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RESUMO

A recuperagdo do solo ap6s perturbagdes é influenciada por diversos fatores, como o tipo de
solo, o tempo ap6s a perturbacdo e o seu histérico. Na Caatinga, uma floresta tropical
sazonalmente seca (FTSS), o crescimento populacional e a maior demanda por alimentos
tendem a reduzir os periodos de pousio apoOs praticas de corte e queima, intensificando
preocupacOes com a degradagédo do solo. Este estudo objetivou avaliar a regeneragéo do solo
na Caatinga pds-corte e queima, utilizando nematoides do solo como bioindicadores em uma
cronossequéncia de 4 a 45 anos. As amostras foram coletadas no Parque Nacional do Catimbau
- PE, que possui cerca de 607 km? de vegetacdo nativa da Caatinga. As amostras foram
coletadas em floresta secundaria (9 areas pds-perturbacdo) e em floresta madura (3 &reas nédo
afetadas). As areas foram categorizadas nos estagios inicial, intermediario, avancado e final de
regeneracdo. Os nematoides foram extraidos de 300 mL de solo por flotagdo-sedimentagéo-
centrifugagdo com solucdo de sacarose, identificados em nivel de género e classificados
segundo grupos troficos, escala c-p e guildas tréficas. Propriedades do solo também foram
analisadas. Ao todo, 37.717 nematoides pertencentes a 36 familias e 92 géneros foram
identificados. A abundancia, composicao e diversidade de nematoides variaram ao longo do
tempo, com predominancia de bacteri6fagos nos estagios mais avangados, afetando a biomassa
de carbono dos nematoides e as pegadas metabolicas da comunidade. Embora as propriedades
gerais do solo ndo tenham tido diferencas significativas, variagdes na densidade aparente,
conteudo de areia e umidade influenciaram a composi¢cdo taxonémica. As interacdes entre as
variaveis ambientais e os estagios da floresta foram significativas apenas para a biomassa de
carbono dos bacteridfagos e areia. No geral, os resultados sugerem que o prolongamento dos
periodos de pousio até o0s 45 anos ndo garante o desenvolvimento de um solo mais estruturado
e saudavel na Caatinga ap0s o distdrbio. A comunidade de nematoides se recupera rapidamente,
no entanto, as cadeias alimentares do solo se tornam enriquecidas ao invés de estruturadas. O
processo da regeneracdo do solo € predominantemente moldado por uma abundancia de
nematoides bacteridéfagos, que desempenham papel central na estruturacéo e fornecimento dos

principais servicos ecossistémicos da comunidade.

Palavras-chave: Regeneracdo; Nematoides; Bioindicadores; Floresta tropical sazonalmente

Seca.



ABSTRACT

Soil recovery after disturbances is influenced by various factors, such as soil type, time since
disturbance, and historical land use. In the Caatinga, a seasonally dry tropical forest (SDTF),
population growth and increased food demand tend to shorten fallow periods after slash-and-
burn practices, intensifying concerns about soil degradation. This study aimed to assess soil
regeneration in the Caatinga after slash-and-burn disturbances, using soil nematodes as
bioindicators in a chronosequence of 4 to 45 years. Samples were collected in the Catimbau
National Park — Pernambuco State, which covers approximately 607 km? of native Caatinga
vegetation. The samples were colletected in secondary forests (9 post-disturbance areas) and
mature forests (3 undisturbed areas). The areas were categorized into initial, intermediate,
advanced, and final regeneration stages. Nematodes were extracted from 300 mL of soil using
the flotation-sedimentation-centrifugation method with a sucrose solution, identified at the
genus level, and classified according to trophic groups, c-p scale, and trophic guilds. Soil
properties were also analyzed. A total of 37,717 nematodes belonging to 36 families and 92
genera were identified. Nematode abundance, composition, and diversity varied over time, with
a predominance of bacterivores in more advanced stages, affecting nematode carbon biomass
and the community’s metabolic footprints. Although most soil properties showed no significant
differences, variations in bulk density, sand content, and moisture influenced taxonomic
composition. The interactions between environmental variables and forest stages were
significant only for bacterivore carbon biomass and sand. Overall, the results suggest that
extending fallow periods up to 45 years does not ensure the development of a more structured
and healthy soil in the Caatinga after disturbance. The nematode community recovers quickly;
however, soil food webs become enriched rather than structured. The soil regeneration process
is predominantly shaped by an abundance of bacterivore nematodes, which play a central role

in structuring and providing key ecosystem services within the community.

Keywords: Regeneration; Nematodes; Bioindicators; Seasonally dry tropical forest.
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1. INTRODUCAO

A biota do solo é responsavel por diversos servi¢os ecossistémicos, atuando em processos
como a decomposi¢do de matéria organica, ciclagem de nutrientes, transferéncia de energia nos
niveis tréficos e formacgdo do solo (Brussard et al., 1997; Lee; Foster, 1991). Os disturbios
antropogénicos podem atuar sobre os ecossistemas alterando o uso da terra, modificando sua
estrutura e estabilidade, influenciando diretamente nessa fauna e seus servicos ecossistémicos
(Burton et al., 2022; De Vries et al., 2012).

A forma como o solo e sua fauna respondem e se recuperam de perturbacGes antropicas,
bem como o tempo envolvido para tal, tem sido um topico de importante debate em discussdes
ambientais (Fichtner et al., 2014; Parkhurst et al., 2021). Fatores como o tipo de solo, o tempo
apos a perturbacdo e o historico de perturbacdo influenciam a restauracdo da fauna e da satde
do solo (Brown; Lugo, 1990). Para as Florestas Tropicais Sazonalmente Secas (FTSS) esta
questdo é particularmente preocupante devido a intensa ocupagao humana e exploracao do solo,
que muitas vezes levam a degradacéo severa (Araujo et al., 2023). A Caatinga é uma FTSS que
possui um historico de exploragdo cronica em seu bioma, dentre elas a pratica da agricultura do
corte-e-queima (Silva et al., 2017) e o pousio reduzido (Kauffman et al., 1993; Sobrinho et al.,
2016), constituindo um cenario similar ao de outras florestas secas e levantando preocupacdes
sobre o0 estado da saude do solo apds essas praticas e as suas respostas ao tempo de regeneracao.

Dentre os organismos edaficos, os nematoides se destacam como um excelente modelo
de biota para compreender as respostas da cadeia alimentar do solo e inferir sobre os distarbios
aos quais o ambiente foi submetido. Suas caracteristicas incluem: a abundancia, sendo descritos
como os metazoarios mais abundantes do planeta (Hodda, 2022a); posi¢des-chave em diversos
niveis troficos, desempenhando papéis cruciais na decomposicao de matéria organica, ciclagem
de nutrientes -como o carbono e o nitrogénio- e a transferéncia de energia; além de ciclo e
estratégia de vida diversos, sendo muitos tdxons extremamente sensiveis e responsivos a
estresses e condi¢Ges ambientais (Ferris; Bongers; De Goede, 2001; Zhang et al., 2017).

Estudos anteriores ja investigaram areas em regeneracdo da Caatinga e seu impacto
sobre 0s nematoides em comparacao com outros usos do solo (Silva et al., 2020), mas o efeito
do tempo sobre as propriedades do solo e a comunidade de nematoides ainda é pouco
compreendido. De forma que este estudo busca avaliar como a regeneracao pos-corte-e-queima
ao longo do tempo influencia a estrutura da comunidade de nematoides e as funcdes

ecossistémicas que regulam, além de suas implicacbes para a satde do solo.



14

2. REFERENCIAL TEORICO

2.1 IMPORTANCIA DA BIOTA DO SOLO, SERVICOS ECOSSISTEMICOS E
RESPOSTAS A DISTURBIOS

A biota do solo desempenha um papel crucial no funcionamento dos ecossistemas.
Composta por uma diversidade de microrganismos, incluindo bactérias e fungos, além de fauna
microscopica e macroscopica como nematoides, colémbolos e minhocas, a biota do solo
participa de funcbes essenciais como a decomposicdo de matéria organica, ciclagem de
nutrientes, transferéncia de energia, bioturbacdo, regulacdo da fertilidade e mitigacdo dos
processos de degradacgéo do solo (Brussard et al., 1997; Lee; Foster, 1991). A interacdo da biota
edéafica com a biodiversidade acima do solo nédo so6 contribui para a estrutura e estabilidade dos
ecossistemas (Lee; Foster, 1991), mas também influencia as trajetorias de sucesséo ecoldgica,
promovendo e direcionando o desenvolvimento das comunidades vegetais por meio das
interacdes solo-biota (Bardgett; van Der Putten, 2014). Em ecossistemas aridos, organismos
como microartropodes, nematoides e acaros influenciam a decomposicdo da matéria organica
e a mineralizacdo do solo através da sucessdo temporal de suas comunidades, enquanto cupins
e formigas tém um papel significativo na formacdo do solo (Whitford, 1996), atuando em
processos fundamentais para a manutencdo da produtividade e resiliéncia dos ecossistemas
(Nielsen; Wall; Six., 2015), especialmente em ambientes sujeitos a estresse hidrico, destacando
a importancia da biota edafica na sustentabilidade dos ecossistemas terrestres.

Os diversos servicos ecossisttmicos e suas magnitudes sdo, em grande parte,
determinados pela abundancia, diversidade e biomassa da biota do solo (Bakker et al., 2019;
van der Hoogen et al., 2019). Estes, por sua vez, séo modulados por condi¢bes ambientais como
o clima, a disponibilidade de &gua, a estrutura do solo e a presenca de matéria organica (Burton
et al., 2022; De Vries et al., 2012). No entanto, os disturbios antropogénicos atuam como
agentes modificadores que alteram o equilibrio desses componentes, impactando diretamente
as funcdes ecoldgicas (Burton et al., 2022; De Vries et al., 2012; Fig.1). A conversdo de
florestas em pastagens, por exemplo, resulta em mudancas na vegetacdo e no perfil do solo, o
que afeta a composicdo das comunidades microbianas, reduzindo a biomassa e alterando 0s
perfis metabdlicos essenciais para as fun¢des do ecossistema (Nielsen; Wall; Six., 2015). O uso
do fogo em praticas agricolas, além de reduzir a abundancia e diversidade da fauna do solo pela
queima direta, altera as propriedades do solo, resultando no declinio de populagGes e

comprometendo as taxas de mineralizagdo e a conversdo de nutrientes (Arunrat et al., 2024). A
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intensidade de disturbios relacionados a agricultura tem um efeito diferencial sobre os
organismos, afetando intensamente os maiores, 0 que causa uma mudanga nas cadeias troficas
do solo, especialmente microbianas, deslocando redes dominadas por fungos para redes
bacterianas (Nielsen; Wall; Six., 2015). Transi¢des como esta, impactam diretamente as
dindmicas de nutrientes e 0s processos de decomposi¢do, resultando em alteracOes

significativas nos ciclos biogeoquimicos do ecossistema.

Figura 1. Diagrama das influéncias diretas e indiretas das mudancas globais nas comunidades
edaficas e sua retroalimentacdo. Linhas escuras indicam influéncia direta; linhas cinzas, efeitos das

comunidades no ambiente. Linhas solidas representam efeitos diretos; tracejadas, indiretos.
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————— - = [N;O]
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Estrutura § m Composigio
—_— ,
Carbono \ Biomassa
- - — —
Nutrientes Estrutura da cadeia
P | alimentar do solo

Fonte: Adaptado de Nielsen (2019).

