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RESUMO 

As perturbações antrópicas e mudanças climáticas constituem a principal causa de depleção 

dos estoques de nutrientes nos solos e da interrupção na regeneração florestal. Apesar disso, 

alguns organismos se beneficiam das condições impostas por esses fatores e aumentam suas 

populações sob efeito dessas condições. Um desses organismos são as formigas cortadeiras, 

insetos herbívoros especializados no cultivo de um fungo simbionte em câmaras 

subterrâneas de seus ninhos. A manutenção dos ninhos e o acúmulo de material vegetal 

manejado pelas formigas disponibiliza nutrientes mineralizados no solo que são absorvidos 

pelas raízes das plantas nas proximidades. A Caatinga é um dos ecossistemas onde formigas 

cortadeiras têm aumentado suas populações associadas a regimes de perturbações humanas. 

Essa floresta seca do nordeste da América do Sul sofreu com perturbações agudas no 

passado e hoje é mais submetida ao tipo crônico de perturbação, o qual atrasa a regeneração 

florestal. Além disso, as previsões climáticas apontam para um aumento de aridez na região. 

Essa tese tem como objetivo geral investigar o efeito das perturbações antrópicas e da 

crescente aridez sobre as populações de formigas cortadeiras, sua influência nos solos, e no 

estabelecimento e desenvolvimento de plantas. Para isso, nós acompanhamos ninhos de 

formigas cortadeiras, acessando a densidade de ninhos em áreas com diferentes níveis de 

perturbação e aridez, e quantificando suas taxas de forrageamento. Escavamos ninhos a fim 

de quantificar os nutrientes nos solos desses ninhos em diferentes perfis do solo. Usando 

solos de ninhos, germinamos sementes de três espécies de plantas comuns da Caatinga a fim 

de investigar a influência dos solos dos ninhos no desenvolvimento vegetal. Nossos 

resultados indicam que os ninhos de áreas mais perturbadas e áridas tem maior concentração 

e estoque de nutrientes em relação a solos controle, devido a depleção de nutrientes ser 

maior nessas áreas. Encontramos também que plantas crescendo em solos de ninhos 

acumulam biomassa mais rapidamente, embora não tenham maior concentração de 

nutrientes em seus tecidos. Assim, o conjunto das alterações no solo promovidas pelos 

ninhos, aumentam a performance das plantas que acessam esses solos. Esses achados 

sugerem que em áreas perturbadas e secas, com solos mais pobres, as formigas podem 

promover uma concentração maior de matéria orgânica nos ninhos, retirando e tornando esse 

material inacessível em outras áreas. Esse processo pode aumentar o grau de depleção de 

matéria orgânica na matriz do solo, afetando a capacidade de retenção de água e nutrientes, e 



 

 

 

 

segregando nutrientes mineralizados para árvores adultas, inviabilizando o solo para 

indivíduos juvenis.  

 

Palavras-chave: Florestas tropicais sazonalmente secas; Nutrientes do solo; Engenheiros de 

ecossitema; Mudanças climáticas; Perturbação antrópica crônica; Herbivoria.   

 

  



 

 

 

 

ABSTRACT 

Anthropogenic disturbances and climate change are the main causes of depletion of nutrient 

stocks in soils and the interruption of the forest regeneration. Nevertheless, some organisms 

can profit from the conditions imposed by these factors and increase their populations. One 

such organism is the leaf-cutting ant, herbivorous insects specialized in growing a symbiont 

fungus in underground chambers inside their nests. The maintenance of the nests and the 

accumulation of plant material managed by the ants make mineralized nutrients available in 

the soil, which are taken up by the roots of nearby plants. The Caatinga is one of the 

ecosystems where leaf-cutting ants have increased their populations associated with human 

disturbance regimes. This dry forest in northeastern South America has suffered from acute 

disturbances in the past and is now more subjected to the chronic type of disturbance, which 

slows down the forest recovery. In addition, climate predictions point to an increase in 

aridity in the region. The overall objective of this thesis is to investigate the effect of 

anthropogenic disturbances and increasing aridity on leaf-cutter ant populations, their 

influence on soils, and on plant establishment and development. To this end, we monitored 

leaf-cutter ant colonies, assessing nest density in areas with different levels of disturbance 

and aridity, and quantifying their foraging rates. We excavated nests in order to quantify 

nutrients in nest soils at different soil profiles. Using nest soils, we germinated seeds of three 

common Caatinga plant species in order to investigate the influence of nest soils on plant 

development. Our results indicate that nests in more disturbed and arid areas have a higher 

concentration and stock of nutrients compared to control soils, because nutrient depletion is 

higher in these areas. We also found that plants growing in nest soils accumulate biomass 

faster, although they do not have a higher concentration of nutrients in their tissues. Thus, all 

of the changes in the soil promoted by the nests increase the performance of the plants that 

access these soils. These findings suggest that in disturbed and dry areas with poorer soils, 

the ants may promote a higher concentration of organic matter in the nests, removing and 

making this material inaccessible in other areas. This process can increase the degree of 

organic matter depletion in the soil matrix, affecting the water retaining capacity and 

nutrients, and secreting mineralized nutrients to adult trees, making the soil unviable for 

juvenile individuals.  

 

Key-words: Seasonally dry tropical forests; Soil nutrients; Ecosystem engineers; Climate 

change; Chronic anthropogenic disturbance; Herbivory.  
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1 INTRODUÇÃO 

 

As perturbações humanas afetam negativamente a maioria dos ecossistemas da 

Terra, e são a principal causa da perda e fragmentação de habitat (LAURANCE et al., 

2002), deterioração da biodiversidade (BARLOW et al., 2016), e mudanças negativas das 

propriedades físicas e químicas dos solos (BARBHUIYA et al., 2004; CARDELÚS et al., 

2020; TIESSEN; SAMPAIO; SALCEDO, 2001). Os efeitos das perturbações humanas são 

suficientemente deletérios quando considerados isolados, mas podem ser potencialmente 

mais graves quando combinados com aqueles impostos pelas mudanças climáticas 

(PEREIRA et al., 2010; SALA et al., 2000). Por exemplo, os efeitos combinados das 

perturbações antrópicas e das mudanças climáticas podem modificar a composição da 

microbiota dos solos e alterar as suas concentrações de nutrientes (FERRENBERG et al., 

2015). Todas essas alterações afetam o desenvolvimento das plantas, reduzindo as taxas de 

crescimento de árvores em locais sob adversidades climáticas e perturbação humana 

(TOLEDO et al., 2011). 

As alterações ambientais promovidas pelas perturbações e mudanças climáticas são 

deletérias para muitas espécies de animas e plantas, mas podem reunir condições ideias 

para a proliferação de alguns organismos. Um dos organismos que proliferam nessas novas 

condições adversas são as formigas cortadeiras, insetos herbívoros dos gêneros Atta e 

Acromyrmex, dominantes das regiões neotropicais e capazes de incluir até 50% das 

espécies de plantas de uma área em sua dieta (WIRTH et al., 2003). As formigas 

cortadeiras aumentam suas populações em áreas perturbadas devido a perda de cobertura 

vegetal e consequente aumento de sítios para nidificação, assim como com o aumento na 

abundância de plantas com menos defesas anti-herbivoria, portanto mais palatáveis 

(relaxamento bottom-up), e diminuição de predadores (relaxamento top-down) 

(SIQUEIRA et al., 2017; URBAS et al., 2007; VASCONCELOS et al., 2006). Além de 

aumentarem suas populações, as formigas cortadeiras aumentam suas taxas de herbivoria 

em áreas perturbadas, exercendo maior pressão sobre a vegetação nessas áreas (SIQUEIRA 

et al., 2017; URBAS et al., 2007). As colônias de formigas cortadeiras cortam folhas e 

outros materiais vegetais, que são usados como substrato para o cultivo de seu fungo 

simbionte, a principal fonte de alimento da colônia (ABRIL; BUCHER, 2004). Parte do 

material vegetal que não é totalmente digerido pelo fungo é disposta em câmaras de lixeira 

dentro dos ninhos ou em pilhas de lixeira fora do ninho (WIRTH, R. et al., 2003).  
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As lixeiras, ricas em material orgânico, dispostas tanto dentro como fora dos 

ninhos, constituem uma fonte de nutrientes para os solos (FARJI-BRENER; 

WERENKRAUT, 2014). Esses nutrientes contidos nas lixeiras, podem ser mineralizados e 

absorvidos pelas plantas que crescem ao redor dos ninhos (STERNBERG et al., 2007). 

Devido ao processo de acúmulo de material orgânico via herbivoria e às atividades de 

escavação e manutenção dos ninhos, as formigas cortadeiras são consideradas organismos 

engenheiros de ecossistemas (HÖLLDOBLER; WILSON, 1990). No entanto, os murundus 

dos ninhos (i.e., os solos provenientes das escavações das câmaras subterrâneas (Figura 1)) 

podem sofrer depleção de nutrientes e diminuir o recrutamento de plântulas que crescem 

diretamente nesse solo nos ninhos em que as lixeiras são internas (MEYER et al., 2013). 

Assim, plantas que crescem em solos enriquecidos pelo material orgânico das lixeiras tem 

crescimento potencializado (FARJI-BRENER; WERENKRAUT, 2014), enquanto 

plântulas que crescem nos murundus dos ninhos com lixeiras internas não conseguem 

acessá-las e têm concentração de nutrientes e recrutamento reduzidos (MEYER et al., 

2011b, 2013).  

O conhecimento dos efeitos positivos das formigas cortadeiras enriquecendo os 

nutrientes dos solos e potencializando o crescimento de plantas nas redondezas dos ninhos 

é bem fundamentado (FARJI-BRENER & WERENKRAUT, 2014; MOUTINHO; 

NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 2007). Pouco se sabe no entanto 

sobre o efeito das perturbações humanas e mudanças climáticas nessa influência que o 

ninho exerce nos solos e consequentemente nas plantas. Apesar das formigas cortadeiras 

aumentarem suas taxas de herbivoria, virtualmente aumentando as deposições de lixeiras 

(FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 2017; SIQUEIRA et al., 2018), 

essas lixeiras podem ser de menor qualidade em áreas perturbadas, consistindo de material 

vegetal recalcitrante e outros compostos como fezes de animais (SIQUEIRA et al., 2018). 

Além disso, a maior parte do conhecimento sobre efeitos de perturbações humanas nas 

populações de formigas cortadeiras vem de floretas úmidas, com poucos estudos em 

floretas secas, onde suas populações são densas e podem infligir maior pressão à vegetação 

(SIQUEIRA et al., 2018). 

