse than that reported
here (i.e. it should be more detrimental if extended over larger spatial
extents). The third implication is that such impact is likely weaker on
some dominant species, especially those with dry fruits and abiotic
dispersal (e.g. Senegalia piauhiensis, Moquiniastrum oligocephalum). Yet,
the presence and recruitment of rare species in burned plots will prob-
ably require effective management actions (see below). Finally, the very
high B-diversity between burned plots implies that, after disturbance,
the plots will follow multiple successional pathways (Arroyo-Rodriguez
etal.,, 2017, 2022). This is good news, as it can contribute to maintaining
this important component of species diversity and its critical role for
preserving total (y) diversity at the landscape and regional scales
(Arroyo-Rodriguez et al., 2013; Flohre et al., 2011).

5. Management implications

The most important recommendation from enhancing seed dispersal
and ecosystem resilience is preventing as much forest loss as possible.
We understand that this is extremely challenging in a region where local
people depend on slash-and-burn agriculture for subsistence (Souza
et al., 2019). However, agricultural lands could at least be placed as far
apart as possible from each other to leave old-growth forest patches
between them so that seed sources can persist around the burned lands
(Piotto et al., 2021). This is of critical importance because as discussed
above, most plant species have passive dispersal modes, so they depend
on nearby seed sources. Second, to promote the dispersal of rare tree
species, which are the first to become extirpated from both the seed rain
and the soil seed bank (see Bezerra et al., 2022), we must avoid losing
adult trees of these species in the region. For this reason, when slashing
the vegetation, we should avoid the removal of adult individuals of these
species, not only within agricultural lands, but also outside these areas.
Finally, we must recognize that in some places we may need to directly
plant individuals of these rare species to enrich areas/regions of the
forest where they are disappearing. In this sense, there are some suc-
cessful restoration efforts in the Caatinga forest, which have increased
the diversity of rare species and raised the species survival rate by 70 %
in degraded agricultural lands in the National Forest Acu Federal
Reserve, Rio Grande do Norte, Brazil (https://brazildry. wixsite.com/
treediv). Taken together, these complementary management strategies
can be valuable to promote the recovery of burned areas. Without these
strategies, forest recovery will largely depend on plant resprouting,
being biased to the few plant species that are able to resprout after fire
(see Barros et al., 2021; Ceccon et al., 2006; Cury et al., 2020; Kennard
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et al., 2002), significantly limiting the future diversity and composition
of this species-rich ecosystem.
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5 CONSIDERACOES FINAIS

Os resultados encontrados nesta tese sustentam a hipdtese de que a
agricultura de corte-e-queima pode limitar a regeneracéo florestal da Caatinga apés
agricultura de corte-e-queima, jA que impacta negativamente duas fontes de
regeneracao fundamentais que sdo a chuva e o banco de sementes. Ao contrario do
que ja foi proposto de que a agricultura de corte-e-queima seria uma atividade
sustentavel, este método agricola pode ter repercussdes negativas para a
regeneracao da floresta, e, portanto, para a sustentabilidade do sistema agricola.
Logo, a produtividade e sustentabilidade deste método de cultivo ndo pode depender
apenas da chuva e do banco de sementes, mas também da capacidade de rebrota
das plantas, que devera exercer um papel-chave impulsionando a regeneracéo inicial
da floresta.

A agricultura de corte-e-queima praticada na Caatinga tem caracteristicas
similares em outras regides de florestas secas do mundo em que as comunidades
humanas dependem ativamente da floresta como meio de subsisténcia. Como

resposta as secas frequentes, baixos indices de desenvolvimento humano (IDH),
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coronelismo e pouca assisténcia governamental, esse cenario de pobreza extrema
tem levado as populagdes do semiarido a dependerem cada vez mais da agricultura
de corte-e-queima para manter sua qualidade de vida. Logo, 0 uso continuado e em
longo prazo deste método a agricola deve ser ainda mais prejudicial em maiores
extensdes espaciais, pois o crescimento das populacdes humanas deve promover a
expansao espacial e tempos de abandono da terra cada vez mais curtos. Além disso,
a produtividade agricola e o sistema socioecoldgico baseado em exploragcédo e
agricultura de subsisténcia pode entrar em colapso no médio prazo, favorecendo o
desenvolvimento de vegetacdo arbustiva/estado inicial de regeneracao
biologicamente empobrecidos, que, junto com as mudancas climéticas (aumento de
temperatura e reducédo da precipitacao), podem acelerar o processo de desertificagéo
de florestas tropicais secas como a Caatinga.

Esta ameaca emerge com grandes desafios para propor caminhos alternativos
para explorar a floresta seca da Caatinga por meio de uma agricultura de corte-e-
queima mais sustentavel. Para isso sdo necessarias futuras investigacdes que
avaliem: 1) o impacto da agricultura de corte-e-queima em maiores escalas espaciais
e temporais; 2) o tempo de recuperacdo das fontes de regeneracédo; 3) se a rebrota
de plantas é suficiente para manter as funcdes do ecossistema e uso de recursos
florestais por populacdes humanas; 4) como processos e interacfes ecoldgicas sédo
impactados pela agricultura de corte-e-queima. Tendo em conta que o cenario de
dependéncia intrinseca entre as populacdes do semiarido e recursos florestais se
expande, os efeitos da agricultura de subsisténcia sobre a floresta seca da Caatinga
nao devem podem permanecer negligenciadas em estratégias de conservacao e de
melhores préticas produtivas no semiarido. Como medidas para promover uma
agricultura de corte-e-queima mais amigavel com a biodiversidade da floresta seca da
Caatinga e rumo a sustentabilidade e desenvolvimento rural no semiarido sugiro levar
em conta 0s seguintes quesitos:

1) Investigacdes e criacdo de estratégias agricolas mais sustentaveis (por
exemplo, enriquecer o banco de sementes ap0s o abandono da terra);

2) Investimento em planos de desenvolvimento rural que levem em conta
praticas de manejo mais amigaveis a biodiversidade (por exemplo, agricultura
agroecologica e regenerativa) porque melhoram a resiliéncia florestal e a prestacao

de servigos em escala regional,
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3) Desenvolvimento de fontes de renda alternativas focadas na melhoria da
qualidade de vida (e.g. artesanato, apicultura, ecoturismo, selo verde, pagamento por
servigos ecossistémicos, plantios perenes);

4) Aumento no numero de areas devotadas a conservacao, bem como a criagao
do plano de manejo delas.

Finalmente, a conservacdo da biodiversidade e manutencdo da qualidade de
vida das populagdes humanas na Caatinga carecem de investimentos/incentivos
governamentais, investigacdo cientifica de longo prazo e compromisso das
comunidades rurais para aumentar o potencial de resiliéncia e mudar o destino desta

floresta seca rica em espécies.
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