2.2 NEMATOIDES DO SOLO COMO BIOINDICADORES
2.2.1 Classificacao, diversidade, morfologia, grupos tréficos

Os nematoides, vermes invertebrados do filo Nematoda Potts, 1932, estdo amplamente
distribuidos em ambientes marinhos, dulcicolas e terrestres, ocupando quase todos 0s
ecossistemas, com exce¢do de regides desprovidas de agua liquida, como os polos e 0s topos

de montanhas (Hodda, 2022a). O filo possui alta diversidade, englobando tanto espécies de vida
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livre quanto parasitas de plantas e animais de significativa relevancia econdmica e médica
(Moens et al., 2013). Atualmente, aproximadamente cerca de 30.000 espécies estdo descritas,
mas estimativas indicam que entre 500.000 e 10.000.000 permanecem desconhecidas (Hodda,
2022b). Devido a sua vasta distribuicdo e alta densidade populacional por metro quadrado
(Bardgett; van Der Putten, 2014), os nematoides sdo considerados o grupo animal mais
abundante do planeta (Bardgett; van Der Putten, 2014).

Na classificacdo dos nematoides, as classes Chromadorea Inglis, 1983 e Enoplea Inglis,
1983, apresentam ampla distribuicdo, ocorrendo nos trés principais habitats: marinho, dulcicola
e terrestre. No entanto, a maioria dos nematoides encontrados no solo pertence a classe
Chromadorea (De Ley, 2006). Dentro do filo Nematoda destacam-se as ordens Rhabditida
Chitwood, 1933 e Dorylaimida Pearse, 1942 (Hodda, 2022a), responsaveis pela maior parte das
populacgdes identificadas no solo.

Morfologicamente, a maioria dos nematoides é microscopica com menos de 1
milimetro, com excec¢éo de algumas espécies patogénicas, que sao visiveis a olho nu (Moens et
al., 2013). Possuem o corpo longo, estreito e cilindrico, com as extremidades alongadas,
afiladas, geralmente mais pronunciado na regido posterior em direcdo a cauda (Decraemer;
Coomans; Baldwin, 2013). Algumas excecbes ao formato do corpo sdo encontradas em
parasitas de plantas obrigatorios, os endoparasitas sedentarios, como o nematoide do cisto
(Heterodera Schmidt, 1871) e o das galhas radiculares (Meloidogyne Goeldi, 1892), onde os
corpos das fémeas dilatados de forma arredondadas, relacionados a sua nutricdo durante seu
desenvolvimento (Decraemer; Coomans; Baldwin, 2013; Ferraz; Brown, 2016; Fig. 2). A
disponibilidade e o periodo de alimentacdo exercem influéncia direta na determinacdo do
tamanho corporal dos nematoides, cujo crescimento ndo se restringe aos estadios juvenis, mas
se estende a fase adulta (Decraemer; Coomans; Baldwin, 2013). Em espécies maiores, como
parasitas animais, esse aumento ocorre predominantemente devido a endoreduplicacdo
somatica massiva (aumento celular), em vez da proliferacédo celular continua (Flemming et al.,
2000). J& em espécies do solo, a reducédo da variabilidade de fontes de alimento relacionadas as
propriedades do solo e vegetacdo, tendem a ter maior efeito sobre o diametro e comprimento

total destes organismos (Andriuzzi; Wall, 2018).
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Figura 2. Diagrama ilustrando as principais formas e tamanhos de nematoides parasitas de
planta.

(M —_:_) @ H

Fonte: Adaptado de Agrios, 2004.

A morfologia da regido anterior, da cavidade bucal e do es6fago do nematoide de solo
esta diretamente relacionada ao seu habito alimentar (Fig. 3), que permite sua classificacdo em
quatro grupos troficos principais: Bacteriofagos, Fungivoros, Parasitas de planta e Onivoros-
predadores (Bongers; Ferris, 1999). Nos nematoides bacteriéfagos a cavidade bucal ou “stoma”
€ um tubo vazio para ingestdo das células bacterianas, onde modificacGes na regido labial
permitem diferentes formas de obter sua fonte de alimento, seja por suc¢do ou raspagem
(Hodda, 2022c). Constituem o grupo trofico mais abundante nos solos (van der Hoogen et al.,
2019). Os nematoides fungivoros dispdem de um estilete delicado canaliculado, utilizado para
perfuracdo das células fungicas, secrecdo de enzimas e alimentacao (Ferraz; Brown, 2016). Nos
parasitas de plantas, a abertura oral também é dotada de um estilete, robusto, utilizado na
perfuracdo de células vegetais, e secrecdo de enzimas na alimentacdo (Ferraz; Brown, 2016).
Nematoides ectoparasitas se alimentam na superficie das raizes, enquanto endoparasitas
penetram nas raizes para se alimentar internamente (Ferraz; Brown, 2016). Nematoides destes
trés grupos tréficos se concentram em duas ordens principais: Rhabditida e Dorylaimida
(Ferraz; Brown, 2016). Onivoros-predadores reunem tanto 0s nematoides com dentes
proeminentes (predadores), quanto os que possuem um ondontoestilete (onivoros), um estilete
canaliculado robusto para perfuracéo e ingestdo de alimentos (Ferraz; Brown, 2016). As ordens
Dorylaimida e Mononchida Jairajpuri, 1969, sdo as mais representativas deste grupo trofico.
Os representantes da ordem Dorylaimida alimentam-se de outros nematoides, organismos de

igual tamanho, bem como de bactérias e fungos (Wood, 1973). Em contraste, os da ordem
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Mononchida s&o exclusivamente predadores, mas a maioria das espécies deste grupo (onivoro-

predadores) ndo apresenta seletividade quanto a fonte de alimento (Hodda, 2022c).

Figura 3. Classificagdo dos habitos alimentares de nematoides de acordo com a morfologia da
regido anterior. (a) Bacteriéfago, (b) Fungivoro, (c) Parasita de planta (d) Predador e (e) Onivoro.

Fonte: Adaptado de Ugarte e Zaborski (2020).

2.2.2 Estrategias de vida e indices dos nematoides

Os nematoides desempenham uma variedade de papéis no solo, que se refletem em suas
diferentes estratégias de vida, reproducéo, crescimento e alimentacdo (Li et al., 2017). Apesar
de serem organismos pequenos e simples, eles possuem uma notavel capacidade de adaptacao
a diferentes condicdes ambientais (Li et al., 2017). Possuem um conjunto complexo de
respostas de sobrevivéncia que lhes permitem completar seus ciclos de vida mesmo diante de
condicbes ambientais adversas, muitas vezes extremas, como aumentos drasticos de
temperatura (Wharton, 2002). Podem adotar modos de vida alternativos, como a onivoria, a
criptobiose (sobrevivéncia sem atividade metabolica detectavel), a dorméncia (metabolismo
reduzido) ou com a larva dauer (estadio de sobrevivéncia com metabolismo suprimido) (Li et
al., 2017; Wharton, 2002). Sua cuticula permeavel e a vida em filmes de agua tornam os
nematoides altamente sensiveis as variacdes ambientais (Bongers; Ferris, 1999), e como
resposta aos estimulos recebidos, podem retardar ou adiar seus ciclos de vida (Wharton, 2002).

Bongers (1990) avaliou as estratégias de vida dos nematoides e atribuiu uma escala de
1 a 5 aos taxons, com base nas caracteristicas de r-estrategistas e K-estrategistas (Quadro 1). A
escala, conhecida como colonizador-persistente (c-p), classifica os nematoides r-estrategistas
como aqueles que apresentam rapido aumento populacional em condicGes favoraveis, ciclo de
vida curto, alta capacidade de colonizacdo e maior tolerancia a distarbios, eutrofizacdo e
anoxibiose (Bongers, 1990). Por outro lado, os nematoides K-estrategistas sdo encontrados em
menores abundancias, possuem menor taxa de reproducdo, ciclo de vida mais longo, baixa

capacidade de colonizacdo e maior sensibilidade a distarbios ambientais (Goulart, 2009;
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Bongers, 1990). Os colonizadores (c-p 1) e persistentes (c-p 2) representam 0s extremos da

escala, enquanto outros taxons possuem caracteristicas intermediarias, como os da familia

Cephalobidae Filipjev, 1934, que podem substituir os nematoides da familia Rhabditidae Orley,

1880, como colonizadores, caso ocorra um decréscimo na abundéancia destes ultimos (Bongers,
1990; Ferris; Bongers; De Goede, 2001).

Quadro 1. Caracteristicas dos nematoides na classificagdo colonizador-persistente (c-p).

c-p

Estratégia de vida

Ciclo de vida curto, menor tamanho corporal, ovos pequenos e alta fecundidade.
Predominantemente bacteriofagos da familia Rhabditidae e Panagrolaimidae Thorne,
1937, alimentam-se em ambientes enriquecidos. Podem formar uma larva dauer quando

ha reducéo na disponibilidade de alimento.

Ciclo de vida mais longo e menor fecundidade que o grupo c-pl. Bastante tolerante a
condicdes adversas, podem adotar a criptobiose. Tendem a se alimentar de forma mais
deliberada a medida que os recursos diminuem. Composto em sua maioria por
bacteriofagos e fungivoros, como os das familias Cephalobidae e Aphelenchidae (Fuchs,
1937) Steiner, 1949.

Ciclo de vida mais longo que os do grupo c-p 2. Maior sensibilidade a perturbagdes

ambientais. Composto principalmente por fungivoros, bacteriéfagos e predadores.

Ciclo de vida mais longo que os do grupo c-p 3. Menor fecundidade e maior sensibilidade
a disturbios. Além dos outros grupos troficos, este inclui 0s onivoros menores e parasitas

de planta da familia Trichodoridae Thorne, 1935.

Ciclo de vida mais longo, maior tamanho corporal, menor fecundidade e maior
sensibilidade a perturbacdes que c-p 4. Formado predominantemente por onivoros e

predadores das ordens Dorylaimida e Mononchida.

Fonte: Adaptado de Ferris; Bongers; De Goede (2001).

Os estudos sobre indices baseados em nematoides ganharam destaque apds a cria¢do do

Indice de Maturidade (MI) por Bongers (1990). Esse indice foi desenvolvido para avaliar os

niveis de perturbacdo no ambiente, considerando apenas a abundancia e as estratégias de vida

de taxons ndo parasitas (Du Preez et al., 2022). Com o tempo, o0 MI passou por modificacdes

(Du Preez et al., 2022), e novos aprimoramentos foram feitos por Ferris et al. (2001) e Ferris

(2010), que ampliaram estas ferramentas para avaliar o estado dos ecossistemas do solo (Du
Preez et al., 2022).
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Ferris, Bongers e De Goede (2001) expandiram o conceito de estrutura funcional das
comunidades, inicialmente proposto por De Goede, Bongers e Ettema (1993). Eles
classificaram as cadeias alimentares do solo em trés categorias principais: basais, enriquecidas
e estruturadas, com base nas estratégias de vida e nos dados de biomassa dos nematoides,
considerando o nivel de familia ou género (Du Preez et al., 2022; Fig. 4).

o Cadeia alimentar basal: caracterizada pela reducdo de tdxons devido ao estresse
ambiental, como limitacGes de recursos ou condi¢cdes adversas. Nesses ambientes,
predominam nematoides c-p2, como os das familias Cephalobidae Filipjev, 1934 (Ba2)
e Aphelenchidae Fuchs, 1937 (Fu2) (Ferris; Bongers; De Goede, 2001).

o Cadeia alimentar estruturada: ocorre em ecossistemas com recursos abundantes ou
em regeneracao, apresentando maior complexidade na estrutura da comunidade e mais
conexdes troficas. Nessa categoria, destacam-se nematoides dos grupos c-p3 a c-p5,
incluindo as familias Prismatolaimidae Micoletzky, 1922 (Ba3), Mononchidae Filipjev,
1934 (Ca4), Dorylaimidae De Man, 1876 (Om4) e Qudsianematidae Jairajpuri, 1965
(Omb) (Ferris, Bongers; De Goede, 2001).

e Cadeia alimentar enriquecida: surge logo apos um distarbio, quando ha um aumento
na disponibilidade de recursos. Esse ambiente € dominado por nematoides bacteriofagos
oportunistas (Bal), pertencentes as familias Rhabditidae Orley, 1880, Panagrolaimidae
Thorne, 1937 e Diplogastridae Micoletzky, 1922 (Ferris; Bongers; De Goede, 2001).