A Caatinga é a maior e mais diversa floresta tropical seca do Globo (SILVA, Jose 

Maria Cardoso Da; LEAL; TABARELLI, 2017), sendo também a mais densa em 

população humana (26 habitantes/km², Medeiros et al. 2012), composta principalmente por 

famílias de baixa renda fortemente dependentes de recursos naturais para a subsistência 
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(AB’SABER, 2000). Devido processo de uso dos recursos naturais, a maior parte da 

Caatinga já sofreu perda de sua vegetação (perturbação aguda), restando hoje apenas 34% 

da vegetação original (SILVA, Jose Maria Cardoso Da; LEAL; TABARELLI, 2017). As 

regiões remanescentes passam por outro processo de exploração de recursos, denominado 

perturbação crônica (SINGH, 1998), caracterizado principalmente pelo uso da vegetação 

nativa para a criação de gado bovino e caprino, extração de lenha, e exploração de recursos 

florestais não madeireiros (ARNAN et al., 2018; RIBEIRO, Elaine M .S. et al., 2015; 

SOUZA et al., 2019). Além de causarem perda de biodiversidade (RIBEIRO, Elaine M.S. 

et al., 2016; RIBEIRO, Elaine M .S. et al., 2015; RITO et al., 2017), tanto o processo de 

perturbação aguda como crônica promovem diminuição de estoques de nutrientes nos solos 

(ALTHOFF et al., 2018; SANTANA et al., 2019; SCHULZ et al., 2016; TIESSEN; 

SAMPAIO; SALCEDO, 2001). Outro problema que atinge a Caatinga são os efeitos 

relacionados com as mudanças climáticas globais. A Caatinga vai enfrentar aumento de 

aridez com redução na precipitação de 22% e aumento de temperatura de 6°C até o final do 

século XXI (MAGRIN et al., 2014). Os efeitos das mudanças climáticas na Caatinga e em 

outras partes do mundo podem ser mais severos se associados com perturbações humanas, 

com recorrentes mudanças nos ciclos de nutrientes e perda de seus estoques nos solos 

(SARDANS; PEÑUELAS; ESTIARTE, 2006; ST.CLAIR; LYNCH, 2010).  

Essa tese tem como objetivo investigar como as perturbações humanas e o aumento 

da aridez afetam as populações de formigas cortadeiras, sua influência nos estoques de 

nutrientes dos solos e consequente efeitos nas plantas com implicações na dinâmica de 

regeneração da floresta na Caatinga. Dessa forma, a tese foi dividida em dois capítulos. No 

capítulo I, focamos nos efeitos de perturbação humana crônica e aridez (1) nas populações 

de cortadeiras, (2) na biomassa vegetal que as formigas levam para dentro dos ninhos, e (3) 

nos solos das colônias em diferentes profundidades, avaliando as propriedades físicas 

(densidade aparente) e químicas (concentração e estoques de nutrientes) dos solos. No 

capitulo II, nosso foco foi no efeito de dois tipos de perturbação, aguda e crônica, 

juntamente com os efeitos da aridez nos solos dos ninhos e consequentemente nas plantas 

que crescem sobre eles, investigando (1) o crescimento das plantas em termos de biomassa 

e comprimento acima do solo, e (2) a concentração de nutrientes na biomassa dessas 

plantas. Nossos resultados nos permitem tirar conclusões sobre como as perturbações 

humanas, incluindo os efeitos das mudanças climáticas, afetarão os solos sob influência de 



12 

 

 

 

um organismo dominante nas paisagens perturbadas como as formigas cortadeiras, e como 

isso se reflete nas comunidades de plantas pioneiras também nessas áreas perturbadas. 
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2 REFERENCIAL TEÓRICO 

 

2.1.  Perturbações humanas nos solos e na regeneração florestal dos ambientes tropicais   

Nas últimas décadas, uma grande porção da paisagem das regiões tropicais foi 

convertida em lavouras ou pasto para suprir as demandas de uma população humana 

crescente (HANSEN, 2013). No entanto, grande parte dessas áreas tem sido abandonada 

devido ao declínio da fertilidade do solo e consequentemente da produtividade vegetal, 

entrando em processo de sucessão secundária (BUSCHBACHER; UHL; SERRAO, 1988; 

NEPSTAD; UHL; SERRAO, 1991; NEPSTAD et al., 1996; ARROYO-RODRÍGUEZ et 

al., 2017). Apesar de ser amplamente aceito que as áreas em sucessão secundária se 

regeneram naturalmente, o tempo para que a floresta adquira novamente as propriedades de 

uma floresta primária pode superar 200 anos (COLE; BHAGWAT; WILLIS, 2014). Um 

importante fator que afeta o tempo de regeneração de uma floresta é a intensidade da 

perturbação que a área sofreu durante o tempo que foi usada (NEPSTAD; UHL; SERRAO, 

1991; ARROYO-RODRÍGUEZ et al., 2017). A intensidade de perturbação pode diminuir a 

quantidade de nutrientes do solo e influenciar o caminho da regeneração, alterando o papel 

do tempo de abandono na sucessão ecológica (BUSCHBACHER; UHL; SERRAO, 1988). 

Os solos desempenham papel fundamental no ciclo global dos nutrientes, além de 

ser (1) a terceira maior reserva de carbono (depois dos oceanos e da litosfera abaixo do 

solo) com aproximadamente 2400 Pg de C nos primeiros 2 m de profundidade 

(KIRSCHBAUM, 2000); e (2) abrigar a maior reserva de Nitrogênio dos ecossistemas, com 

uma grande porção em formas moleculares (N2) mas que podem ser mineralizadas e então 

absorvidas pelas raízes das plantas (BALDOCK, 2007). A influência da perturbação no 

processo de regeneração é intimamente ligada aos estoques e à ciclagem de nutrientes nos 

solos dos ecossistemas perturbados, porque a maior parte da matéria orgânica que compõe 

os estoques e entra no ciclo de nutrientes vêm da biomassa acima do solo (BALDOCK, 

2007; VITOUSEK; SANFORD, 1986). O problema é que as perturbações humanas ligadas 

ao uso da terra provocam exportação e perda de biomassa acima do solo, subtraindo 

nutrientes dos estoques dos solos dessas áreas (BUSCHBACHER; UHL; SERRAO, 1988; 

KAUFFMAN et al., 2013; MENEZES et al., 2020; SCHULZ et al., 2016; TCHIOFO 

LONTSI et al., 2019).  

  Os estoques de C na biomassa acima do solo em áreas perturbadas por extração de 
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madeira, e por extração de madeira seguida de queima, podem sofrer redução de 35% e 

57% respectivamente em relação à áreas naturais preservadas (BERENGUER et al., 2014). 

De forma semelhante, o uso da terra, como agricultura e pasto, são responsáveis pela 

diminuição dos estoque de C no solo, sendo as monoculturas ainda mais deletérias (GUO; 

GIFFORD, et al., 2022). Os efeitos deletérios da perturbação sobre os estoques de 

nutrientes do solo podem ser ainda maiores quando há sucessivos eventos de perturbação, 

ainda que esparsos no tempo. Por exemplo, os estoques de C são ainda mais reduzidos 

quando áreas de sucessão secundária são novamente convertidas em algum tipo de uso da 

terra como plantação para extrativismo (BLÉCOURT, DE et al., 2013). Outros 

macronutrientes também têm seus estoques afetados, como P e S, principalmente com 

diminuição, mesmo que alguns tipos de perturbação em nível moderado não provoquem 

mudança significativa (TCHIOFO LONTSI et al., 2019).  

Juntamente com perturbação, outros fatores como clima e composição de espécies 

também atuam influenciando os padrões de estoque e ciclagem de nutrientes, já que estes 

interferem nos processos de decomposição de matéria orgânica e liberação de nutrientes no 

sistema (LU; MORAN; MAUSEL, 2002; MURPHY; LUGO, 1986). Por exemplo, solos de 

ecossistemas que recebem altos níveis de precipitação anual podem apresentar menores 

estoques de nutrientes comparado a áreas mais secas devido a maiores perdas por lixiviação 

(AUSTIN; VITOUSEK, 1998). Esses processos têm sido bem descritos e entendidos em 

florestas tropicais úmidas, mas relativamente menos estudados em florestas tropicais secas 

(FTSs). Nas florestas tropicais secas é a disponibilidade de água que desempenha um papel 

dominante na estrutura e dinâmica do ecossistema (MURPHY; LUGO1986; JAMARILLO; 

SANFORD 1995). Nessas regiões, a estação seca provoca drástica redução na 

produtividade primária e consequentemente diminuição da matéria orgânica no solo, 

diminuindo as taxas de ciclagem de elementos (BURINGH, 1984; AUSTIN et al., 2004; 

SCHULZ et al., 2016). No entanto, é evidenciado que em florestas secas a perturbação 

também é a principal responsável pela perda de biomassa e nutrientes (KAUFFMAN et al., 

2013), e que perturbação e aridez podem interagir e reduzir a funcionalidade dos solos 

(GAITÁN et al., 2018). 

2.2. Os efeitos da perturbação antrópica crônica nos ambientes tropicais secos 

Além de causarem a perda de nutrientes dos solos, as perturbações humanas são 

fortemente deletérias para as comunidades vegetais e animais (SOUSA, 1984). 

Perturbações humanas, como a conversão de florestas em lavouras e pastagens, são a 
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principal causa da perda de biodiversidade nos ecossistemas e aumento potencial dos riscos 

de extinção em fragmentos florestais (ROQUE et al., 2018). No entanto, nas regiões 

tropicais semiáridas do Globo ocorre principalmente um tipo de perturbação que não 

produz fragmentação florestal (i.e. perturbação aguda), mas ao invés disso, consiste na 

retirada contínua de produtos florestais produzindo uma perturbação crônica (SINGH, 

1998). A perturbação crônica se caracteriza pela remoção contínua de produtos florestais, 

incluindo a caça contínua, a remoção de madeira para produção de lenha, coleta de 

produtos florestais não madeireiros e a criação extensiva de animais domésticos (e.g. gado 

caprino, ovino e bovino) (ARNAN et al., 2018).  O problema com a forma crônica de 

perturbação é que os organismos, e o ecossistema como um todo, não têm tempo de se 

recuperar da contínua retirada de produtos, causando mudanças profundas nas áreas 

perturbadas, mesmo se as taxas de remoção de biomassa estiverem dentro da capacidade 

suporte do ambiente (SINGH, 1998). De fato, a perturbação do tipo crônica é responsável 

pelo empobrecimento das comunidades vegetal e animal nas FTSs (OLIVEIRA et al., 

2017; RIBEIRO-NETO et al., 2016; RIBEIRO et al., 2019; RIBEIRO et al., 2015), pela 

ruptura de interações ecológicas (CÂMARA, Talita et al., 2018,  2019), e pela redução dos 

estoques de nutrientes nos solos (SCHULZ et al., 2016). 

Os efeitos das perturbações nos estoques de nutrientes dos solos podem ser mais 

duradouros que o esperado nas FTSs. Por exemplo, os estoques de carbono nos solos podem 

levar até 60 anos para serem restabelecidos às condições pré-perturbação nessas regiões 

(ARAÚJO-FILHO et al., 2018). Isso pode se dever a potenciais interações das perturbações 

com efeitos climáticos, como a aridez (GAITÁN et al., 2018), já que os efeitos da redução 

de precipitação (aridização) são promotores da depleção de nutrientes nos ecossistemas 

secos de todo o mundo (MORENO-JIMÉNEZ et al., 2019). Além disso, a baixa 

produtividade juntamente com baixo intemperismo são fatores determinantes que limitam a 

disponibilidade de nutrientes (AUSTIN; VITOUSEK, 1998). Por exemplo, sabe-se que a 

diminuição da precipitação, ou aumento da aridez, tende a diminuir a quantidade de carbono 

orgânico e as concentrações de nitrogênio no solo, diminuir a razão C:N, além de 

desequilibrar as razões de C:P e N:P (AUSTIN; VITOUSEK, 1998; DELGADO-

BAQUERIZO et al., 2013). Todos esses fatores podem suprimir a regeneração de áreas de 

florestas secas, fazendo com que mesmo áreas maduras e que tiveram seus episódios de 

perturbação há muitas décadas apresentem flora semelhante àquela de áreas recentemente 

perturbadas (BARROS et al., 2021). 
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Esses efeitos negativos das perturbações sobre os nutrientes do solo são 

particularmente preocupantes nos ambientes secos porque essas áreas abrigam grandes 

populações humanas que usam os recursos naturais para diversas atividades econômicas 

(ARNAN et al., 2018; MURPHY; LUGO, 1986; SILVA; LEAL; TABARELLI, 2017; 

SINGH, 1998a). Nesses ambientes, atividades econômicas e de subsistência, como a criação 

de rebanhos caprino e ovino, são reportados como promotores de empobrecimento tanto da 

diversidade vegetal como dos nutrientes do solo (SCHULZ et al., 2016, 2019). No caso da 

agricultura, o problema é que uma vez que têm seus solos exauridos, essas áreas são 

abandonadas para o plantio, mas permanecem sendo exploradas para pastagem (solta de 

rebanho) e retirada de outros produtos florestais (SILVA; LEAL; TABARELLI, 2017). 

Dessa forma, a floresta sofre uma perturbação aguda e em seguida abandono, entrando em 

processo de sucessão secundária, mas permanece sob pressão da perturbação crônica 

(ARROYO-RODRÍGUEZ et al., 2017; BARROS et al., 2021).  

2.3. Organismos que se beneficiam com perturbação: As formigas cortadeiras como 

engenheiras de ecossistema  

Apesar de as perturbações antrópicas produzirem efeitos negativos nas comunidades 

de plantas e animais e no funcionamento do ecossistema, alguns organismos são capazes de 

contrapor esses efeitos negativos e aumentarem suas populações em áreas perturbadas 

(SIQUEIRA et al., 2017; VASCONCELOS et al., 2006). Dentre esses organismos, se 

destacam as formigas cortadeiras dos gêneros Atta (Fabricius, 1805), Acromyrmex (Mayr, 

1865), e Amoimyrmex (Cristiano, Cardoso e Sandoval, 2020), insetos sociais cultivadores de 

fungos (SWANSON et al., 2019; WIRTH, et al., 2003; WIRTH, et al., 2007; CRISTIANO 

et al., 2020). Essas formigas são os principais herbívoros da região neotropical, coletando 

entre 12 e 17% da produção anual de folhas (CHERRET, 1986; URBAS et al. 2007) em 

uma floresta, e incluindo até 50% da flora local (WIRTH et al., 2003) ao longo de suas 

áreas de forrageamento. Todo esse material vegetal é usado para cultivar o fungo simbionte 

dentro dos seus ninhos, a principal fonte de alimento das colônias (HÖLLDOBLER; 

WILSON 1990).  

As formigas cortadeiras estão entre os animais que mais provocam modificações no 

ambiente (FARJI-BRENER; GHERMANDI, 2000). A construção e manutenção dos seus 

ninhos provocam uma série de modificações no regime de luz e nas condições do solo, por 

isso são consideradas importantes engenheiros do ecossistema (MEYER et al., 2011a, 

2013). Por exemplo, o ambiente mais aberto e dessecado que elas produzem promove o 
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estabelecimento de plantas pioneiras em detrimento de plantas tolerantes à sombra, 

causando mudança na composição taxonômica e funcional da comunidade de árvores 

(MEYER et al. 2011b). As alterações edáficas provocadas por formigas cortadeiras também 

configuraram entre as mais importantes nos ambientes naturais. A construção e a 

manutenção dos ninhos podem representar a realocação de mais de 40 toneladas de solo 

mineral para a superfície (formando o murundu do ninho, figura 1) (ALVARADO et al., 

1981). Este novo horizonte pode, também, ter sua gênese alterada pela remoção contínua de 

serapilheira da superfície do murundu e no entorno dos mesmos (MEYER et al. 2011a). Por 

outro lado, camadas mais profundas do solo são enriquecidas em nutrientes devido ao (1) 

acúmulo de material orgânico proveniente da cultura do fungo simbionte e de outras 

atividades das colônias, (2) remoção de material mineral para a superfície e (3) 

difusão/percolação de nutrientes (ALVARADO et al., 1981; MOUTINHO et al., 2003; 

WIRTH et al., 2003).  

 

 

 

 

 

 

 

 

 

 

Um dos efeitos mais acentuados das colônias é o acúmulo de material orgânico nos 

solos ao redor dos ninhos. Esse acúmulo de material, resultante da atividade de corte e 

transporte de material vegetal para a cultura do fungo, se materializa na existência de uma 

estrutura importante dos ninhos: as lixeiras (Figura 2). As lixeiras são regiões dos ninhos 

onde as formigas dispõem a porção do material vegetal incorporado nos jardins de fungo 

que não foi totalmente metabolizado pelo fungo simbionte, juntamente com formigas 

mortas e restos do próprio fungo morto ou contaminado (ABRIL; BUCHER, 2004). Esse 

Figura 1: Murundu de uma colônia da espécie Acromyrmex balzani (Emery, 1890) 

no Parque Nacional do Catimbau, PE, Brasil. 
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material de refugo é disposto em câmaras internas no ninho, separadas das câmaras de 

fungo, ou em pilhas externas na superfície próxima ao ninho (ABRIL; BUCHER, 2004; 

WIRTH, R. et al., 2003). A disposição desse material em partes isoladas das câmaras de 

fungo é uma medida sanitária tomada pelas colônias, já que é um material contaminado por 

bactérias e fungos diversos que podem infectar a cultura do fungo simbionte ou causar 

doenças nas operárias do ninho (ABRIL; BUCHER, 2004). No entanto, as lixeiras contêm 

muitos compostos orgânicos ricos em nutrientes que contribuem para efeitos positivos na 

estrutura e fertilidade do solo (FARJI-BRENER; ILLES, 2000). Isso porque os nutrientes 

contidos nas lixeiras podem ser mineralizados e ficarem disponíveis para serem absorvidos 

pelas plantas adultas crescendo nas proximidades dos ninhos, mesmo que as lixeiras estejam 

em câmaras profundas no solo (STERNBERG et al., 2006). Apesar de plantas lenhosas 

adultas experimentarem maior disponibilidade de macro e micronutrientes próximo aos 

ninhos de formigas cortadeiras (SOUSA-SOUTO et al., 2007), plântulas crescendo 

diretamente sobre os ninhos experimentam solos superficiais menos férteis e têm seu 

recrutamento reduzido em comparação com solos controle (MEYER et al., 2011B; 

CORRÊA et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

2.4. Influência da perturbação nas populações de formigas cortadeiras e nos seus efeitos 

nos solos e na vegetação em florestas úmidas e secas 

Figura 2: Lixeira de uma colônia da espécie Acromyrmex rugosus (Smith, 1858) no 

Parque Nacional do Catimbau, PE, Brasil. 
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Formigas cortadeiras, juntamente com outros herbívoros generalistas, proliferam em 

áreas modificadas pelas atividades humanas tanto em áreas úmidas (WIRTH et al., 2008; 

LEAL et al., 2014), como em regiões semi-áridas (SIQUEIRA et al., 2017). Esses 

organismos têm aumentando suas populações em áreas perturbadas devido ao (1) aumento 

na disponibilidade de alimento, pela colonização por plantas pioneiras, com menos defesas 

e mais palatáveis (URBAS et al., 2007); à (2) redução das populações de predadores e 

parasitóides, como tatus, tamanduás e dípteros forídeos (ALMEIDA; WIRTH; LEAL, 

2008); e (3) ao aumento na disponibilidade de sítios para nidificação pela perda de 

cobertura vegetal em áreas perturbadas (VASCONCELOS et al., 2006; VIEIRA-NETO; 

VASCONCELOS; BRUNA, 2016). Os efeitos de perturbação não somente beneficiam as 

populações de formigas cortadeiras como aumentam os regimes de forrageamento das 

colônias. Tanto os efeitos de borda da perturbação aguda em floresta úmida (URBAS et al., 

2007), como os efeitos da perturbação crônica em florestas secas (SIQUEIRA et al., 2018) 

são responsáveis pelo aumento das taxas de herbivoria das colônias. Esses efeitos podem 

estar ligados tanto ao aumento da densidade de plantas mais palatáveis e menos defendidas 

em áreas perturbadas (URBAS et al., 2007), como ao aumento de temperatura e 

potencialização dos picos de atividade das colônias em áreas mais abertas usadas como 

pasto (BUSTAMANTE; AMARILLO-SUÁREZ; WIRTH, 2020).  

Apesar da perturbação antrópica produzir efeito de aumento tanto das populações de 

formigas cortadeiras como das suas taxas de forrageamento, a maioria das informações 

sobre a influência dessas formigas no estoque e ciclagem de nutrientes dos solos é 

proveniente de estudos em florestas úmidas (MOUTINHO; NEPSTAD; DAVIDSON, 

2003; SOSA; BRAZEIRO, 2010; VERCHOT; MOUTINHO; DAVIDSON, 2003), pouco 

sendo conhecido sobre este tema para florestas tropicais secas (mas veja SOUSA-SOUTO 

et al., 2007). Uma importante diferença no comportamento de colônias de formigas 

cortadeiras em ambientes secos e úmidos é que algumas espécies podem preferir fundar 

colônias em áreas mais abertas quando em ambientes úmidos, mas podem mudar o 

comportamento em ambientes secos, nidificando preferencialmente em áreas com maior 

cobertura vegetal (SIQUEIRA et al., 2017). Outra importante característica é a localização 

das lixeiras (ver seção 2.3), que na maioria das espécies é interna em florestas úmidas e 

externa em florestas secas e outros ambientes semiáridos (FARJI-BRENER; TADEY, 

2016). De fato, as espécies que ocorrem na floresta seca da Caatinga do nordeste do Brasil 

têm sido reportadas colocando suas lixeiras na superfície, para fora do ninho (Felipe F. S. 
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Siqueira dados não publicados). Além do efeito do solo profundo do ninho (STERNBERG 

et al., 2007), o conteúdo das lixeiras externas tem efeitos positivos na estrutura e fertilidade 

do solo, porque também mineralizam nutrientes que podem ser absorvidos pelas plantas 

(FARJI-BRENER; TADEY, 2017; FARJI-BRENER; WERENKRAUT, 2014). 

Em florestas úmidas, a interação de herbivoria promovida por formigas cortadeiras 

produz efeitos negativos nas plantas atacadas, com a perda de tecido vegetativo e partes 

reprodutivas dos indivíduos (CÂMARA, T. et al., 2019; WIRTH, Rainer et al., 2003). Por 

exemplo, as plantas que têm suas flores e folhas cortadas pelas formigas passam a produzir 

até duas vezes menos flores (CÂMARA, T. et al., 2019). Mais recentemente, um estudo na 

floresta tropical seca da Caatinga encontrou que colônias de formigas cortadeiras podem 

ser responsáveis pelo retardo na regeneração da floresta em áreas que sofreram perturbação 

aguda para a criação de pasto (KNOECHELMANN et al., 2020). No entanto, em 

contraponto aos efeitos negativos experimentados pelas plantas-alvo das colônias, a 

absorção de nutrientes mineralizados nos solos enriquecidos pelas lixeiras dos ninhos 

promove efeitos positivos nos indivíduos de plantas que conseguem acessar esses solos. 