Figura 4. Guildas funcionais classificadas pelo habito alimentar e pela escala colonizador-
persistente (c-p) dos nematoides, com os valores numéricos baseados em biomassa e estratégias de

vida. Siglas: Bacteridfagos (Ba), Fungivoros (Fu), Carnivoros/predadores (Ca), Onivoros (Om).
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Outros indices diagndsticos derivados dessa categorizacdo (El, Sl, BI, CI) permitiram
verificar a disponibilidade e enriquecimento de nutrientes no solo, além de estrutura e
complexidade da cadeia alimentar (Fig. 5). Outra contribuicdo de Ferris foi o desenvolvimento
das Pegadas Metabdlicas (MFs) (2010), uma abordagem que estima a magnitude das funcoes
ecoldgicas e dos servicos ecossistémicos desempenhados pelos nematoides com base em sua
abundancia, peso corporal médio e consumo de carbono. Essa metodologia combina métricas
existentes para o célculo de biomassa de nematoides baseado em seu formato do corpo
(Andréssy, 1956), com informacdes sobre ciclos de vida (consumo de carbono em diferentes
fases da vida) e classificagdo funcional na escala c-p (Ferris, 2010; Bongers, 1990). Séo
categorizadas em diferentes tipos: a pegada de composi¢cdo (Composite footprint), que
considera a totalidade da comunidade de nematoides; a pegada de enriquecimento(enrichment
footprint), associada a nematoides indicativos de condicdes enriquecidas (c-p 1-2); a pegada de
estrutura (structure footprint), vinculada a nematoides indicativos de estabilidade e
complexidade estrutural (c-p 3-5); e pegadas especificas relacionadas aos grupos tréficos, como
a herbivora (ou de parasitas de plantas, herbivory footprint), bacteriéfaga (bacterial footprint)
e fangica (fungal footprint), que séo indicadoras de carbono e energia que entram nas teias
troficas através de seus canais de decomposicdo (Ferris, 2010). A abordagem quantitativa
robusta destes indices permite analises detalhadas da estrutura e funcdo dos ecossistemas,
destacando o papel essencial dos nematoides nos processos ecologicos e na provisao de servicos

ecossistémicos (Ferris, 2010).
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Figura 5. indices dos nematoides estabelecidos por Ferris (2001) e informagdes inferidas a
partir dos indicadores da cadeia alimentar do solo.

Indice Abreviacio Amplitude Indicadores
Indice de FI 0-30 Comunidade  empobrecida de  nematoides
enriquecimento bacteriofagos. Pouca entrada de matéria orginica

labil efou fertilizantes. Baixa participagio das
bactérias na mineralizagio de nutrientes. Baixa
fertilidade.

30-60 Medios a altes aportes de matéria organica l1abil
e/ou fertilizantes. Decomposicieo da matéria
orginica de moderada a rapida. Fertilidade de
média a alta.

60-100  Decomposigio rapida, alta fertilidade. Poucos
aportes de matéria orginica complexa.

Indice de Canal CI 0-30 Poucos inputs de matéria orginica complexa
Baixa participacdo filngica na mineralizacio de
nutrientes. Baixo sequestro de C em formas
complexas de C.

30-60 Entrada média a alta de matéria orginica
cotaplexa. Participacio média a alta dos fungos na
decomposicio da matéria organica.

60-100  Alta participagio fongica na mineralizacdo de
nutrientes. Taxas lentas de decomposicio de
matéria orginica.

Indice Basal BI 0-30 Auséncia de perturbacio do solo, cadeia alimentar
do solo preservada

30-60 Presenca de alguns indicadores de perturbacio do
solo. Na faixa superior (BI = 30), a cadeia
alimentar do solo esta empobrecida.

60-100  Cadeia alimentar do solo dominada por
indicadores de perturbacio. A cadeia alimentar do

solo foi seriamente danificada
Indice de ST 0-30 Cadeia alimentar do solo altamente perturbada,
estrutura com desenvolvimento restrito de niveis troficos

superiores e alta sensibilidade a surtos de pragas.

30-60 Cadeia alimentar do solo moderada a altamente
desenvolvida, apresentando boas condigbes para
nivels troficos superiores e resisténeia media a alta
a surtos de pragas.

60-100 Cadeia alimentar do solo altamente estruturada,
com baixa sensibilidade a surtos de pragas e alta
resiliéncia,

Fonte: Adaptado de Sanchez-Moreno; Ferris, 2018.

2.2.3 Servicos ecossistémicos e respostas as mudancas ambientais

Os nematoides interagem de diversas maneiras com outros organismos em varias teias
troficas, contribuindo para processos essenciais como a decomposicdo de material organico,
ciclagem de nutrientes (carbono e nitrogénio), e a transferéncia de energia entre 0s niveis
troficos (Coleman e Wall, 2015; Hodda, 2022c; van den Hoogen et al., 2019; Wall et al., 2012).
Sensiveis as alteracfes em seus habitats, esses organismos respondem rapidamente a
perturbacdes ambientais e antropogénicas, modificando a sua abundancia, diversidade,
composicao, biomassa e atividade metabolica da comunidade de nematoides no ambiente em
que estdo inseridos (Bongers, 1990; Ferris; Bongers; De Goede, 2001; Yeates; Bongers, 1999;

Ferris, 2010; Silva et al., 2021). Especificamente, entre os grupos troficos, os nematoides
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bacteriéfagos e fungivoros desempenham papéis cruciais na decomposicéo da matéria organica
do solo (Ferris; Bongers; De Goede, 2001). Os bacteriofagos se alimentam de bactérias em
decomposicdo, contribuindo para a diversidade e fertilidade do solo ao liberar nitrogénio na
forma de amdnia, que é entdo utilizado pelas plantas (Trap et al., 2015) e os fungivoros liberam
nitrogénio ao consumir tecido fangico (Ugarte; Zaborski, 2020). Os bacteriéfagos ainda
estimulam a atividade microbiana, regulando a estrutura das comunidades microbianas (Salinas
et al., 2007; Trap et al., 2016). J& os onivoros-predadores controlam as populacGes de outros
organismos, como nematoides e protozoarios, influenciando a ciclagem de nutrientes e
participando do controle biolégico (Ferris, Sdnchez-Moreno; Brennan, 2012; Goulart, 2009).
Nematoides sdo influenciados por fatores ambientais, como o conteido de matéria
organica no solo e o clima (van den Hoogen et al., 2019). Em biomas ricos em matéria organica,
como florestas boreais e tundras, apresentam densidades elevadas, enquanto em ambientes
aridos, como o Saara, suas densidades séo significativamente menores (van den Hoogen et al.,
2019). Essa densidade afeta diretamente seu papel trofico nos ecossistemas. Globalmente,
estima-se que a abundancia de nematoides no solo atinja 4,4 £ 0,64 x 10? individuos, o que
representa aproximadamente 0,3 gigatoneladas de carbono em biomassa e contribui¢éo de cerca
de 0,14 gigatoneladas de carbono emitidas mensalmente por respiracdo (van den Hoogen et al.,
2019). Os padroes de distribuicéo regional determinam o impacto diferencial dos nematoides
no ciclo global de carbono, destacando sua relevancia ecoldgica em escalas variadas (van den
Hoogen et al., 2019). Além dos padrbes ambientais, modificacbes no uso da terra e nas
propriedades do solo refletem mudancas na estrutura e composi¢do das comunidades de
nematoides, influenciando os niveis de enriquecimento e a estrutura da cadeia alimentar do solo
(Silva et al., 2021). Na Caatinga, por exemplo, a conversao de florestas nativas em areas de
cultivo tem levado a uma reducdo na pegada metabolica e uma maior simplificacdo da cadeia
alimentar do solo, enquanto o estabelecimento de florestas secundéarias tem promovido a
recuperacdo trofica e o aumento na complexidade da cadeia alimentar, evidenciando a

importancia da regeneracdo ambiental para a salde dos ecossistemas (Silva et al., 2020).

2.2.4 Aspectos de amostragem e identificacdo dos nematoides

A coleta e a extracdo de nematoides utilizam métodos relativamente simples e eficazes
para atingir os objetivos estipulados. O delineamento amostral é ajustado a distribui¢do dos
nematoides no solo, com as coletas realizadas de forma sistematica ou aleatéria, com solo sendo
retirado geralmente até 30 cm de profundidade, onde se concentra a maior parte desses

organismos (Goulart, 2009). Em geral, realiza-se a coleta de amostras compostas, formadas por
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varias subamostras que garantem maior representatividade da area analisada (Goulart, 20009,
Fig.6) Para isso, subamostras sdo coletadas em &reas homogéneas quanto ao tipo de solo,
historico de uso da terra e topografia (com o auxilio de pas, enxadas ou trados) e misturadas em
um recipiente grande para compor a amostra representativa (Goulart, 2009). Metodologias
simples, como os métodos de separacdo por diferencas de densidade e centrifugacdo em
laboratdrio (Flegg; Hooper, 1970; Jenkins, 1964), facilitam a extragdo dos nematoides do solo.
Em procedimentos de identificacdo, devido a transparéncia da cuticula dos nematoides, é
possivel a observacdo direta de seus 6rgdos internos, possibilitando, em muitos casos, sua

identificacdo sem a necessidade de analises bioquimicas (Bongers; Ferris, 1999).

Figura 6. Esquemas de amostragem para coleta de nematoides: (A) formato quadrado com cinco
subamostras (Mattos, 1999); (B) zigue-zague (Barker, 1985); (C) circulos concéntricos com doze

subamostras (Cares; Huang, 2008). Cada circulo preenchido indica um ponto de coleta.
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Fonte: Goulart, 2009.
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2.3 MUDANCAS NO USO DA TERRA NA CAATINGA E SUAS IMPLICAQC)ES SOBRE
A SAUDE DO SOLO

A Caatinga é um bioma exclusivamente brasileiro, caracterizada por um mosaico de 13
fisionomias distintas e uma vasta gama de densidades de vegetacao lenhosa (Silva et al., 2017).
Esta regido sofre com perturbacdes antropogénicas significativas, como a pecuaria, extracao de
madeira e agricultura de subsisténcia (Rito et al., 2017). Uma das préticas agricolas comuns é
a chamada “corte-e-queima”, que envolve o desmatamento da vegetacdao nativa seguido pela
queima da biomassa vegetal para preparar o solo para cultivo (Silva et al., 2017). Apos o
esgotamento dos nutrientes do solo e o0 abandono da terra, inicia-se um periodo de pousio ou
descanso da terra para permitir a recuperacdo da area degradada até que novos ciclos de
producéo agricola se iniciem (Silva et al., 2017). No entanto, os periodos de pousio na Caatinga
tém sido relativamente curtos para permitir uma recuperacdo adequada do solo, geralmente
menos de 15-20 anos (Kauffman et al., 1993; Sobrinho et al., 2016) enquanto que o estimado
para a recuperacao seria 40 a 50 anos em florestas secundarias tropicais (Brown; Lugo, 1990).
O crescimento populacional e o aumento da demanda alimentar na regido levantam
preocupacdes sobre a reducéo adicional desses periodos de descanso da terra (Silva; Barbosa,
2017) que influenciariam a degradacdo do solo. Embora esforcos estejam sendo feitos para
entender a recuperacdo de areas degradadas na Caatinga, a maioria dos estudos ainda se
concentra nas comunidades acima do solo, como as de plantas, observando mecanismos de
regeneracdo das florestas e fatores que influenciam nestas trajetorias (Barros et al., 2021; Rito
et al., 2017; Sobrinho et al., 2016). Estudos com a biota edafica no gradiente de regeneracéo
tem se restringido em sua maioria a insetos, como as formigas que se mostram resilientes ao
disturbio (Bombi-Haedo et al., 2025), havendo entdo lacunas no entendimento da biota do solo,
0 que dificulta a avaliacdo do estado do solo e dos servicos ecossistémicos fornecidos por essa
biota apds distlrbios antropogénicos. Andlises integradas sobre o estado e a qualidade do solo

sdo essenciais para melhorar a compreensao e a preservacdo dos ecossistemas em regeneracao.
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3. OBJETIVOS

3.1. OBJETIVO GERAL
e Avaliar o processo de regeneracdo em areas de floresta secundaria apés agricultura de
corte-e-queima, com idades 4 a 45 anos, através da comunidade de nematoides em

relacdo a sua estrutura taxonémica, funcional e atividade metabdlica.