Plantas crescendo sobre solos enriquecidos pelas lixeiras apresentaram maior crescimento 

do que aquelas crescendo sobre solos dos ninhos sem influência das lixeiras (FARJI-

BRENER; WERENKRAUT, 2014). Além de aumentar as taxas de crescimento 

diretamente, as lixeiras de formigas cortadeiras também podem aumentar o fitness das 

plantas de forma indireta pelo aumento do tamanho das flores e prolongamento do período 

de floração, potencializando os eventos de visitação por polinizadores (FERNANDEZ; 

TADEY; FARJI-BRENER, 2019).  

A heterogeneidade espacial causada pelas formigas cortadeiras e seus efeitos no 

solo precisam ser entendidos levando em conta a interferência da perturbação humana, já 

que com o aumento de suas populações também aumenta a potencial interação das colônias 

com o meio biótico e abiótico, e consequentemente a modificação de ambientes em escala 

local (LEAL; WIRTH; TABARELLI, 2014). Além disso, mais de um terço das florestas 

tropicais do Globo está em processo de sucessão secundária e/ou sofre algum grau de 

perturbação (ARROYO-RODRÍGUEZ et al., 2017; HANSEN, 2013; POORTER et al., 

2021). A lacuna se dá porque há muitas evidências dos efeitos positivos que as lixeiras 

produzem nos solos e no crescimento das plantas (FARJI-BRENER, Alejandro G.; 

WERENKRAUT, 2014), mas a interferência que as perturbações humanas podem infligir 

nesse papel que as colônias desempenham como enriquecedoras do solo ainda foi pouco 
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estudada. Por exemplo, na Patagônia, em áreas que sofreram perda total da cobertura 

vegetal, como para abertura de estradas, as colônias produzem lixeiras ainda mais ricas em 

nutrientes que contribuem positivamente para o fitness das plantas que crescem nos 

arredores dos ninhos (veja a Figura 3) (FARJI-BRENER; GHERMANDI, 2008; FARJI-

BRENER; TADEY; LESCANO, 2017). De forma contrária, fontes de perturbação como a 

pressão de pastagem são responsáveis pela diminuição na qualidade do conteúdo de 

nutrientes nas lixeiras dos ninhos (TADEY; FARJI-BRENER, 2007b). 

 

 

 

 

 

 

 

 

 

  Figura 3. Fluxograma do efeito da perturbação antrópica na densidade de ninhos de 

LCA e no seu papel no enriquecimento do solo através do aumento das 

concentrações de nutrientes (Adaptado de  Farji-Brener; Tadey; Lescano, 2017). 
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Em um estudo bastante elucidativo, Moutinho et al. (2003) mostraram que o efeito 

dos ninhos de formigas cortadeiras permanecem no solo mesmo após anos de inatividade 

da colônia em florestas secundárias. Nesse estudo, foi encontrado que as concentrações de 

C e N diminuem nos murundus dos ninhos em relação a solos controle, mas em 

compensação, as concentrações de Ca e Mg aumentam em profundidades abaixo de 1 

metro no solo. Para o elemento potássio (K), por exemplo, esse aumento pode ser de mais 

de 10 vezes nos solos dos ninhos (MOUTINHO; NEPSTAD; DAVIDSON, 2003). A 

capacidade de troca catiônica (CTC) do solo parece aumentar abaixo da superfície dos 

solos de ninhos já que nutrientes mais disponíveis em forma de íons, como Mg, Ca e K, 

aumentam consideravelmente nesses solos (MOUTINHO; NEPSTAD; DAVIDSON, 

2003). Esses achados indicam que solos enriquecidos pelos ninhos podem contribuir de 

forma positiva para a regeneração florestal em áreas de floresta secundária, aumentando o 

fitness das plantas já que a vegetação adulta ao redor dos ninhos acessam os nutrientes 

incrementados no solo (FARJI-BRENER; GHERMANDI, 2008; STERNBERG et al., 

2007).  

A diminuição de C e N nos murundus é explicada pela constante remoção de 

matéria orgânica da superfície ao mesmo tempo em que há o acúmulo de material mineral 

proveniente das camadas abaixo da superfície do solo, como parte da construção e 

manutenção dos ninhos (HÖLLDOBLER; WILSON, 1990). Portanto, essa diminuição 

pode não ter a ver com a perturbação aguda sofrida pela floresta. No entanto, o aumento da 

densidade de colônias associado com perturbação, como nas áreas de sucessão secundária, 

pode intensificar a diminuição de nutrientes como C e N nas camadas próximas a 

superfície do solo. Isso porque alterações dos solos dos murundus, com menos matéria 

orgânica, diminui a CTC, retendo menos nutrientes (MCKENZIE; JACQUIER; ISBELL, 

2004). Essa relação é evidenciada pela menor concentração de C e N encontrada nos 

murundus (VERCHOT; MOUTINHO, P. R.; DAVIDSON, 2003). Dessa forma, contrário 

ao efeito positivo para plantas adultas, o recrutamento reduzido de plântulas nos murundus 

indica que os ninhos de formigas cortadeiras podem exercer efeito negativo para o ritmo da 

sucessão ecológica (MEYER et al., 2011a, 2013).  

Além das propriedades químicas, as alterações promovidas pelas colônias incluem 

modificações das propriedades físicas do solo. Os solos dos ninhos podem apresentar 

menor resistência e menor densidade aparente, ao passo que apresentam maior porosidade 

(MOUTINHO; NEPSTAD; DAVIDSON, 2003). Sabe-se que o maior acúmulo de matéria 
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orgânica nas camadas abaixo da superfície dos solos dos ninhos também afetam a física do 

solo, já que é um fator responsável pela diminuição da sua densidade aparente e aumento 

da porosidade (FARJI-BRENER; TADEY, 2009; RONQUIM, 2010). Dessa forma, além 

da incorporação direta de elementos nos solos, os ninhos ainda promovem a retenção de 

nutrientes através da modificação das propriedade físico-químicas (MOUTINHO; 

NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 2007; VERCHOT; MOUTINHO; 

DAVIDSON, 2003). No entanto pouco se sabe sobre como esses efeitos dos ninhos na 

física do solo podem ser alterados pelas perturbações antrópicas. 

 

2.5. A Caatinga, uma floresta tropical seca no Brasil: efeitos das perturbações 

antrópicas crônicas sobre a floresta 

A Caatinga é a uma floresta tropical seca que tem a maior parte de seu território 

dentro da região nordeste do Brasil, constituindo a mais vasta floresta seca do Globo 

(SILVA, Jose Maria Cardoso Da; LEAL; TABARELLI, 2017). Essa região é também o 

ecossistema seco mais densamente povoado (26 habitantes/km², MEDEIROS et al., 2012). 

A população da Caatinga é composta principalmente de famílias de baixa renda e por isso, 

muito dependentes de recursos naturais para subsistência (AB’SABER, 2000), fator que 

tem imposto uma pressão histórica sobre os recursos da floresta, tanto através do uso da 

terra (i.e. perturbação aguda), como através do uso de recursos da floresta (i.e. perturbação 

crônica). Por causa do processo de perturbação aguda, atualmente a Caatinga conserva 

apenas 33,4% da sua vegetação original (SILVA, Jose Maria Cardoso Da; LEAL; 

TABARELLI, 2017). Tanto as áreas com vegetação original como as já modificadas 

sofrem com os efeitos da perturbação crônica. Por exemplo, os efeitos da perturbação 

crônica são suficientes para causar a perda da biodiversidade e homogeneização das 

comunidades de plantas na Caatinga (RIBEIRO, Elâine M.S. et al., 2016; RIBEIRO, 

Elaine M .S. et al., 2015; RITO et al., 2017). Além disso, tanto a perturbação aguda como 

as diversas fontes de perturbação crônica são responsáveis pela de nutrientes nos solos da 

região (ALTHOFF et al., 2018; SANTANA et al., 2019; SCHULZ et al., 2016; TIESSEN; 

SAMPAIO; SALCEDO, 2001).  

A Caatinga possui uma forte sazonalidade climática, com uma estação chuvosa e 

outra seca bem definidas, com um período de chuva menor que o período de seca 

(SAMPAIO, 1995). Os efeitos de perturbação na Caatinga podem ser mais severos por 

causa das possíveis interações com os fatores climáticos. A Caatinga, que já é semiárida, é 
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um dos ecossistemas da Terra que pode sofrer com diminuição da precipitação em até 

22%, juntamente com aumento de temperatura de até 6º na média, o que resulta em 

aumento de aridez. (MAGRIN et al., 2014). Um dos efeitos de interação entre perturbação 

e aridez, por exemplo, é a ruptura nos processos de ciclagem de nutrientes e balanço de 

elementos nos solos de regiões secas (SARDANS; PEÑUELAS; ESTIARTE, 2006; 

ST.CLAIR; LYNCH, 2010).  

 Assim como na maioria das florestas neotropicais, as formigas cortadeiras são 

organismos conspícuos na Caatinga, e tem aumentado suas populações em áreas sob 

perturbação humana (SIQUEIRA et al., 2017; TABARELLI et al., 2017) (Figura 4). Além 

disso, as colônias de formigas cortadeiras estão forrageando em taxas maiores na estação 

seca da Caatinga, quando há menos material vegetal fresco disponível (SIQUEIRA et al., 

2018). Além disso, há regiões da Caatinga que apresentam diferentes níveis de 

precipitação, e áreas mais áridas podem sofrer com maior pressão de herbívoros 

comparado com áreas mais úmidas (ANDRADE et al., 2020). Assim, a interação entre o 

aumento da aridez e atividade de herbivoria pode exercer uma pressão ainda maior sobre a 

vegetação da floresta. Isso pode ser especialmente preocupante em um cenário de onde a 

aridez interaja com a perturbação antrópica, com aumento da densidade de colônias de 

formigas cortadeiras e aumento da herbivoria dessas colônias, bloqueando o avanço da 

regeneração florestal (KNOECHELMANN et al., 2020).  

Assim como acontece com perturbação, a aridez também pode impactar 

negativamente os estoques de nutrientes na Caatinga (ALTHOFF et al., 2016). No entanto, 

o conhecimento sobre como os efeitos combinados de perturbação e aridez podem 

interferir nos efeitos das formigas cortadeiras nos solos da Caatinga também são escassos. 

Além disso, a maioria dos estudos que relacionam os efeitos que as formigas cortadeiras 

promovem nos solos em geral foram feitos com espécies do gênero Atta (Fabricius, 1805) 

(MOUTINHO; NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 2007; SWANSON et 

al., 2019). Os efeitos produzidos por colônias do gênero Acromyrmex (Mayr, 1865) são 

menos entendidos, principalmente porque os estudos que tenta compreender esse efeito 

precisam acessar mais de um perfil do solo, e não apenas as lixeiras (mas veja FARJI-

BRENER, Alejandro G.; TADEY, Mariana; LESCANO, 2017; FARJI-BRENER, 

Alejandro G.; WERENKRAUT, 2014). 
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Um caminho inicial para investigar como as ações humanas interferem nos efeitos 

que as formigas aplicam nos solos da Caatinga, é analisar a quantidade de nutrientes dos 

solos dos ninhos sob diferentes níveis de perturbação e aridez. Para isso, é importante 

entender primeiro como as taxas de forrageamento das colônias se dá nessas condições, já 

que o enriquecimento do solo pelas colônias é resultado da incorporação do material 

forrageado nos solos dos ninhos, principalmente. Na Caatinga, a perturbação crônica é 

promotora de aumento das taxas de herbivoria de colônias do gênero Atta, assim como a 

estação seca também desencadeia esse efeito nessas colônias (SIQUEIRA et al., 2018). 

Essa atividade de forrageio das colônias produz um efeito negativo na regeneração da 

Caatinga porque retira grande quantidade de folhas da vegetação, deixando as áreas mais 

abertas (KNOECHELMANN et al., 2020). No entanto, os nutrientes contidos nessas folhas 

e incorporados nos solos podem afetar positivamente a regeneração florestal.  

A partir de então, podemos investigar se a perturbação e aridez afetam as 

concentrações e os estoques de nutrientes incorporados nos solos dos ninhos. Para isso, é 

necessário investigar diferentes perfis do solo dos ninhos dispostos em áreas com 

diferentes níveis de perturbação, quantificando suas concentrações de diferentes nutrientes. 

A perturbação já foi reportada como responsável por redução de nutrientes nas lixeiras de 

colônias de formigas cortadeiras em áreas semiáridas (TADEY; FARJI-BRENER, 2007b). 

A terceira investigação é sobre como as plantas que crescem nos solos dos ninhos irão se 

Figura 4. Densidade de colônias de formigas cortadeiras em áreas com diferentes 

níveis de perturbação antrópica crônica no Parque Nacional do Catimbau, no estado de 

Pernambuco. As espécies de formigas cortadeiras encontradas foram Atta sexdens, 

Atta opaciceps, Acromyrmex balzani e Alcromrmex rugosus. A densidade geral de 

colônias varia de 12,5 a 131, 2 colônias/ha, e perturbação crônica está padronizada em 

um índice contido em Arnan et al (2018). 



26 

 

 

 

desenvolver, mas levando em consideração o efeito da perturbação e da aridez nesse 

processo. Ou seja, o efeito imposto pela perturbação e aridez no desenvolvimento de 

plantas que crescem em solos dos ninhos de cortadeiras. Esse objeto de investigação é um 

contraponto ao efeito negativo que o forrageamento produz na regeneração florestal (veja 

acima) (KNOECHELMANN et al., 2020). Plantas se beneficiam das lixeiras dos ninhos 

mesmo em áreas perturbadas (FARJI-BRENER, Alejandro G.; GHERMANDI, 2008), mas 

não sabemos o real efeito da perturbação. Além disso, os efeitos de aridez nos solos são 

geralmente negativos (DELGADO-BAQUERIZO et al., 2013; MORENO-JIMÉNEZ et al., 

2019), mas a interferência da aridez nos efeitos que as colônias aplicam nas plantas é 

discutida mais de forma anedótica (FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 

2017).  
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Abstract  

 

The combined effects of human disturbance and climate change are the main reasons for 

biodiversity loss and homogenization of communities in natural ecosystems. Some organisms 

that profit and increase their population under these new conditions may change resources and 

influence the occurrence of other species. In this study we investigated the effects of human 

disturbance and aridity on the populations of two species of leaf-cutting ants (LCA), 

Acromyrmex balzani and Acromyrmex rugosus, and on their role in the soil nutrient 

enrichment. These organisms benefit from disturbances and constitute important agents of soil 

physical and chemical improvement. The study was conducted in Catimbau National Park, 

Pernambuco, Brazil, in plots located across gradients of disturbance and aridity. We 

quantified colony density and selected colonies along the gradients to investigate their 

biomass consumption rate. Finally, 24 nests (in 12 plots) were excavated to measure soil bulk 

density, fine root biomass and nutrient concentrations and stocks. Colony density was higher 

in more disturbed sites, while the consumption rate of the colonies was affected by season, 

being higher in the wet season. Bulk density and root biomass were affected by the nest and 

by soil depth, while nutrient concentrations and stocks showed different adverse results. 

Nutrient concentration and stocks were in general higher in nest soils compared to non-nest 

soils, but the interaction between nest and disturbance can increase the concentration and 

stocks of some elements. Aridity, however, seems to apply a more negative effect, being 

associated in most cases to the depletion of concentration and stocks of soil nutrients. Our 

study reconfirms that disturbance can promote the proliferation of LCA populations, and that 

disturbance and aridity can interact with the colonies, altering soil nutrient concentration and 

stocks.  

 

Key-words – Nutrient concentrations, soil properties, seasonality dry tropical forest, 

ecosystem engineers, herbivory  
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1. Introduction  

Human disturbances and climate change are primary drivers of biodiversity decline 

globally (PEREIRA, H. M. et al., 2010; SALA et al., 2000), and their effects are also a threat 

to soil systems and ecosystems functioning. Human disturbance constitute the main source of 

depletion in nutrient concentration and stocks in forest soils due to reduced litter deposition 

and nutrient cycling rates (CARDELÚS et al., 2020; CHEN; LI, 2003; STYGER et al., 2009). 

Similarly, nutrient content can shrinkage in soils under increasing aridity (BERDUGO et al., 

2020; LUO et al., 2020). However, the combined effects of disturbance and climate change 

are more complex. Disturbance and climate can interact and modify differently the soil carbon 

stocks due to pH patterns in wet and dry lands (DLAMINI; CHIVENGE; CHAPLOT, 2016). 

These soil altered properties mediated by disturbance and climate change can suppress soil 

texture and fertility and turn to be the more determinant factor influencing plant growth rates 

(TOLEDO et al., 2011). 

Although being in general hostile, the new altered habitat conditions promoted by 

human disturbance and climate change are suitable for the proliferation of some few 

organisms. One of these organisms are the leaf-cutting ants (LCA, species from the genus 

Atta Fabribius, and Acromyrmex Mayr), ravenous herbivores of the neotropical region, being 

able to harvest ca. 70 to 500 kg of dry weight/colony/yr (HERZ, 2007; WIRTH et al., 2003) 

in rain forests and ca. of 244 kg of dry weight/colony/yr (SIQUEIRA et al., 2018) in dry 

forests. The LCA have been reported to proliferate across human-modified landscapes due to 

more nesting sites and relaxation of bottom-up and top-down controls found in disturbed 

areas (ALMEIDA; WIRTH; LEAL, I. R., 2008; FALCÃO et al., 2011; FARJI-BRENER, A. 

G., 2001; LEAL, I. R.; WIRTH; TABARELLI, 2014; MEYER, Sebastian Tobias; LEAL, I., 

2009; RAO, 2000; SIQUEIRA et al., 2017; VASCONCELOS et al., 2006; VIEIRA-NETO; 

VASCONCELOS; BRUNA, 2016). The LCA also increase their consumption and herbivory 

rate in disturbed sites and during drier periods (SIQUEIRA et al., 2018; URBAS et al., 2007), 

inflicting higher pressure upon vegetation and potentializing the effects of disturbance.  

Due to the herbivory activity and nutrient transference from the biomass above ground 

to their fungus garden and refuse dumps, LCA are important agents of nutrient stocks and 

cycling in neotropical ecosystems (FARJI-BRENER, Alejandro G.; ILLES, 2000; 

MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 2007). The soil 

nutrient accumulation due to nest activity can occur at depths greater than 2 m and can remain 

at high-levels compared to non-nest soils even when the nest is inactive (MOUTINHO, P.; 
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NEPSTAD; DAVIDSON, 2003). The effects of LCA on soil layers include (1) lower bulk 

density in nest areas compared with surrounding non-nest soils, and (2) increasing in Ca, Mg 

and K stocks (MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003). The higher nutrient content 

incorporated in deeper soil layers in the nests could be an important resource for plants as 

they can be mineralized and absorbed by plant roots established nearby (STERNBERG et al., 

2007). The nutrient input on soil by LCA can be associated with the number of plant species 

harvested by colonies, which in turn is affected by disturbance (SCHULZ et al., 2019; 

TADEY; FARJI-BRENER, Alejandro G., 2007). However, the extent to what disturbance 

influence the LCA nest effects on soil physical-chemical traits is poorly understood (SOUSA-

SOUTO; SCHOEREDER; SCHAEFER, 2007; TABARELLI et al., 2017; TADEY; FARJI-

BRENER, 2007), and studies assessing this knowledge were mainly carried out in rain forests 

and savannas (FARJI-BRENER, Alejandro Gustavo; SILVA, J., 1995; SOSA; BRAZEIRO, 

2010; VERCHOT; MOUTINHO, P. R.; DAVIDSON, 2003), lacking information in dry 

forests.  

The herbivory rates of LCA can be higher during the dry season when associated to 

disturbance in dry forest (SIQUEIRA et al., 2018), triggering an alert on the consequences of 

climate change on historically disturbed regions as the dry ecosystems of the neotropical 

region. Increasing aridity requires a special attention, because it is the main climate change 

effect projected for semiarid regions (MAGRIN et al., 2014), and is reported to increase 

herbivory rates of different herbivore species in addition of LCA (ANDRADE, J.F. et al., 

2020). Additionally, aridity can reduce soil nutrient stocks in tropical dry forest, impacting 

forest resilience (ALTHOFF et al., 2016). Another lack of knowledge is related to the LCA 

different species. Most information on herbivory rates, nutrient stocks and soil properties, 

come from Atta species, which produce bigger and more conspicuous nests (but see Sousa-

Souto et al. 2012), thus little is known on the LCA species of the genus Acromyrmex. 

Although are not as big as Atta nests and have not high herbivory rates, Acromyrmex species 

can colonize areas with density of nests up to 30 nests per ha (TABARELLI et al., 2017) and 

their effect on soils should not be negligible.  

The Brazilian Caatinga is the largest and most diverse dry forest globally (SILVA, 

José Maria Cardoso Da; LEAL, I. R.; TABARELLI, 2017) and constitute an example of 

ecosystem where human disturbance and climate change are a source of forest degradation 

(TABARELLI; SCARANO; SILVA, J. M. C., 2017). The region has a dense human 

population (26 inhabitants/km², Medeiros et al., 2012), mostly composed of low-income 
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families (AB’SABER, 2000) which are strongly dependent on natural resources for 

subsistence in a typical chronic anthropogenic disturbance (SINGH, 1998b). This dependency 

on natural resources is mainly related to the use of native vegetation for livestock grazing, 

firewood collection, exploitation of bark and leaves for medicinal use, hunting and slash-and-

burn agriculture (ARNAN et al., 2018; RIBEIRO, Elaine M.S. et al., 2015; SOUZA, Danielle 

Gomes et al., 2019). Caatinga dry forests also emerges among the top six ecosystems with the 

largest intrinsic vulnerability to climate variability, which is largely explained by its critical 

water balance (SEDDON et al., 2016). The region is projected to receive about 22% less 

rainfall following an increase in temperature up to 6°C (i.e. increasing aridity) until the end of 

this century (MAGRIN et al., 2014). Recent studies demonstrated that both human 

disturbance and climate changes promote impoverishment of taxonomic, phylogenetic and 

functional diversities and biotic homogenization of plant and ant communities, loss of plant-

ant interactions and reduced of plant biomass and nutrient stocks (Arnan et al., 2018; Oliveira 

et al., 2019; Ribeiro-Neto et al., 2016; Ribeiro et al., 2015; Ribeiro et al., 2016; Ribeiro et al., 

2019; Schulz et al., 2016), but their interaction are very complex (CÂMARA et al., 2018; 

RITO et al., 2017) and still poorly studied. 