3.2 OBJETIVOS ESPECIFICOS
e Avaliar o efeito dos estagios das areas de floresta secundaria sobre a abundancia, a
diversidade e a composicdo dos nematoides;
e Avaliar a atividade metabolica e funcbes ecossistémicas das diferentes guildas
funcionais dos nematoides nas areas de floresta secundaria;
e Auvaliar a relacdo entre as propriedades fisicas e quimicas do solo e a estrutura

taxondmica e funcional da comunidade de nematoides em areas de floresta secundaria.

4, HIPOTESES

(1) A abundancia e a diversidade dos nematoides irdo aumentar com o tempo dos
estagios de regeneragéo;

(2) A composicdo taxonémica e as pegadas metabdlicas serdo afetadas pelo tempo das
areas e as propriedades do solo, se tornando mais estruturadas;

(3) As propriedades fisicas do solo terdo impacto mais significativo sobre os nematoides

do que as propriedades quimicas.

S. METODOLOGIA, RESULTADOS E DISCUSSAO

As coletas ocorreram no Parque Nacional do Catimbau, Pernambuco, em areas de
regeneracdo apoOs corte-e-queima e floresta nativa. Os resultados revelaram um aumento
proporcionalmente maior de nematoides do grupo tréfico bacteriéfago, influenciando as
pegadas metabolicas da comunidade. Esse aumento esta relacionado ao estagio de regeneracéo
florestal, a maior arenosidade do solo e ao desenvolvimento da vegetacdo. Os detalhes da
metodologia, assim como, todos os resultados e discussédo estdo presentes no anexo localizado

no final desta dissertacdo, o qual representa a mesma em formato de artigo ja submetido.
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6. CONCLUSOES

Este estudo investigou o efeito do tempo apds o distlrbio de corte-e-queima e das
propriedades do solo sobre a estrutura da comunidade de nematoides e seus Servicgos
ecossistémicos na Caatinga. Identificamos que propriedades como teor de areia, densidade
aparente e umidade do solo, em conjunto com a sucessao florestal, influenciaram de maneira
direta e indireta a estrutura da comunidade de nematoides e suas pegadas metabdlicas. Com o
tempo, a comunidade se caracterizou por um aumento da abundéancia de nematoides
bacteriéfagos e uma reducdo dos nematoides onivoro-predadores, resultando em uma cadeia
alimentar do solo mais enriquecida, porém menos estruturada. No decorrer disso, concluimos
que, na cronossequéncia analisada, a regeneracdo da Caatinga ndo resultou em altos niveis de

estruturacdo da cadeia alimentar do solo.

Ressaltamos o0 papel central dos nematoides bacteriofagos na formacéo da estrutura da
comunidade de nematoides e na oferta de servicos ecossisttmicos, especialmente na
contribuicéo para as pegadas metabolicas de carbono durante o processo de regeneragédo. Esses
nematoides desempenham uma funcéo essencial no ciclo de nutrientes da Caatinga, sendo
frequentemente o grupo tréfico de maior relevancia nesse bioma. Concluimos que o
monitoramento continuo da fauna edafica é fundamental para compreender as interacdes entre
o0s organismos do solo e seu ambiente, contribuindo para uma recuperacdo mais equilibrada e
sustentavel dos ecossistemas da Caatinga apds disturbios e enfatizamos a importancia dos

nematoides como bioindicadores cruciais dos processos ecoldgicos do solo.
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ABSTRACT

Soil recovery after disturbance depends on various factors such as disturbance intensity, time
since disturbance, and soil properties. In dry forests, population growth and increasing food
demand can lead to shorter fallow periods following slash-and-burn practices, raising concerns
about soil degradation. In this context, the aim of this study was to assess the regeneration of
Caatinga dry forest soils following slash-and-burn agriculture, using soil nematodes as a proxy
of soil biota across a 4-45-year chronosequence. We analyzed changes in secondary forest
(post-disturbance, 9 areas) and native Caatinga (unaffected, 3 areas) from samples collected in
the Catimbau National Park, Pernambuco, northeastern Brazil. We recorded 37717 nematodes
in 92 genera from 36 families. Nematode abundance, composition, and genera dominance
varied over time, with bacterivores nematodes prevailing in later stages, influencing carbon
biomass and nematode metabolic footprints. Soil properties remain unchanged, but variations
in bulk density, sand, and soil moisture still influence nematode taxonomic composition.
Overall, our findings indicated that longer fallow periods do not necessarily lead to soil recovery
in this dry forest. In the Caatinga, soil nematode communities recover quickly after
disturbances; however, the soil food webs become more enriched rather than structured. The
regeneration process is primarily shaped by an abundance of bacterivorous nematodes, which

play a key role in providing most ecosystem services.
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1. Introduction

The recovery of soil services and soil fauna following anthropogenic disturbance in secondary
forests has become a persistent focal point in environmental discussions (Fichtner et al., 2014;
Parkhurst et al., 2021), highlighting concerns about the required recovery time for previously
disturbed ecosystems and the resurgence of new disturbed environments (Moreno-Mateos et
al., 2017). Soil recovery is influenced by various factors, including fallow period, climate, soil
type, and disturbance history (Brown and Lugo, 1990). This issue is particularly concerning for
Seasonally Dry Tropical Forests (SDTFs) due to intense human occupation and soil
exploitation, which often lead to severe degradation (Araujo et al., 2023). The pressure for land
agriculture and other activities frequently results in incomplete recovery of these areas (Eaton
and Lawrence, 2009), compromising ecosystem's health. Additionally, areas that were
previously left fallow for longer periods are now being reused in shorter intervals (Eaton and
Lawrence, 2009; Delang et al., 2016), not allowing the soil to adequately recover (Eaton and
Lawrence, 2009). This practice can reduce the soil's ability to sustain biodiversity and
agricultural productivity in the long term (Eaton and Lawrence, 2009).

The Caatinga forest is a mosaic of 13 different physiognomies spanning a broad range of woody
plant densities found exclusively in northeastern Brazil (Silva et al., 2017). Similar to other
SDTFs, Caatinga experiences significant anthropogenic disturbance from activities such as
livestock farming, timber harvesting, and subsistence farming (Rito et al., 2017). Slash-and-
burn agriculture practice, which involves clearing native forests and burning plant biomass to
use its residues for crop cultivation, is well documented in the region (Silva et al., 2017). As
soil nutrient content declines and the land is abandoned, a fallow period begins to recover the
degraded area until new cycles of crop production initiate (Silva et al., 2017). However, fallow
periods in the Caatinga have been relatively short for the necessary soil recovery, less than 15-
20 years (Kauffman et al., 1993; Sobrinho et al., 2016), and growing population and increased
food demand in the region (Silva and Barbosa, 2017) raise concerns about the further reduction
of these fallow periods. Efforts have been made to understand how degraded areas recover from
disturbance; however, most studies focus on aboveground communities, such as plant
communities, showing mechanisms driving succession regeneration trajectories and the factors
that influence them (Sobrinho et al., 2016; Rito et al., 2017; Barros et al., 2021). Studies

focusing on belowground biota in the Caatinga have been less frequent, mostly done with
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insects. Some patterns observed in ants were resilience and rapid recovery from disturbance
(Bombi-Haedo et al., 2025), and dung beetles were shown to have relatively impoverished
assemblages being dominated by a few generalist taxa (Filgueiras et al., 2021).

However, while insect-based studies have been insightful, soil nematodes can be considered a
better model of underground soil biota, providing valuable insights into the disturbances
experienced by soil ecosystems due to their roles in the soil food web. They are highly
responsive to environmental changes, which makes them excellent indicators for assessing the
impact of disturbances on soil ecosystems (Ferris et al., 2001). Their characteristics include
their abundance, being described as the most abundant metazoans on the planet (Hodda, 2022);
their key positions in most trophic levels, contributing to organic matter decomposition, nutrient
cycling, and energy transfer (Neher, 2010). In addition to diverse life cycles and strategies,
many taxa are highly sensitive and responsive to environmental stresses and conditions,
allowing them to adjust their abundance, body biomass, selectivity, and metabolic processes
(Ferris et al., 2001; Ruess and Ferris, 2004; Zhang et al., 2017). Changes in forest cover and
soil properties can influence nematode abundance, composition, and metabolic footprints
(YYeates, 2007; Silva et al., 2020; Silva et al., 2021). Extreme practices, such as the use of
machinery or burning, along with the removal of plant biomass, can change soil properties, lead
to declines in nematode abundance and diversity, as well as shifts in their composition (Yeates,
2007; Silva et al., 2020), which may reflect in their metabolic footprints (Silva et al., 2021).
Grasslands and dry forests, which already exhibit a higher proportion of bacterivore nematodes,
can have a greater increase due to human management, which induces changes in soil dynamics
(Silva et al., 2021; Li et al., 2022). Time after disturbance also acts as a filter for soil nematode
community structure, often changing the status of previously stressed environments to show
signs of recovery as the nematode community becomes more complex over time (Ferris et al.,
2001; Silva et al., 2020; Huang et al., 2023). As such, for Caatinga’s previously disturbed areas,
a soil nematode community analysis could significantly enhance our understanding of soil fauna
and soil health dynamics, especially during the fallow periods in this biome.

In this study, we aim to assess the impact of regeneration in secondary forest stages and soil
properties on the abundance, diversity, composition, and metabolic footprints of nematode
communities in a chronosequence of dry secondary Caatinga forest areas following slash-and-
burn disturbances. We hypothesize that: (1) Nematode abundance and diversity will increase
along the chronosequence; (2) The taxonomic composition of nematodes and metabolic
footprints will be influenced by the stage and soil properties; (3) The physical properties of the

soil will have a more significant impact on nematodes than the chemical properties.
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2. Material and methods

2.1. Study area

The study was conducted in the Catimbau National Park (8°24'00” and 8°36'35" S; 37°0'30"
and 37°1'40"” W), in Pernambuco state, northeastern Brazil. The park is part of the Caatinga
domain, covering an area of 607 km? of the native dry tropical forest. The climate in the region
is semiarid with a mean annual temperature of 23°C (Rito et al., 2017). The annual rainfall
ranges from 1100 mm in the southeast to 480 mm in the northwest (Rito et al., 2017). The park
is mainly composed of sandy quartzolic soils (about 70%) (Rito et al., 2017), and the vegetation
includes shrubs and small trees (Rito et al., 2017), with the most representative are the vascular
plant families Leguminosae and Euphorbiaceae and herbaceous families Poaceae, Asteraceae,
and Cyperaceae (Athié-Souza et al., 2019; Oliveira et al., 2023).

The park is still in the process of government acquisition (Specth et al., 2019), so the original
residents remain and practice their economic activities such as raising livestock, extracting
forest products, and “slash-and-burn” subsistence agriculture (Rito et al., 2017; Specth et al.,
2019), a practice that involves the removal of native vegetation followed by burning to prepare
the soil for cultivation (Silva et al., 2017). After the depletion of soil nutrients and the
abandonment of the land, a fallow period begins to allow the recovery of the degraded area until
new agricultural production cycles begin (Silva et al., 2017).

2.2. Soil sampling and nematode inventory

Soil samples were collected in May 2016, during the rainy season, from 12 plots, each
measuring 50 x 20 meters and separated by at least 2 km. These plots were selected based on
different land use types and histories: nine plots of secondary forest regenerating after
abandonment of slash-and-burn agriculture, with successional ages ranging from 4 to 45 years,
and three plots of native forest with no history of agriculture. Both areas were combined to
create a chronosequence, with stages divided into SF1/initial (4-7 years), SF2/intermediary (17-
20 years), SF3/advanced (37-45 years), and SF4/final (native forest). In each plot, three soil
samples for fauna analysis and one sample for soil properties analysis were collected. Each
sample was a composite from five randomly located sampling points, spaced 10 meters apart.
Sub-samples were collected with a cylindrical collector at a depth of 0-30 cm, mixed, and a
1000 ml aliquot was packed in a polyethylene bag labeled with sample information.
Nematodes were extracted from soil samples using a mix of flotation, sedimentation, sieving,
and centrifugal sucrose flotation techniques (Flegg and Hooper, 1970; Jenkins, 1964).
Nematodes were initially preserved in a 3% formalin solution diluted in distilled water. They

were then dehydrated using the glycerine-ethanol method (Seinhorst, 1959), which allows the
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gradual infiltration of glycerine to prevent shrinkage. This process clarifies internal structures,
making organs like gonads more visible. Finally, the nematodes were mounted on permanent

glass slides with a paraffin ring for long-term preservation and analysis.

The abundance was measured as individuals per 100 mL of soil. About 100 nematodes per
sample were identified to the genus level using an inverted microscope at 40x and 100x
magnification. They were categorized into functional groups based on their trophic roles, such
as bacterivores, fungivores, plant parasites, and omnivore-predators (Yeates et al., 1993; Ferris,
2023). Additionally, they were classified according to their life-course strategies on the
colonizer-persister scale (c-p 1-5), with groups 1-2 referred to as "enrichment opportunists”,
with short generation times, high fecundity, tolerance to disturbances- resembling r-strategists,
and groups 3-5 resembling K-strategists due to their longer life cycles, larger bodies, lower
reproduction rates, and sensitivity to environmental disturbances (Bongers, 1990; Bongers and
Bongers, 1998).

After identification, the length and maximum body diameter of all identified adult nematodes
in each soil sample were measured using an ocular micrometer. Nematode fresh weight was
calculated using the formula:

W = (L3 * D?) / (1.6 * 10%) (1)
where W is the fresh weight (ug) of a nematode, and L and D are its body length (um) and
greatest body diameter (um), respectively (Andrassy, 1956; Ferris, 2010). Assuming the dry
weight of a nematode is 20% of its fresh weight and that carbon (C) constitutes 52% of the dry
weight (Ferris, 2010), the total nematode biomass C was calculated as

52 % x 20 % Wt/100 (ug ml %) (2)
where Wt is the fresh body weight (Ferris, 2010). To evaluate the magnitude of ecosystem
functions provided by nematodes of the soil food web across different forest stages, the

nematode metabolic footprint (NMF) was calculated using the following formula:

NMF = Z(Nt(0.15-+ 0.273(W°7))) (3)

t

where Nt is the number of taxa in each trophic group of interest, Wt represents the body weight
and mt is the cp values of genus t, respectively (Ferris, 2010). The NMF was divided into:
enrichment footprint (efootprint), representing the metabolic footprint of nematodes that
respond rapidly to resource enrichment (c-p 1-2); structure footprint (sfootprint), representing
the metabolic footprint of higher trophic levels (c-p 3-5) that regulate the food web, indicative
of similar function organisms in the non-nematode community; bacterial footprints (BF

footprint), fungal footprints (FF footprint), and plant parasite footprints (PP footprint), which
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indicate the C and energy entering the soil food web through their respective channels (Ferris,
2010).

2.3. Environmental variables

Soil samples were sent to the Instituto Agrondémico de Pernambuco (IPA) laboratory for
analysis of chemical and physical properties, following the methods outlined by EMBRAPA
(2011). After statistical analysis, the selected variables were bulk density, sand, silt, clay, pH,
soil moisture, and cation-exchange capacity (CEC), as these are key soil components, correlate
with nematode communities (Silva et al., 2020), and exhibit minimal or no multicollinearity.
Bulk density was measured using the compliant cavity method. Soil texture classes were
determined using the densimeter method. Soil moisture was assessed gravimetrically by drying
samples at 105°C for 24 hours. Soil pH was measured in a 1:2.5 soil-water suspension (using
water, KCI, or CaCl?) with a combined electrode potentiometer. The cation-exchange capacity
(CEC) was determined using the 1 mol L™ KCI method.

2.4. Data analyses

We assessed multicollinearity among soil variables using the "cor()" function in R to generate
a correlation table and the "vif" function from the "car" package to calculate the Variance
Inflation Factor. Differences in soil properties along the chronosequence were analyzed using
univariate analysis of variance (ANOVA) or the Kruskal-Wallis test, depending on the
fulfillment of normality and homogeneity assumptions, in R version 4.1.1 (R Core Team, 2021).
We calculated the total abundance (individuals/100 ml™ of soil), carbon biomass (ug/ml™), and
total metabolic footprints (ug C/ml™") of nematodes and their functional groups from the study
plots. Diversity was measured using Hill numbers (q = 0, 1, 2), which integrate both species
richness and evenness (Chao et al., 2014). Specifically, q0 represents species richness, gl
corresponds to the exponential of Shannon entropy, weighting common species more heavily,
and g2 is the inverse of the Simpson index, emphasizing the most dominant species.

We applied one-way ANOVA and Kruskal-Wallis tests to evaluate differences in abundance,
carbon biomass, metabolic footprints, and diversity across study areas, following normality and
homogeneity assessments in R version 4.1.1 (R Core Team, 2021). Post-hoc tests were
conducted after observing differences, to determine which groups differed significantly.

To examine potential differences in the taxonomic composition of nematode communities
across experimental forest areas, we performed Non-Metric Multidimensional Scaling (hnMDS)
based on the Bray-Curtis similarity matrix (individuals/100 ml™! of soil), followed by
PERMANOVA. Additionally, PERMANOVA was used to assess similarity between areas in
R version 4.1.1 (R Core Team, 2021).
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To investigate the influence of soil properties on the nematode community, we conducted
multivariate analyses in PRIMER v6 (Clarke and Gorley, 2006), including a Canonical Analysis
of Principal Coordinates (CAP) with a 9999-permutation test to identify environmental
gradients. Additionally, we applied Generalized Linear Models (GLMs) with a Gamma error
distribution and a log link function to evaluate the effects of temporal changes and soil
properties on nematode carbon biomass and metabolic footprints (ug C/ml™), including
efootprint, sfootprint, BF footprint, FF footprint, and PP footprint. Each response variable was
modeled separately using GLMs in R version 4.1.1, with overdispersion diagnostics performed
for all models. Finally, to further explore significant model results, we conducted pairwise
comparisons of factors and their interactions using the "emmeans” package with the Tukey
method.

3. Results

3.1. Chronosequence effect on soil properties

Only the sand percentage varied significantly among the areas (P < 0.05), while bulk density,
clay content, residual soil moisture, pH, and cation-exchange capacity (CEC) showed no
significant differences (P > 0.05, Table 1). Sand levels were highest in SF3, followed by SF4,
SF2, and SF1. These results indicate an impoverished sandy soil across forest stages.

3.2. Structure and composition of nematode community

A total of 37,717 soil nematodes were counted across 92 different genera (Table S1). The
predominant families were Cephalobidade (22 genera), Aporcelaimidae (6 genera),
Qudsianematidae (6 genera), and Rhabditidae (6 genera). Throughout all stages of regeneration,
23 genera were consistently present, and SF1, SF2, SF3, and SF4 harbored 56, 46, 60, and 50
genera, respectively. Notably, Acrobeles and Xiphinema were the dominant genera across all
regeneration stages, contributing significantly to the feeding composition (under Trophic
group’, bacterial and omnivore, Table S1) with percentages of approximately 9% and 20% in
SF1, to 33% and 13% in SF2, 21% and 21.6% in SF3, and 13.3% and 23.8% in SF4.

The total abundance of nematodes differed among the stages of forest regeneration (X?=17.700,
df=3, p=0.0005). The highest nematode abundance was recorded in SF2, with 13,105
nematodes, whereas the lowest abundance was found in SF4, with 6,556 soil nematodes (Fig.
1). The nematode trophic groups also differed in all stages (Bacterivores: X?=13.656, df=3,
p=0.003; Fungivores: X?=14.044, df=3, p=0.002; Omnivore-predators: X?=9.958, df=3,
p=0.018), except for plant parasites (X?=2.943, df=3, p=0.400). The distribution of trophic

groups also shifted across the stages of forest regeneration. Bacterivores were predominant in
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SF2 (52.91%), followed by SF4 (55.81%), SF3 (44.68%), and SF1 (22.39%). Omnivores were
higher in SF1 (48.68%), followed by SF3 (26.62%), SF2 (19.09%), and SF4 (16.79%).
Fungivores were higher in SF1 (3.25%), followed by SF3 (2.57%), SF2 (1.78%), and
SF4(0.18%). Plant parasites were higher in SF4 (27.16%), followed by SF3 (26.17%), SF2
(26.13%), and SF1 (25.72%).

Nematode mean diversity for the Hill’s numbers did not differ among secondary forests, except
for the order 2D (X?=8.845, df=3, p=0.031). Mean diversity in this order was higher in the first
three stages of the secondary forest (SF1, SF2, and SF3) than in the mature stage — SF4 (P
<0.05; Fig. 2. Table S2).

3.3. Effect of soil properties on nematode taxonomic composition

The taxonomic composition of the nematode community varied significantly across different
types of secondary forests (NMDS, PERMANOVA: all, P=0.001*** Fig. 3). The
PERMANOVA pairwise tests indicated that the taxonomic stages of the stages SF1, SF2, and
SF3 were more similar to each other compared to the mature stage of the secondary forest, SF4
(P<0.05. Table S3).

CAP analysis showed that the set of variables that most influenced the community over the
years was bulk density, sand, and soil moisture, indicating a clear separation of the nematode
community in the chronosequence (Permutation test=0.0001, Fig. 4). SF1 showed a varied
dynamic around bulk density vector, part of the community in SF2 was associated with
moisture, and another part with CEC and sand. SF3 was mainly concentrated around sand and
SF4 around sand and CEC. Sand was the vector with the most clustered areas, from
communities in SF2, SF3, and SF4.

3.4. Effect of soil properties and forest stage on nematode carbon biomass and metabolic
footprints

The total carbon biomass and trophic groups of nematodes did not differ among the areas,
except for bacterivores, higher in SF2 and SF4 (P<0.05, Fig. 5, Table 2). Among the metabolic
footprints, only efootprint and BFfootprint were significant, higher in SF2 and SF4 (P<0.05,
Table 2), while sfootprint, FFfootprint, and PPfootprint did not show differences (P>0.05, Table
2).

The effect of environmental variables on nematode carbon biomass was significant only for
bacterivores, influenced by sand (P<0.05, Table S5.). There was no effect between soil variables

and regeneration stages on the nematode metabolic footprints (P>0.05, Table S5).