In this study we investigate how two LCA species, Acromyrmex balzani and 

Acromyrmex rugosus, respond to increasing chronic anthropogenic disturbance and aridity, 

and how their colonies influence soil physical properties and soil nutrient concentration and 

stocks in the Caatinga dry forest. As LCA of Atta genus benefit from human disturbance in 

Caatinga dry forest due to the proliferation of palatable vegetation as Euphorbiaceae species 

and herbs (SIQUEIRA et al., 2018), we hypothesize that Acromyrmex species will also 

proliferate in disturbed and drier sites of Caatinga, harvesting more biomass and having 

stronger effects on soil nutrient stocks. Additionally, as LCA nests harvest plant items of a 

large surrounding area and implement this material in deep fungus chambers, they can 

constitute sink channels of soil nutrients that are leached through vertical macro pore spots 

(nest tunnels). Thus, we predict that in disturbed and drier sites, Acromyrmex balzani and 

Acromyrmex rugosus will have (1) higher colony densities, (2) higher biomass-base 

consumption rate per colony. We also predict that soil of the nests will show (3) higher 

nutrient concentration, (4) increased soil nutrient concentration and stocks with increasing 

depth and (5) higher fine root biomass than non-nest soils. Finally, we predict that in 

disturbed and drier sites, (6) the nest effects on soils will be stronger with higher. 
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2. Methods 

2.1.Study site  

This work was carried out in the Catimbau National Park (8º24’00’ and 8º36’35’ S; 

37º0’30’ and 37º1’40’ W), located in the state of Pernambuco, northeastern Brazil (hereafter 

Catimbau). The climate is semiarid, with annual temperature averaging 23°C, and mean 

annual rainfall varying from 480 to 1100 mm, concentrated between March and July 

(Sociedade Nordestina de Ecologia 2002). Deep sandy soils are predominant in Catimbau 

(quartzite sands, 70% of area), but planosols and lithosols are also present (15% each one; 

Sociedade Nordestina de Ecologia 2002). Vegetation is dominated by low-statured trees with 

Fabaceae, Euphorbiaceae and Boraginaceae as the predominant plant families, while the 

ground layer is composed of Cactaceae, Bromeliaceae, Malvaceae, Asteraceae and Fabaceae 

(Rito et al. 2017a). 

 

2.2.Study species  

There are at least two Acromyrmex species in Catimbau: A. balzani (Emery, 1890) and A. 

rugosus (Smith, 1858) (Backé, 2015). These two species have different foraging habits: while 

A. balzani is a grass-cutter species, A. rugosus is a dicot-cutter species (P.E. Santos-Neto, 

personal observations, Camargo et al. 2006). A. balzani and A. rugosus can be very abundant 

in Catimbau, reaching up to 31 nests/ ha (Backé, 2015, Tabarelli et al. 2017). 

 

2.3.Study design  

For colony density, we selected 22 0.1-ha plots covering a wide range of chronic 

disturbance and mean annual rainfall levels, based on RapidEye satellite imagery and field 

observations. All plots were on sandy soil, had similar slope, and supported old-growth 

vegetation that had not experienced slash-and-burn agriculture for at least 50 years. Plots were 

separated by a minimum of 2 km and occurred within an area of 214.3 km2 (RITO et al., 

2017). Disturbance level of each plot was first calculated as three distinct main sources of 

chronic anthropogenic disturbances in Catimbau, identified and quantified by (ARNAN et al., 

2018), which generated three indices: (1) People Pressure Index – The use of resources by 

people, calculated by indirect measures related to the ecological and social-ecological context, 

(2) Grazing Pressure Index – Disturbance type related to herbivore activity, trampling and 

other physical damage in the plots caused by cattle and goats, and (3) Wood Extraction Index 

– Disturbance type characterized by extraction of both live and dead wood for using as fuel, 
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fence construction and handicraft production (Arnan et al. 2018). Each disturbance type was 

characterized by quantifying different disturbance metrics (see below) which were integrated 

in each index using the following formula:  

𝐼 =
∑

𝑦𝑖 −  𝑦min

𝑦𝑚𝑎𝑥 −  𝑦𝑚𝑖𝑛

𝑛
𝑛=1

𝑛
𝑥 100 

here I is the intensity of each disturbance type; yi is the observed value for a given disturbance 

metric in plot i; ymin is the minimum observed value for the disturbance metric across all 

plots; ymax is the maximum observed value for the disturbance metric across all plots; and n 

is the number of individual disturbance metrics incorporated in the index. Thus, this formula 

first standardizes the values of each component disturbance metric between 0 and 1, and so 

they are weighted equally. The overall index I varies from 0 (zero values for all component 

metrics) to 100 (maximum values of all component disturbance metrics). For full description 

of the method see Arnan et al. (2018). 

The Exploitation of Non-Timber Forest Products Index was calculated based on four 

indirect measures of accessibility to our plots as surrogates of intensity of harvesting of non-

timber products: proximity to the nearest house, proximity to the nearest village, proximity to 

the nearest road (the geographic measures) and number of people living in the houses (a 

socio-ecological context) with influence in the plots (Arnan et al. 2018b). Grazing pressure 

index was quantified in the field by measuring goat-trail length and counting goat and cattle 

dung; the two measures of goat activity were combined to obtain a single measure for goats 

by means of PCA. Both variables were highly and positively correlated with the first PCA 

axis which explained 88% of the variance. The grazing pressure index was then calculated as 

the sum of goat usage and cattle dung using the formula described above. The wood 

extraction index was measured by direct counting stem cuts and litter collection. The field 

measurements were then added using the above formula. The three indices were not 

correlated, which underscores that they are independent and quantify different forms of 

anthropogenic disturbance. The three disturbance pressure indices were then integrated into a 

single global multi-metric index (hereafter, disturbance index), using the same formula 

described above. A more detailed description of the method for calculating each index is 

provided in Arnan et al. (2018b). 

To estimate mean annual rainfall levels of each plot we used water deficit, which 

represents the potential additional evaporative demand not met by available water based on 

energy input and precipitation (Lutz et al. 2010). Water deficit was calculated based on 30-
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arc-seconds (1 km) resolution maps of long-term average annual and actual 

evapotranspiration (CGIAR-CSI’s Global Aridity and PET Database and Global High-

Resolution Soil-Water Balance database, Trabucco and Zomer 2009, 2010). These maps were 

generated using temperature and precipitation data from WorldClim global climate data 

repository (www.worldclim.org). For each plot, the difference between potential and actual 

evapotranspiration was calculated to obtain water deficit values (ranging from 658 to 1086 

mm/yr, a variation of 40% of DH in less than 30 km of extension). All measures were 

performed with ArcGIS 10.1 (ESRI 2012). 

 

 

 

2.4. Colony density 

 To address the colony density of the two Acromyrmex species, we roamed four 

transects of 4 x100 m (1600 m2) in each plot, totalizing 35,200 m2 coursed. We started at the 

center of the plot and going in the four opposite directions separated from each other by an 

angle of 90º at the starting point. For determine the transect length and direction we used the 

GPS tracking function (Global Positioning System, Garmin e-Trex 20), which result in an 

estimated resolution better than 3 m. Using the GPS device, we marked every colony 

encountered along the transect. When a trail was found, it was followed until the nest entrance 

and then we returned to the transect. The colony density was calculated by dividing the 

number of nests found in the total area sampled per plot (1600 m2) by 0.16, thus, obtaining 

nest density per hectare. 

 

2.5. Colony consumption rate 

To quantify the effects of disturbance and precipitation on the colony consumption 

rates and on the soil nutrient concentration and stocks mediated by the colonies, we used a 

subset of eight plots, disposed of such a way that they include intermediate and the end values 

of the gradients. We marked 32 active colonies of A. balzani and 21 of A. rugosus disposed 

along these eight plots. We sampled the focal colonies from May to October. To avoid 

overfitting the models in the statistical analysis, we categorized the areas across the gradients 

into two level of each explanatory variable. Thus, we took all the areas with disturbance index 

varying between 0 and 20 and categorized them as “conserved areas”; areas with disturbance 

index higher than 30 as “disturbed areas”; areas with water deficit values varying between 
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600 and 800 as “rainy areas”; and areas with water deficit values higher than 800 as “arid 

areas”. 

We sampled all ants carrying plant fragments (leaves, flowers, stalks and seeds) at 5-

min intervals during the peak of daily activity on the trail (URBAS et al., 2007). Plant 

fragments were packed in plastic bags and then the fragments were placed in a stove and dried 

to a constant weight at approximately 70°C for dry weight determination. All ants were 

released back to the trail. Based on fragments weight, we calculated the biomass-based 

consumption rate by predicting daily totals from previously established regression equations 

relating 24-h counts of leaf fragments (F24d) to the respective 5-min counts at the daily 

foraging peak (F5d) during the two seasons; dry season totals: F24d = 5.7114 + ( - 1.1826) x F5d 

+ 0.0717 x F5d
2 + ( - 0.001) x F5d

3; (R2 = 0.7353, P = <0.001, N = 12); rainy season: F24w = 

3.8229 (- 0.9730) x F5w + 0.0890 x F5w
2 +( - 0.002) x F5w

3 ; (R² = 0.6855, P < 0.001, N = 12) 

for A. Balzani; and dry season totals: F24d = 36.7932 + ( - 7.595) x F5d + 0.3926 x F5d
2 + ( - 

0.002) x F5d
3; (R2 = 0.8499, P = <0.001, N = 5); rainy season: F24w = 43.5486 (- 10.2141) x 

F5w + 0.6575 x F5w
2 +( - 0.010) x F5w

3 ; (R² = 0.8587, P < 0.001, N = 5) for A. rugosus. Then, 

to obtain the biomass-based consumption rates per day, we replaced the respective value of 

number of fragments in 5 min by the average area or biomass calculated for the whole 

samples.  

 

2.6. Soil physical-chemical properties and root biomass 

Soil physical and chemical properties and soil fine plant root biomass were evaluated 

in 12 colonies of A. balzani and 12 of A. rugosus (i.e. one colony of each specie per plot) in 

the same 12 plots described above. For each colony we manually excavated a shaft (1m x 2m 

x 2 m deep) at the center of the nest in a way that the shaft cuts the center profile until 2 m 

depth (nest soil). We also excavated another shaft 15 m from the edge of the nest, in a 

randomly selected direction (non-nest soil), which was considered as a non-nest control area. 

For each shaft dug at the nest center, we measured the area of intersection between the shaft 

wall and the subterranean chambers of the nests, and classified them as fungal garden, refuse 

chamber, loose soil chamber, or empty chamber. We sampled two intact soil cores to measure 

soil bulk density at five different depths: 0–10, 40–50, 90–100, 140–150, and 190–200 cm, in 

all nests and non-nests excavated sites. At each depth, the two soil core samples were taken 

20 cm apart horizontally, considering the center of the shaft (oriented by the center of the nest 

before beginning the excavations) as a reference point. The soil core samples were taken 
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using a PVC ring of 200 cm3, stored in paper bags and dried at 70º C for 24 h. The soil bulk 

density was calculated by dividing the dry biomass of the soil amount in each core sample by 

its volume, adding the results and dividing by two to have an average of the soil bulk density 

for each depth.  

 We collected 1000 cm3 of soil volume in the center of the shaft at the same depths 

used for the bulk density soil samples (i.e. 0–10, 40–50, 90–100, 140–150, and 190–200 cm) 

to quantify nutrient concentration and stocks, and the fine root biomass at each depth. For 

this, we used the 200 cm3 PVC ring, colleting five times the ring quantity. The ring was 

cleaned using 70% alcohol and water every time we changed treatment sampling (i.e. nest to 

non-nest and vice-versa). First, we measured the mass and vertical distribution of fine roots 

(diameter <.2 mm) in all the nests and non-nests samples by separating the roots manually and 

using a plastic sieve (0.8 mm diameter) in each 1000 cm3 soil sample. The sieve was also 

cleaned using 70% alcohol and water every time we changed samplings. The roots were then 

stored in paper bags, dried to constant mass at 70ºC and weighed.  