4. Discussion
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4.1. Chronosequence effects on soil properties

Our results showed that most soil variables did not change during secondary dry forest
regeneration in the Caatinga. Among the variables studied, only the sand percentage exhibited
significant changes. This increase in sand content over the years may be linked to the initial
exposure of the soil after the slash-and-burn processes that favored erosion processes and loss
of smaller particles (Fachin et al., 2021), as well as the low amount of organic matter input in
Caatinga regenerating dry forests (Kulka et al., 2024; Menezes et al., 2024) that does not allow
soil aggregates to form (Huang and Hartemink, 2020). Corroborating with previous research,
bulk density, residual moisture, clay, silt, pH, and CEC, did not change and remained low and
consistent across study areas, likely due to the inherent properties of sandy soils (Huang,
Hartemink., 2020), as well as Caatinga’s biome characteristics - season, precipitation- that

influence soil profile development (Barros et al., 2021; Kulka et al., 2024; Menezes et al., 2024).
4.2. Chronosequence effect on soil nematode abundance and community structure

Changes in soil nematode abundance and community composition linked to the regeneration
process in secondary forests after land abandonment have been studied in various scenarios
(Silva et al., 2020; Zhang et al., 2023). The most common pattern observed is an increase in
soil nematode abundance from the initial to mid-forest regeneration stages, followed by a
decrease in the later stages, correlated to soil physical characteristics and vegetation growth
(Zhang et al., 2023). Similar findings were observed in this study, where total soil nematode
abundance was highest in SF2 and lowest in SF4, with both plant-parasitic and bacterivorous
nematodes showing a decreasing pattern toward the later stages of forest regeneration, partially
agreeing with our first hypothesis. Nematode trophic composition also changed along the forest
stages, with SF1 being dominated by omnivore-predator nematodes and shifting to primarily
bacterial nematodes in SF2, SF3, and SF4.

Concerning trophic groups, our results are consistent with previous reports that suggest, that
depending on the nature of the disturbance, as long as soil fauna is not completely eliminated,
bacterivore nematodes, especially cp2, may become dominant in secondary succession
(Bongers and Bongers, 1998; Han¢l, 2003). Changes in soil nutrient status and microbial
activity resulting from plant reorganization and alterations in soil properties lead to an increase
in the abundance of nematode groups, particularly general opportunistic r-strategist nematodes,
which become dominant in the process (Bongers and Bongers, 1998; Silva et al, 2020).

Variations in the abundance of fungivorous and plant-parasitic nematodes along with forest
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regeneration may be related to the quality of organic input, such as plant litter and root exudates
over the years (Ferris and Matute, 2003; Van Eekeren et al., 2009). Fungivorous nematodes rely
on more complex organic resources (Ruess and Ferris, 2004), and the dominance of shrubs and
small trees during Caatinga’s regeneration (Barros et al., 2021) may have affected their
abundance. Previous findings have reported that plant-parasitic nematodes are positively
correlated with the fine root mass of shrubs, changing their abundance according to the
availability of food resources (Van Eekeren et al., 2009). Omnivore-predator abundance,
however, receives limited influence from plant roots and exudates (Viketoft et al., 2009), being
mainly influenced by the lower abundance of their prey and alterations in soil properties. Due
to their sessile habit and permeable cuticle, omnivore-predators are relatively sensitive to soil
composition (Bongers and Bongers, 1998). In our study, which covers a 0-30 cm layer of soil
profile, the increase in sand content and reduction in moisture may have negatively affected
their abundance over the years.

Contrary to our expectations, soil nematode diversity did not increase with the regeneration,
except order 2D in Hill numbers for the early to advanced stages. Implying that more abundant
genera are similar in these forest stages. This might be explained by the significant changes in
resource availability for soil nematodes during forest succession in the Caatinga. For example,
Barros et al. (2021) reported that even though plant diversity changed with forest age, the
presence of many genera from Fabaceae and Euphorbiaceae families distributed across all
environments, regardless of regeneration time or the level of chronic anthropogenic
disturbance, resulted in a certain degree of phylogenetic homogenization of plant assemblages
throughout the regeneration process. Another important fact is that nematodes tend to recover
quickly from disturbance (Holtkamp et al, 2008), having only observed significant changes in
diversity when exposed to extreme treatments, such as slash-and-burn with a lack of plant
biomass (Bloemers et al., 1997), which is not the case of our research.

As we expected, soil nematode taxonomic composition did change over the years, resulting in
distinct clusters for each stage. The difference observed among the study areas may be related
to variations in the abundance or absence of certain nematode genera. These primarily included
the abundance of the generalist bacterivores from the family Cephalobidae and the generalist
plant parasite Xiphinema; and the absence of omnivore-predators from the family
Aporcelaimidae (Yeates et al., 1993; Bongers and Bongers, 1998). The adaptability of the
Cephalobidae family to dry regions and dry forests has been well documented (Papatheodorou
et al., 2004, Nielsen et al., 2014, Silva et al., 2020). Acrobeles’s high abundance specifically

has been reported by Silva et al. (2020) in the Caatinga secondary forest, related to its tolerance
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to dry semi-arid environments, dispersal and colonial ability, and reproductive response. As for
plant parasites, specifically Xiphinema, the high abundance in our study was related to the
native vegetation. The spread of the genus and its polyphagous range has been well documented
in Brazil, not only in agricultural areas but also related to shrubs and small trees of Cerrado and
Caatinga (Oliveira et al., 2003; Caixeta et al., 2023). As for omnivorous-predators presence in
this forest succession, it may be related to the soil water status (Hanél, 2010) across stages,
relatively more present in SF1. Generally, the nematode composition indicated a highly
unstable soil nematode structure along forest regeneration, as observed in previous studies,
related to soil properties and resource availability (Francini et al., 2018; Wang et al., 2021).
However, pairwise tests revealed that despite high alpha diversity, beta diversity was lower,
with few genera changing between stages. This differs from the final stage, where a significant
turnover of genera was observed. As such, other environmental variables might influence
nematode composition, such as litter accumulation, root exudates, and soil properties (Zhang et
al., 2023), placing a different taxonomic composition at the final stage of the dry forest.

4.3. Correlation between soil properties and nematode community taxonomic composition
Nematode community structure can be influenced not only by the plant biomass but also by soil
properties (Goede and Bongers, 1994; Hanél, 2010), as they directly and indirectly influence
above and below-ground soil biota (Salamun et al., 2017). Similarly, our results revealed an
environmental gradient influencing the taxonomic structure of soil nematodes during
regeneration, with physical properties playing the predominant role, which supports our third
hypothesis. CAP analysis indicated that the soil properties that most contributed to shaping the
nematode community were lower bulk density (BD), sand content, and soil moisture, acting as
a filter for soil nematode genera. SF1 for example showed a varied dynamic around the BD
vector. However, for this area we registered the lower values of BD, meaning that for this
community, these lowered values influenced their composition. Reduction of bulk density
generally can be associated with an increase in organic matter content and higher soil moisture
levels which may improve movement and reproduction of nematodes (Yeates and Bongers,
1999). Similar can be deduced from SF2, which had a separate effect from soil moisture, sand
and also CEC. This stage had the highest abundance in our study. Soil opportunists' nematodes
reacted to these environmental variables (e.g. bacterivore and plant-parasitic nematodes), and
multiplied rapidly. From SF3 to SF4 sand content restricted more soil nematode composition,
lowering the abundance of some genera and favoring more bacterivores and plant parasitic

nematodes, such as Hemicycliophora (Olabiyi et al., 2009) in SF4. But soil nematode
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composition also received a separate effect from other soil properties, with BD in SF3, and CEC
and pH in SF4, which may have influenced other less abundant nematode taxa.

4.4. Effects of soil properties and forest stage on nematode carbon biomass and metabolic
footprints

In our study, we found that only the biomass C of bacterivores, BFfootprint, and efootprint were
affected by forest regeneration, while other nematode footprints did not differ among areas. The
stages SF2 and SF4 exhibited the highest biomass C values for bacterivores, which positively
correlated with the increasing pattern of sand content compared to the other trophic groups in
the same stages. The non-significance of the other groups may be also correlated to the changes
in environmental variables, whereas not only the reduction in moisture and sand content but
also the food resources may restrict genera of fungivore, plant-parasite, and omnivore-
nematodes (Bongers and Bongers, 1998). The BFfootprint indicated that resource assimilation
in the nematode faunal web occurred primarily through the bacterial channel. Similar findings
were reported by Silva et al. (2021), where the predominance of the nematode bacterial family
Cephalobidae, due to their adaptative ability in this dry forest, influenced decomposition by
regulating the population density and metabolic activity of bacteria. As we observed the same
abundance and composition in this study, we can also conclude that this family is dominant and
correlated to this metabolic footprint. As for the values of efootprint and sfootprint, we can
conclude that Caatinga regeneration did not lead to higher levels of structure as expected but
maintained a relatively highly unstable enrichment environment and lower structure levels,
mainly related to the input of soil food resources into soil food web (Ferris et al., 2001). The
efootprint varied along forest succession, being higher in SF2 and SF4. This fluctuation may be
correlated to the changes in environmental conditions (e.g., organism mortality from reduced
abundance, turnover in SF3 to SF4, and environmental shifts related to the environmental
variables) (Ferris et al., 2001). The resulting surge in microbial activity from these changes may
influence bacterial-feeding enrichment opportunists (Bal), such as the families Rhabditidae,
Panagrolaimidae, and Diplogasteridae, leading to higher levels of energy assimilation (Ferris et
al., 2001). In general, environmental variables did not have a direct effect on soil nematode

metabolic footprints but indirectly interacted with them in the soil food web.

5. Conclusions
This study accentuated soil nematodes' importance as bioindicators of soil health in the forest
Caatinga regeneration. Soil properties such as sand, bulk density, and soil moisture along with

forest succession, directly and indirectly played an important role in shaping the soil nematode
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community structure and metabolic footprints. We conclude that Caatinga’s regeneration in a
chronosequence of 4-45 years did not show high levels of structure. The nematode faunal web
is enriched, with inputs of soil food resources and changes in environmental variables during
regeneration driving changes in nematode composition and its role in nutrient cycling. Soil
bacterivore nematodes contributed the most to the changes in the soil nematode community,
shaping its structure and its contribution to ecosystem services through their metabolic
footprints.
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Table 1. Mean values (£SD) of soil physical and chemical properties in the secondary forest stages, in the Catimbau National Park, Pernambuco,

Brazil.

Secondary forest stages

Soil properties ~ Variables SF1 SF2 SF3 SF4 p -Value Test
Physical Bulk density (g/cm?®) 1.59+0.01 1.64+0.04 1.65+0.07 1.61+0.02  0.419 Kruskall-Wallis
Clay (%) 4.0+0.0  4.0+00  4.0+0.0  4.0+0.0
Sand (%) 47.6x11.7 59.3+0.02 73.6+3.51 69.3+3.51 0.009 ANOVA
Silt (%) 2+0.80 3.3+x2.17  2.6+1.80 3+1.50 0.862 Kruskall-Wallis
Chemical Residual soil moisture (%) 0.73+x0.06 0.61+0.10 0.35+0.18 0.68+0.21  0.117 ANOVA
pH 5.3+0.0 5.840.40 5.6+0.20 5.5+0.10 0.295 ANOVA
Cation-exchange capacity (cmolc/dm?3) 4.6£0.45 3.840.31 5.43+2.20 3.23x0.78  0.305 ANOVA

Data were presented as a means of the replicatexstandard deviation (SD). Forest stages: SF1 (47 years, Initial), SF2 (17-20 years, Intermediate),
SF3 (37-45 years, Advanced), SF4 (Native forest, Final). Significant result in bold.
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Table 2. Mean values of soil nematode biomass carbon (ug ml™) and metabolic footprints

(umltsoil) in secondary forest stages in the Catimbau National Park, Pernambuco, Brazil.