After sorting out the roots, the soil samples (ca 400 g) were than dried at 70° C by 

minimum 24 h, identified and stored in clean plastic bags. The dry soil samples were first 

grind using agate crucibles and pestles in laboratory and sieved with a fine fabric mesh (ca 

0.01 mm diameter). The soil powder obtained was then weighted in one gram per sample and 

was packed into a polyethylene pill of 20 mm internal diameter and covered with 6-µm-thick 

polypropylene film (Mylar®). To quantify nutrient concentration in each soil samples, we 

used an energy dispersive X-ray fluorescence spectrometer, model EDX 720 from Shimadzu, 

which consists of a rhodium tube for generating X-rays, a sealed chamber for sample analysis 

in a vacuum atmosphere, and a Si(Li) detector to measure the induced radiation. The element 

concentration outcome of the analyzer gives the concentration in ppm of several elements, of 

which we selected: magnesium, potassium (soil major elements), iron, manganese, zinc, and 

silicon (soil trace elements) to investigate their concentrations in the soil. We also quantified 

soil organic carbon and soil total nitrogen using an elemental analyzer EuroVector (EA3000) 

coupled to an isotopic ratio mass spectrometer Denta V Advantage (Thermo Scientific). We 

used the elemental analyzer configured with a CHN reactor filled with chromium oxide, 

reduced copper wires and silver cobalt oxide, a water adsorption trap (magnesium cobalt) and 

a chromatographic separation column. Then, we quantified the masses of soil organic carbon 

(SOC) and total nitrogen in the soil samples by adjusting an analytical curve (R ≥ 0.995), 
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using the sediment B2151 as reference (Elemental microanalysis N = 0.52%; C = 7.45%; δ 

13C = -28.85 ‰; δ15N = + 4.32 ‰). 

We transformed the concentration of each nutrient quantified from ppm to g/kg by 

simply dividing each concentration value by 1000. Additionally, we calculated soil nutrient 

stocks by multiplying each nutrient concentration by the soil bulk density in the different soil 

layers, by the soil depth in meters and by one hectare of area in m2 (nutrient concentration * 

bulk density at soil layer * soil depth * 10,000). Then we sum up the different results of 

nutrient stock for each soil layer until two meters depth obtaining the nutrient stock of each 

element in one hectare of area of two meters depth. 

 

2.7. Nutrient concentration in plant material harvested 

We also quantified nutrient concentration in the plant material collected by the ants to 

feed the fungus garden. For that, a similar process conducted to the soil samples was taken for 

the plants. After weighted, the harvested material was dried at 50-60° C by 48 h, identified 

and stored in clean plastic bags. The dry samples were first grind using a planetary ball mill 

(PM 200, Retsche ®) for 10, 15 or 20 minutes depending on the material hardness. We 

obtained a plant loose powder that was weighted in one gram per sample and packed into a 

polyethylene pill of 20 mm internal diameter and covered with 6-µm-thick polypropylene film 

(Mylar®). We put the pills in an energy-dispersive X-ray fluorescence spectrometer, model 

EDX 720 from Shimadzu, which consists of a rhodium tube for generating X-rays, a sealed 

chamber for sample analysis in a vacuum atmosphere, and a Si(Li) detector to measure the 

induced radiation. We selected magnesium, phosphorus, potassium, iron, manganese, and 

calcium as nutrients to investigate their concentrations in the plant material. We also 

quantified total carbon and nitrogen in the plant material with an elemental analyzer 

EuroVector (EA3000) with the same configuration as made for soil samples (see above). 

 

2.7. Statistical analysis 

To test the hypothesis that increasing chronic disturbance and aridity lead to an increasing 

in A. rugosus and A. balzani colony densities, we used Generalized Linear Models (GLM) 

with disturbance index and water deficit as independent continuous variables and colony 

density in each plot as response variable. For that, we used a backward-selection procedure to 

choose the best-fit models according to the lowest Akaike information criterion with a 

correction for small sample sizes (AICc). For each ant species, we built a starting model that 
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included disturbance index and water deficit as main independent variables and the 

interactions between them (disturbance index x water deficit). We applied a standardization in 

the starting model to have comparable estimates and confidence intervals for the independent 

variables using the function standardize in the package arm (Gelman & Su, 2020). The best-

fit models were those selected based on AICc weights, with AICc delta (AICc difference) of 

<2 (Burnham & Anderson, 2002). We then applied model averaging to make inferences about 

how chronic disturbance and aridity influenced response variables. First, for each explanatory 

variable, we averaged coefficients and 95% confidence intervals across the best-fit models. 

Second, we considered explanatory variables as having a significant effect on response 

variables when the 95% confidence intervals did not include 0 (GRUEBER et al., 2011). We 

also calculated the relative variable importance (RVI) for the explanatory variables that fit in 

a best-fit model. Model selection and averaging were carried out using MuMin package 

(Bartón, 2018) in the programming environment R (R CORE TEAM, 2019). 

To test the influence of disturbance and aridity on the consumption rate based on biomass 

harvested by the ants we used Generalized Linear Mixed Models (GLMM) with disturbance 

and aridity levels as explanatory fixed factors, plot as random factor, and biomass of the 

harvested material per day as response variable. These models were fitted using Lme4 and 

lmerTest packages in R (BATES et al., 2015; KUZNETSOVA; BROCKHOFF; 

CHRISTENSEN, R, H, 2017). We also applied model selection and calculated relative 

importance of those variables that fit in a best fit model. Model selection and averaging were 

carried out using MuMin package (Bartón, 2018) in the programming environment R (R 

CORE TEAM, 2019). 

For soil properties (soil bulk density, soil nutrient concentration and stocks, and soil 

fine root biomass) we first searched for the effects of depth (10, 50, 100, 150 and 200 cm) and 

treatment (nest and non-nest) on the response variables. For this, we applied Generalized 

Linear Mixed Models (GLMM) using treatment and depth as fixed factors, and plot as 

random factor for each ant species separately. We tested the main effects of each explanatory 

variable and the interactions between them on the soil physical and chemical properties and 

soil fine root biomass. Thus, we investigated the effects of disturbance and aridity on the soil 

bulk density, soil nutrient concentrations, soil carbon and nitrogen ratios (hereafter C/N ratio), 

soil nutrient stocks and soil fine root biomass. For this, we also applied Generalized Linear 

Mixed Models (GLMM) using disturbance index and water deficit, and their interactions with 

treatment as the fixed factors, as well as plot as the random factor. Finally, based on the plant 
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material collected for the consumption rate, we also investigated the amount of the nutrient 

stocks carried into the nest across the areas, using GLMM with disturbance and water deficit 

as fixed factors and ant species as random factor, as well as each nutrient stock (C, N, Mg, K, 

P, Mn, Fe and Ca) as response variables. All these analyses were carried out with the 

packages Lme4 and lmerTest in R (BATES et al., 2015; KUZNETSOVA; BROCKHOFF; 

CHRISTENSEN, R, H, 2017).  

 

3. Results 

 

The colony density varied from 0 to 43.7 nests/ha for A. balzani (17 ± 20.1, mean ± SD) and 

from 0 to 81 nests/ha for A. rugosus (20.7 ± 23.7). According to the model selection, the 

colony density of A. balzani retained only disturbance index as explanatory variable in a best 

fit model (Table 1, Figure 1A). Disturbance index and water deficit were selected in the best 

fit models for colony density of A. rugosus, however, for water deficit the confidence interval 

included zero (Table 1, Figure 1B).  

 Biomass harvested daily by A. balzani colonies varied from 0 to 4.81 g of dry 

weight per day (1.22 ±1.16 g of dry weight per day) (Table 1), and from 5.6 to 74 g (22.5 

±16.04 g of dry weight per day) in colonies of A. rugosus, (Table 1). Water deficit and 

Disturbance index together with water deficit were selected in the best fit models for biomass 

loaded daily by A. balxani and A. rugosus colonies, respectively, however, their confidence 

intervals included zero, and thus we considered that there was no considerable effect of the 

explanatory variables on the biomass loaded by the colonies (Table 1).  

Soil bulk density increased with depth in nest and non-nest soils of the two ant species 

(Table S1, Figure 2). Nest and non-nest soils of A. rugosus showed significantly different 

values of soils bulk density, while nest and non-nest soils of A. balzani did not show 

significant effect in the soil bulk density (Table S1, Figure 2a, b). The fine root biomass by 

soil volume was affected by treatment, being two times higher in nest soils (ranging from 0 to 

1.1 mg/cm3, 0.2 ± 0.22 mg/cm3) than in non-nest soils (ranging from 0.003 to 0.69 mg/cm3, 

0.106 ± 0.108 mg/cm3) for A. balzani colonies. There was also an effect of the interaction 

between treatment and depth for A. balzani colonies (Table S1, Figure 2c). For A. rugosus the 

fine root biomass by soil volume was affected by treatment, being almost three times higher 

in nest soils (ranging from 0.002 to 3.73 mg/cm3, 0.38 ± 0.56 mg/cm3) compared to non-nest 

soils (ranging from 0.01 to 0.9 mg/cm3 0.16 ± 0.18 mg/cm3), suffering an effect of the 
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interaction between treatment and depth (Table S1, Figure 2d). The analysis on the nutrient in 

the plant material harvested by the colonies of A. rugosus showed that that calcium stock 

caried into the nest was significantly higher in disturbed than in preserved sites (Table S2). 

The remained elements were not associated with disturbance index or water deficit neither. 

The analysis of the influence of depth and treatment showed that these two factors 

were determinant in the soil nutrient concentration of three major elements: nitrogen, 

magnesium, and phosphorus. In A. balzani soils, the total phosphorus concentration decreased 

with depth in nest but increased in non-nest soils, while the total magnesium concentration 

increased with depth without effect of the nest (Table S3, Figure 3 a, b). None of the trace 

elements and the C/N ratio varied significantly among treatment and depths (Table S3). In A. 

rugosus soils, the concentration of nitrogen was higher in the nest compared to non-nest soils, 

and showed an effect of the interaction between treatment and depth, being higher in nest than 

non-nest soils near the soil surface but inverting this pattern at 2 meters deep (Table S4, 

Figure 3c). The concentration of magnesium also showed higher values in the nest compared 

to non-nest soils of A. rugosus, in this case, without effect of depth (Table S4, Figure 3d). For 

the trace elements, iron concentration increased with depth, without effect of the nests, while 

silicon concentration was lower in nest compared to non-nest soils, without effect of depth 

(Table S4, Figure S13 a, b).  

The analysis on the influence of disturbance and aridity on the soil bulk density and 

fine root biomass in nest and non-nest soils of A. balzani showed that disturbance and aridity 

did not affect soil bulk density and soil fine root biomass (Table S5), while the found before 

result of the effect of treatment, with lower bulk density and higher fine root biomass in nest 

than in non-nest soils, was repeated (Table S5). Similarly, the influence of disturbance and 

aridity on the soil bulk density and fine root biomass in nest and non-nest soils of A. rugosus 

showed that disturbance and aridity did not affect soil bulk density and soil fine root biomass 

(Table S6), while again, the result of lower bulk density and higher fine root biomass in nest 

than in non-nest soils, was repeated (Table S6).  