Secondary forest stage

Biomass C and metabolic P-

footprints SF1 SF2 SF3 SF4  value Test
Biomass C of total nematode 32,22 5247 28.64 3312 0.076 Kruskal-Wallis
Biomass C of bacterivores 15.00 23.88 14.35 17.58 0.008 ANOVA
Biomass C of fungivores 1.04 09 030 025 0.238 ANOVA
Biomass C of plant parasites 269 3183 297 102 0.337 ANOVA
Biomass C of omnivore-

predators 13.48 17.02 11.02 14.24 0.561 ANOVA
efootprint 48.14 77.22 37.23 53.66 0.011 ANOVA
sfootprint 35.07 19.11 20.64 29.30 0.811 ANOVA
BFfootprint 4419 7426 36.17 53.07 0.019 ANOVA
FFfootprint 395 296 118 0.86 0.092 Kruskal-Wallis
PPfootprint 754 1022 835 288 0.725 ANOVA

Forest stages: SF1 (47 years, Initial), SF2 (17-20 years, Intermediate), SF3 (37-45 years,

Advanced), SF4 (Native forest, Final). Significant results are in bold.
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Figures caption

Fig.1. Soil nematode abundance per 100 ml™ of soil across Caatinga secondary forest stages in
the Catimbau National Park, Pernambuco, Brazil. Trophic group: (A) Bacterivores, (B)
Fungivores, (C) Omnivore-predators, (D) Plant parasites, and (E) Total nematodes. Forest
stages: SF1 (47 years, Initial), SF2 (17-20 years, Intermediate), SF3 (3745 years, Advanced),
SF4 (Native forest, Final). Different letters in the boxplots indicate statistically significant
differences at P<0.05.

Fig. 2. Boxplot of diversity in Hill numbers across forest stages in Catimbau National Park,
Pernambuco, Brazil. Forest stages: SF1 (4—7 years, Initial), SF2 (17-20 years, Intermediate),
SF3 (37-45 years, Advanced), SF4 (Native forest, Final). Different letters in the boxplots
indicate statistically significant differences at P<0.05.

Fig. 3. Non-metric multidimensional scaling ordination (NMDS), based on the Bray-Curtis
similarity index, showing nematode community taxonomic composition in a chronosequence
in the Catimbau National Park, Pernambuco, Brazil. Each shape represents replicates. Forest
stages: SF1 (47 years, Initial), SF2 (17-20 years, Intermediate), SF3 (37-45 years, Advanced),
SF4 (Native forest, Final).

Fig. 4. Canonical analysis of principal coordinates (CAP) ordination plot illustrating the
canonical axes that best discriminate the nematode taxonomic community across environmental
variables in the study area. Forest stages: SF1 (4-7 vyears, Initial), SF2 (17-20 years,
Intermediate), SF3 (37-45 years, Advanced), SF4 (Native forest, Final).

Fig.5. Total carbon biomass for total nematode and each trophic group (ug ml™) across forest
stages in the Catimbau National Park, Pernambuco, Brazil. Forest stages: SF1 (4-7 years,
Initial), SF2 (17-20 years, Intermediate), SF3 (37-45 years, Advanced), SF4 (Native forest,

Final). Different letters in the boxplots indicate statistically significant differences at P<0.05.
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Table S1. Secondary forest stages ages and location samples in the Catimbau National Park,
Pernambuco, Brazil. Areas: SF1 (4—7 years/Initial), SF2 (17-20 years/ Intermediate, SF3 (37—
45 years/Advanced), and SF4 (Native forest/ Final).

Coordinates

Areas Forest stage age Stage Lat (°) Long (°)

SFIA A Initial | 8°3314.83"S 37°1523.33"0
SF1B 6 Initial  8°30'32.90"S 37°15'36.23"0
SF1C 7 Initial 8°33'41.25"S 37°14'10.65"0
SF2A 17 Intermediary 8°33'44.22"S 37°15'27.04"0
SF2B 18 Intermediary 8°31'7.82"S 37°14'20.38"0
SF2C 20 Intermediary 8°30'18.83"S  37°16'36.44"0
SF3A 37 Advanced 8°33'19.90"S 37°13'58.52"0
SF3B 40 Advanced  8°30727.53"S 37°18'51.40"0
SF3C 45 Advanced ~ 8°29'7.58"N  37°19'15.56"0
SF4A more than 45 Final 8°28'23.74"N 37°19'55.16"0
SF4B more than 45 Final 8°29'40.99"N 37°20'43.94"0
SFAC more than 45 Final 8°30'22.36"N 37°21'14.65"0
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Table S2. Relative abundance of nematode genera across secondary forest stages in Catimbau
National Park, Pernambuco, Brazil. Trophic groups: BA — Bacterivores, FU — Fungivores, PP
— Plant parasites, OM-PR — Omnivore-predators. Forest stages: SF1 (4—7 years, Initial), SF2
(17-20 years, Intermediate), SF3 (37-45 years, Advanced), SF4 (Native forest, Final).

Secondary forest stage

Family Genus Trophic group c-p value SF1 SF2 SF3 SF4
Cephalobidae Acrobeles BA 2 9.01 32.96 20.91 13.29
Cephalobidae Acrobeloides BA 2 3.70 6.18 2.75 1.91
Cephalobidae Acrolobus BA 2 0.04 0.00 0.00 0.03
Cephalobidae Cephalobus BA 2 1.20 2.77 0.79 27.18
Cephalobidae Cervidellus BA 2 0.00 0.00 0.26 0.09
Cephalobidae Chiloplacus BA 2 0.00 0.37 0.00 0.00
Cephalobidae Crassolabium BA 1 1.34 0.00 0.73 0.99
Cephalobidae Cribronema BA 2 0.06 0.00 0.33 0.14
Cephalobidae Deficephalobus BA 2 0.00 0.00 0.00 0.09
Chambersiellidae  Diastolaimus BA 2 0.00 0.00 0.00 0.03
Diplogasteridae Diplogasteriana BA 1 0.00 0.00 0.30 0.00
Rhabditidae Diploscapter BA 1 0.00 0.05 0.00 0.00
Cephalobidae Drilocephalobus BA 2 200 440 1.76 4.18
Cephalobidae Elaphonema BA 2 0.06 0.00 0.00 0.00
Plectidae Ereptonema BA 2 0.37 0.34 0.05 0.00
Cephalobidae Eucephalobus BA 2 0.29 0.18 0.46 0.03
Cephalobidae Heterocephalobellus BA 2 154 1.09 199 0.82
Chambersiellidae ~ Macrolaimus BA 2 0.00 0.00 0.00 0.15
Panagrolaimidae Medibulla BA 1 0.00 0.05 0.83 0.32
Rhabditidae Mesorhabditis BA 1 0.29 0.95 311 281
Cephalobidae Metacrobeles BA 2 0.00 0.00 0.63 0.31
Monhysteridae Monhystera BA 1 0.57 0.00 0.00 0.00
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0.00
0.00
0.00
0.09
0.00
0.09
0.07
0.00
1.02
0.00
0.68
0.00
0.00
0.22
1.26
0.33
0.00
0.00
0.00
9.82
0.00
0.13

0.00
0.06
0.70
0.49
0.03
3.04
0.70
0.34
0.00
0.80
0.00
0.00
0.00
0.10
0.33
1.14
0.16
0.14
2.48
0.20
1.04
1.34
0.00
0.14
0.10
1.63
0.09
0.05

62

0.11
0.00
0.46
0.00
0.00
0.23
0.00
0.00
0.47
0.00
0.08
0.00
0.00
0.00
1.34
0.38
0.46
0.93
0.00
0.09
0.06
0.03
0.00
0.06
0.00
0.00
0.23
0.00



Longidoridae
Longidoridae
Dolichodoridae
Criconematidae
Hoplolaimidae
Pratylenchidae
Hoplolaimidae
Dolichodoridae
Longidoridae
Actinolaimidae
Aetholaimidae
Mydonomidae
Aporcelaimidae
Aporcelaimidae
Aporcelaimidae
Aporcelaimidae
Belondiridae
Belondiridae
Leptonchidae
Nygolaimidae
Qudsianematidae
Mydonomidae
Dorylaimidae
Qudsianematidae
Nordiidae

Qudsianematidae

Longidoroides
Longidorus
Merlinius
Mesocriconema
Aorolaimus
Pratylenchus
Rotylenchulus
Tylenchorhynchus
Xiphinema
Actinca
Aetholaimus
Agmodorus
Akrotonus
Aporcelaimellus
Aporcelaimium
Aporcelaimus
Axonchium
Belaxellus
Caveonchus
Clavicaudoides
Discolaimus
Dorylaimoides
Dorylaimus
Ecumenicus
Enchodelus

Eudorylaimus

Tylencholaimellidae Goferus

Leptonchidae

Gymnotyleptus

PP
PP
PP
PP
PP
PP
PP
PP
PP

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

OM-PR

w wWw W W W w O

E N . > T N ~ N - S = N SN

0.00
0.10
0.24
0.00
0.04
0.04
1.42
0.71

0.08
0.46
0.26
0.00
0.15
0.00
2.18
0.00

0.00
0.00
0.56
0.00
0.11
0.00
1.75
0.14
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0.00
0.00
1.13
0.03
0.00
0.61
1.36
0.00

19.96 13.08 21.60 23.76

0.00
0.04
1.21
7.95
0.87
0.00
6.30
0.06
0.00
0.00
0.00
2.29
0.00
0.25
0.57
0.00
0.00
0.00
0.00

0.00
0.00
1.43
0.08
0.00
0.00
1.43
0.00
0.05
0.00
0.00
2.38
0.00
0.00
0.00
0.00
2.75
0.80
0.00

0.00
0.00
2.58
3.10
0.58
0.00
2.03
0.15
0.00
1.99
0.81
2.88
0.24
0.49
0.00
0.00
0.00
0.00
0.36

0.26
0.00
0.98
2.30
0.00
0.29
2.88
0.00
0.00
0.00
0.00
1.22
0.00
0.00
0.00
1.43
0.64
0.00
0.00



Qudsianematidae
Qudsianematidae
Aporcelaimidae
Mononchidae
Actinolaimidae
Paraxonchiidae
Crateronematidae
Mononchidae
Qudsianematidae
Nordiidae
Dorylaimidae
Tripylidae

Aporcelaimidae

Labronema
Latocephalus
Makatinus
Mononchus
Paractinolaimus
Paraxonchium
Poronemella
Prionchulus
Qudsianema
Oriverutus
Torumanawa
Tripyla

Tubixaba

Tylencholaimellidae Tylencholaimellus

OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR
OM-PR

0.38
1.57

0.00
0.00

12.98 3.69

0.04
0.24
6.12
0.00
0.00
1.30
3.52
0.00
0.00
1.64
0.00

0.00
0.19
0.00
0.81
0.00
1.57
1.81
0.49
0.00
0.18
1.45

0.00
0.00
2.83
0.00
0.00
0.00
0.00
0.46
1.98
1.45
0.00
3.34
0.35
0.29
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0.75
0.00
1.76
0.00
0.12
0.08
0.58
0.00
0.00
0.00
0.00
0.78
0.00
1.72
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Table S3. Hill numbers for each replicate of secondary forest stages (SF) in Catimbau National

Park, Pernambuco, Brazil: 0 (q0, species richness), 1 (g1, exponential entropy of Shannon), and

2 (g2, inverse Simpson concentration). Forest stages: SF1 (47 years, Initial), SF2 (1720 years,

Intermediate), SF3 (3745 years, Advanced), SF4 (Native forest, Final).

Areas qo ql g2
SF1Al 13 6.33 5.01
SF1A2 16 7.58 5.69
SF1A3 18 8.24 6.13
SF1B1 15 7.52 5.28
SF1B2 16 5.79 3.61
SF1B3 23 10.04 6.61
SF1C1 22 11.04 6.48
SF1C2 15 10.38 8.7
SF1C3 26 15.38 1242
SF2Al 19 13.3 11.31
SF2A2 20 11.94 8.96
SF2A3 19 7.22 4.37
SF2B1 14 7.78 5.86
SF2B2 10 5.49 451
SF2B3 16 6.62 3.85
SF2C1 11 5.68 3.49
SF2C2 11 4.68 3.05
SF2C3 15 5.83 3.47
SF3Al 23 9.97 7
SF3A2 21 1254 9.91
SF3A3 17 9.22 6.46
SF3B1 22 10.35 6.69
SF3B2 16 8.55 6.01




SF3B3
SF3C1
SF3C2
SF3C3
SF4A1
SF4A2
SF4A3
SF4B1
SF4B2
SF4B3
SF4AC1
SF4C2
SFAC3

13
12
23
20

14
14
22
25
11
21
18
19

512  4.05
5.17  3.56
10.81 6.44
6.31 3.32
284  1.83
286  1.75
2.29 1.48
598 295
6.07  2.77
433  2.77
12.48 9.3

836 5.74
899  5.07
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Table S4. Pair-wise comparison of permutational multivariate analysis of variance
(PERMANOVA) in secondary forest areas in the Catimbau National Park, Pernambuco,
Brazil. Forest stages: SF1 (4-7 years, Initial), SF2 (17-20 years, Intermediate), SF3 (37-45

years, Advanced), SF4 (Native forest, Final). Significant results in bold.

Permanova

Pairwise Comparisons t-value P (perm) Permutations

SF1vs SF2

SF1vs SF3

SF1vs SF4

SF2 vs SF3

SF2 vs SF4

SF3 vs SF4

1.141

1.234

1.678

1.015

1.768

1.402

0.232

0.059

0.002

0.413

0.001

0.011

977

982

973

976

981

974
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Figure S1. Heatmap displaying the correlation between soil variables after removing highly
correlated ones. Asterisks indicate the selected variables based on the Variance Inflation Factor

(VIF) analysis.
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Table S5. Summary of Gaussian GLM to model the nematode bacterivore carbon biomass

response to sand variable across secondary forest stages in the Catimbau National Park,

Pernambuco, Brazil.

Model parameter Estimate  SE tvalue p
Intercept 1.511127 0.356862 4.234 0.0133*
STAGESF2 2.157202 0.812588 2.655 0.0567
STAGESF3 -1.183337 1.840663 -0.643  0.5553
STAGESF4 1.834356 1.736742 1.056 0.3504
Sand 0.024539 0.007340 3.343 0.0288 *
STAGESF2:Sand -0.032903 0.014278 -2.304 0.0825
STAGESF3:Sand 0.007117 0.025570 0.278 0.7946
STAGESF4:Sand -0.031447 0.025570 -1.230 0.2862

Significance levels: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

Table S6. The emmeans difference table for pairwise comparison between secondary forest

stages in the Catimbau National Park, Pernambuco, Brazil for GLM model in Table S4. The

results indicate no significant effects of sand and stage on nematode carbon bacterivore

biomass. Values are given on the log (not the response) scale.

Comparison Contrast estimate SE tratio  P-value
SF1 - SF2 -0.101 0.152 -0.661  0.9066
SF1 - SF3 0.739 0.311 2.377 0.2237
SF1 - SF4 0.131 0.223 0.588 0.9308
SF2 - SF3 0.839 0.294 2.859 0.1417
SF2 - SF4 0.232 0.198 1.168 0.6743
SF3 - SF4 -0.607 0.336 -1.810 0.3861
SF1 Sand62.5- SF2 Sand62.5 -0.101 0.152 -0.661  0.9066
SF1 Sand62.5- SF3 Sand62.5 0.739 0.311 2.377 0.2237



SF1 Sand62.5- SF4 Sand62.5

SF2 Sand62.5- SF3 Sand62.5

SF2 Sand62.5- SF4 Sand62.5

SF3 Sand62.5- SF4 Sand62.5

0.131

0.839

0.232

-0.607

0.223

0.294

0.198

0.336
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0.588  0.9308
2.859  0.1417
1.168  0.6743
-1.810 0.3861

Table S7. Post-hoc Tukey test results for comparisons of sand across secondary forest stages

in the Catimbau National Park, Pernambuco, Brazil. Forest stages: SF1 (4—7 years, Initial), SF2
(17-20 years, Intermediate), SF3 (37-45 years, Advanced), SF4 (Native forest, Final).

Comparison Difference Lower Upper padj. p.adj. significance

SF2-SF1
SF3-SF1
SF4-SF1
SF3-SF2
SF4-SF2
SF4-SF3

11.67
26.00
21.67
14.33
10.00
-4.33

-7.34 30.67
6.99 45.01
2.66 40.67
-4.67 33.34
-9.01 29.01
-23.34 14.67

0.276
0.010
0.027
0.151
0.390
0.882

ns

*

*

ns
ns
ns

Significance levels: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).



Table S8. Dunn's pos-hoc results for nematode abundance in secondary forest areas in the
Catimbau National Park, Pernambuco, Brazil. Areas: SF1 (4-7 years / Initial), SF2 (17-20
years / Intermediate), SF3 (37-45 years / Advanced), and SF4 (Native forest / Final).

Trophic group Comparison Z score P.unadj. P.adj. P.adj.significance
Bacterivores SF1-SF2  -3.6692 0.0002 0.0015 *x
SF1-SF3 -1.4655 0.1428 0.8568 ns
SF1-SF4  2.2038 0.0275 0.1652 ns
SF2-SF3  -1.6221 0.1048 0.6287 ns
SF2-SF4  2.0472 0.0406 0.2439 ns
SF3-SF4  -0.1566 0.8755 1.0000 ns
Fungivores SF1-SF2  0.2256 0.8215 1.0000 ns
SF1-SF3  0.9022 0.3669 1.0000 ns
SF1-SF4  3.3382 0.0008 0.0051 xx
SF2-SF3  0.6767 0.4986 1.0000 ns
SF2-SF4  3.1127 0.0019 0.0111 *
SF3-SF4 2436 0.0149 0.0891 ns
Omnivore-predators SF1-SF2  0.9844 0.3249 1.0000 ns
SF1-SF3 14319 0.1522 0.913 ns
SF1-SF4  3.0875 0.002 0.0121 *
SF2-SF3  0.4475 0.6545 1.0000 ns
SF2-SF4  2.1031 0.0355 0.2127 ns
SF3-SF4  1.6556 0.0978 0.5868 ns
Plant parasites SF1-SF2  0.1902 0.8491 1.0000 ns
SF1-SF3  0.9287 0.353 1.0000 ns
SF1-SF4 15218 0.1281 0.7684 ns
SF2-SF3  0.7385 0.4602 1.0000 ns
SF2-SF4 13316 0.183 1.0000 ns
SF3-SF4 0.593 0.5532 1.0000 ns

Total nematodes SF1-SF2 -1.5213 0.1282 0.7691 ns
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SF1-SF3  1.2081 0.227 1.0000 ns
SF1-SF4 25056 0.0122 0.0733 ns
SF2-SF3 2.7294  0.0063 0.0381 *
SF2-SF4  4.0269 0.0001 0.0003 falalel
SF3-SF4 1.2976  0.1944 1.0000 ns

Significance levels: p < 0.05 (*), p <0.01 (**), p <0.001 (***).

Table S9. Post-hoc results for nematode diversity in secondary forest areas in the Catimbau
National Park, Pernambuco, Brazil. Areas: SF1 (4-7 years / Initial), SF2 (17-20 years /
Intermediate), SF3 (37-45 years / Advanced), SF4 (Native / Final).

Testtype  Hill number Comparison P.adj. P.adj.significance
Tukey 0 SF1-SF2 0.4342 ns
SF1-SF3 0.9986 ns
SF1-SF4 0.9377 ns
SF2-SF3 0.3484 ns
SF2-SF4 0.7797 ns
SF3-SF4 0.8815 ns
Dunn 1 SF1-SF2 1.0000 ns
SF1-SF3 1.0000 ns
SF1-SF4 0.2374 ns
SF2-SF3 1.0000 ns
SF2-SF4 1.0000 ns
SF3-SF4 0.4630 ns
Dunn 2 SF1-SF2 1.0000 ns
SF1-SF3 1.0000 ns
SF1-SF4 0.0407 *
SF2-SF3 1.0000 ns
SF2-SF4 0.8388 ns
SF3-SF4 0.1001 ns

Significance levels: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Table S10. Pos-hoc results for nematode carbon biomass in secondary forest areas in the
Catimbau National Park, Pernambuco, Brazil. Forest stages: SF1 (47 years, Initial), SF2 (17—
20 years, Intermediate), SF3 (37-45 years, Advanced), SF4 (Native forest, Final).

Test type Trophic group Comparison P.adj P.adj.significance
Tukey Bacterivores SF1-SF2 0.0144 *
SF1-SF3 0.9897 ns
SF1-SF4 0.6483 ns
SF2-SF3 0.0097 *x
SF2-SF4 0.0750 ns
SF3-SF4 0.4832 ns
Tukey Fungivores SF1-SF2 0.9970 ns
SF1-SF3 0.4096 ns
SF1-SF4 0.3564 ns
SF2-SF3 0.5096 ns
SF2-SF4 0.4489 ns
SF3-SF4 0.9994 ns
Tukey Plant parasites SF1-SF2 0.4809 ns
SF1-SF3 0.9999 ns
SF1-SF4 0.9883 ns
SF2-SF3 0.5086 ns
SF2-SF4 0.3341 ns
SF3-SF4 0.9818 ns
Tukey Omnivore-predators SF1-SF2 0.8214 ns
SF1-SF3 0.9288 ns
SF1-SF4 0.9973 ns
SF2-SF3 0.4964 ns
SF2-SF4 0.9038 ns
SF3-SF4 0.8554 ns
Dunn Total nematodes SF1-SF2 0.4200 ns
SF1-SF3 1.0000 ns
SF1-SF4 1.0000 ns
SF2-SF3 0.0764 ns

SF2-SF4 0.4200 ns




73

SF3-SF4 1.0000 ns
Significance levels: p < 0.05 (*), p <0.01 (**), p < 0.001 (***).

Table S11. Pos-hoc results for nematode metabolic footprint and indices in secondary forest
areas in the Catimbau National Park, Pernambuco, Brazil. Forest stages: SF1 (47 years,
Initial), SF2 (17-20 years, Intermediate), SF3 (3745 years, Advanced), SF4 (Native forest,
Final).

Test type Group Comparison P.adj. P.adj.significance
Tukey Efootprint SF1-SF2 0.0448 *
SF1-SF3 0.6266 ns
SF1-SF4 0.9218 ns
SF2-SF3 0.0085 *x
SF2-SF4 0.1078 ns
SF3-SF4 0.3180 ns
Tukey Sfootprint SF1-SF2 0.8301 ns
SF1-SF3 0.8669 ns
SF1-SF4 0.9892 ns
SF2-SF3 0.9997 ns
SF2-SF4 0.9460 ns
SF3-SF4 0.9656 ns
Tukey BFfootprint SF1-SF2 0.0531 ns
SF1-SF3 0.8330 ns
SF1-SF4 0.7889 ns
SF2-SF3 0.0166 *
SF2-SF4 0.1958 ns
SF3-SF4 0.3500 ns
Dunn FFfootprint SF1-SF2 1.0000 ns
SF1-SF3 1.0000 ns
SF1-SF4 0.0764 ns
SF2-SF3 1.0000 ns
SF2-SF4 0.6780 ns
SF3-SF4 1.0000 ns

Dunn PPfootprint SF1-SF2 0.9757 ns



SF1-SF3
SF1-SF4
SF2-SF3
SF2-SF4
SF3-SF4

0.9992
0.8909
0.9913
0.6910
0.8385

ns

ns

ns

ns

ns

Significance levels: p < 0.05 (*), p <0.01 (**), p <0.001 (***).
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