The analysis on the influence of disturbance and aridity on the soil nutrient 

concentration in nest and non-nest soils of A. balzani showed that SOC concentration was 

positively associated with nest soils, negatively associated with increasing disturbance, and 

was associated with the interaction between disturbance index and water deficit, higher at 

high water deficit and moderate disturbance index (Table S7; Figure 4a). The total soil 

potassium concentration was negatively associated with increasing disturbance, positively 
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associated with increasing water deficit, and associated with the interaction between 

disturbance and water deficit, being higher at sites with high water deficit and decreasing as 

disturbance index increases (Table S7, Figure 4b). The soil total iron concentration was 

negatively associated with water deficit, and also associated with the interaction between 

disturbance and water deficit, increasing with increasing disturbance but decreased water 

deficit (Table S8, Figure 4c). 

The total soil phosphorus concentration was negatively associated with water deficit (Table 

S7, Figure 4d). The concentration of zinc was first associated with the interaction between 

disturbance and treatment, decreasing rapidly in non-nest soils as disturbance increases but 

being uniform in nest soils (Table S8, Figure S14a); and second, associated with the 

interaction between water deficit and treatment, decreasing in nest and increasing in non-nest 

soils as water deficit increases (Table S8, Figure S14b). The total silicon concentration in the 

soil was positively associated with water deficit (Table S8, Figure S14c). The concentration of 

manganese was in general higher in non-nest soils but increased in nest soils as disturbance 

and water deficit increase (Table S8, Figure S14d). The other elements were not significantly 

associated with none of the predictor variables. 

For A. rugosus the concentration of total soil nitrogen and iron were negatively 

associated with water deficit, without effect of treatment (Table S9, Figure 4e,f). On the other 

hand, total silicon concentration was positively associated with water deficit and was higher 

in non-nest soils than in nest soils (Table S10, Figure 4g). Total iron concentration was 

positively associated with disturbance index (Table S10, Figure 4h). The total magnesium 

concentration was consistently affected by the nests only, being higher in non-nest than in 

nest soils (Table S9, Figure 3d). The other elements were not significantly associated with 

none of the predictors. 

Regarding the effects of disturbance and aridity on the soil nutrient stocks in nest and 

non-nest soils of A. balzani, stock of SOC was higher in nest soils than in non-nest soils and 

was negatively associated with disturbance (Table S11, Figure 5a). The stock of nitrogen was 

associated with the interaction between treatment and disturbance, and with the interaction 

between treatment, disturbance and water deficit, increasing the stock values of nest soils as 

disturbance index and water deficit increase (Table S11, Figure 5b). Total soil potassium 

stocks were associated with the interaction between disturbance index and water deficit, 

decreasing with disturbance and increasing with water deficit (Table S11, Figure 5c). Total 

phosphorus stocks were associated with the interaction between disturbance index and water 
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deficit, increasing as disturbance index increases and water deficit decreases (Table S11, 

Figure 5d). Total manganese stocks in the soil increased with disturbance and water deficit, 

being higher in nest than non-nest soils at high disturbance and water deficit levels (Table 

S12, Figure S15a). Total zinc stocks tended to increase at high water deficit but low 

disturbance levels, being higher in nest than non-nest soils at low water deficit (Table S12, 

Figure S15b). Total iron stocks increased at high disturbance and low water deficit (Table 

S12, Figure S15c). The other elements were not significantly associated with none of the 

predictors. 

The effects of disturbance and water deficit on the soil element stocks in nest and non-

nest soils of A. rugosus showed that SOC stock was higher in nest than non-nest soils (Table 

S13). The stocks of SOC were also associated with the interaction between treatment and 

disturbance, decreasing rapidly with increasing disturbance in nest soils, but not in non-nest 

soils (Table S13, Figure 6a); it was also associated with the interaction between treatment, 

disturbance index and water deficit, decreasing as disturbance index and water deficit 

increase, with a more pronounced decrease in nest soils compared to non-nest soils (Table 

S13, Figure 6a). The stock of nitrogen was negatively associated with water deficit, without 

association with treatment (Table S13, Figure 6b). Magnesium stock was associated with 

treatment, being higher in non-nest than in nest soils; it was also associated with the 

interaction between treatment and disturbance, increasing more rapidly in nest than non-nest 

soils at higher disturbance index levels, and with the interaction between treatment and water 

deficit, increasing more rapidly at higher levels of water deficit (Table S13, Figure 6c). The 

stock of total potassium was positively associated with water deficit and higher in nest than 

non-nest soils (Table S13, Figure 8d). The total manganese stocks were higher in non-nest 

soils and were associated with the interaction between disturbance index and water deficit, 

increasing as both disturbance and water deficit increased (Table S14, Figure S15d). Total 

iron stocks were associated with treatment, being also higher in non-nest soils, and associated 

with the interaction between disturbance water deficit, increasing at high disturbance and low 

water deficit levels (Table S14, Figure S15e). The stocks of the remaining elements were not 

associated with treatment, disturbance index or water deficit (Tables S13 and S12). 

 

4. Discussion 

Our results show that Acromyrmex species benefit from human disturbance and their 

nests alter soil physical and chemical properties, increasing nutrient concentration and 
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enhancing plant root biomass across different depths in the soil. More precisely, the nest soils 

present lower soil bulk density, higher plant root biomass, higher nitrogen concentration and 

lower magnesium concentration than non-nest soils. However, these effects are dependent on 

the ant species, being more pronounced in A. rugosus than in A. balzani. The effects of 

chronic disturbance, aridity, and their interaction with the alteration on soil properties 

promoted by colonies may be complex, but, in general, as several soil nutrients remain higher 

in nest than non-nest soils at moderate to high disturbance levels, disturbance can potentialize 

the nest effects, widening the difference in the nutrient content in these two soil spots. All 

these findings show that LCA nests may increment the soil nutrient stocks, mainly SOC, total 

nitrogen and total potassium, having their effects on soil potentialized by human activities. At 

the same time, the separate effect of increasing aridity is consistently deleterious to soil 

nutrient concentration and stocks.  

Our findings on colony density of the two Acromyrmex species studied reinforce that 

chronic disturbance have a propulsive effect in the populations of LCA, as a wide range of 

studies have reported for acute disturbance and with Atta species (SIQUEIRA et al., 2017; 

VASCONCELOS et al., 2006; VIEIRA-NETO; VASCONCELOS; BRUNA, 2016; WIRTH 

et al., 2007). Surprisingly though, disturbance and aridity do not seem to alter the biomass 

loaded by each colony, despite disturbance related to landscape alterations being a factor that 

enhance colony activity and biomass harvested (BUSTAMANTE; AMARILLO-SUÁREZ; 

WIRTH, 2020; SIQUEIRA et al., 2018). Soil physical alterations promoted by LCA, as the 

reduced soil bulk density found in our study, are well known (MOUTINHO, P.; NEPSTAD; 

DAVIDSON, 2003). The knowledge about LCA nests promoting soil nutrient enrichment, as 

increased SOC and N concentrations around the nests, are also well described (FARJI-

BRENER, Alejandro G.; WERENKRAUT, 2014; FARJI-BRENER, Alejandro Gustavo; 

SILVA, J., 1995; HUDSON et al., 2009; MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003; 

WIRTH et al., 2003), although they can also cause depletion of C and N in the topsoil of nest 

mounds when colony refuse dumps are internal (MEYER, Sebastian T. et al., 2013). 

However, the depletion of magnesium concentration found in nest soils of A. rugosus 

diverges from results of studies with Atta spp. nests (FARJI-BRENER, Alejandro Gustavo; 

SILVA, J., 1995; MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003). 

Few studies, however, have assessed how the increment in the soil nutrient 

concentration and stocks promoted by LCA is influenced by human disturbance and aridity. 

One of these studies found that human disturbance can reduce the nutrient content of LCA 



45 

 

 

 

nests by reducing available food-plants richness (FARJI-BRENER, Alejandro G.; TADEY; 

LESCANO, 2017). These findings partially agree with our results, since chronic disturbance 

is associated with reduced SOC and potassium in A. balzani and A. rugosus nests and non-

nest soils, although moderate disturbance may increase nutrient content in nest soil. When 

considering the effects of disturbance and aridity separated from the nest effects, our results 

agree with the idea of disturbance and aridity, isolated and combined, generate mostly 

negative effects to soil systems (GAITÁN et al., 2018). When nest soils interact with 

disturbance and aridity, the outcomes seem to go in the direction of disturbance and aridity 

potentialize the effects of nests, as seem for ecosystem engineers (DECKER; ELDRIDGE; 

GIBB, 2019; FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 2017; LEAL, I. R.; 

WIRTH; TABARELLI, 2014).  

Although chronic disturbance does not consist of clear-cut of vegetation, their effects 

seem to be strong enough to trigger an increase in LCA populations. This can be explained by 

(1) reduced plant stem abundance with chronic disturbance and increasing in intensity of 

chronic disturbance in small remnants of Caatinga vegetation (Antongiovanni et al., 2020; 

Ribeiro et al., 2015); together with (2) the proliferation of more palatable plants in disturbed 

areas, as Euphorbiaceae and Fabaceae species (RIBEIRO, Elaine M.S. et al., 2015; RITO; 

TABARELLI; LEAL, I. R., 2017), which are largely used by LCA. However, our results 

indicate that the conditions imposed by disturbance and aridity do not alter the amount of 

plant material harvested per colonies of both species. The colonies can reach an equilibrium in 

their harvesting rates across areas with different disturbance levels due the reduced palatable 

plant in more conserved areas and competition for food in more disturbed areas. The soil 

enrichment mediated by LCA is mainly driven by the accumulation of organic matter through 

deposition of refuse dumps (FARJI-BRENER, Alejandro G.; GHERMANDI, 2008; FARJI-

BRENER, Alejandro Gustavo; SILVA, J., 1995; HUDSON et al., 2009; STERNBERG et al., 

2007). This explains higher SOC concentration and stocks in nests of A. balzani, since their 

colonies always show a single external refuse dump close to the nest. For A. rugosus, 

however, refuse dumps are more often found internally, deep in the soil and irregularly 

aligned to the main nest shaft (VERZA et al., 2020).  

Lower bulk density, and higher soil carbon and nitrogen concentrations explain the 

proliferation of fine roots in the nest soil of both LCA species. However, when comparing the 

two species, fine root biomass observed in A rugosus nest soils had around twice biomass 

than in A. balzani, which can be a result of internal refuse dump and higher nitrogen 
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concentration found only in A. rugosus nest soils. We need to consider that the accumulation 

of organic matter in ant nest is a result of plant material collected from colony foraging areas, 

which are much larger than nests (URBAS et al., 2007). LCA nests concentrates in a small 

soil volume the nutrient stocks imported from a larger area, and although the nest does not 

constitute a sink of nutrient (only Mg increased concentration with depth), plants growing 

nearby the nests need to compete for a relatively small nutrient-rich soil spot. The nest-

concentrated nutrient content is probably used by the enhanced fine root web before it reaches 

1.5-m depth in the nest soils, process that may include water, as evidenced in Atta nests 

(MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003). This explains the lower P and N 

concentrations in nest soils deeper than 1.5-m compared to non-nest soils.  

We expected that disturbance and aridity potentialize the effect of LCA nests by the 

proliferation of less defended and more palatable plants (FARJI-BRENER, Alejandro G.; 

TADEY, 2009; FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 2017; RIBEIRO-

NETO et al., 2016; RIBEIRO, Elaine M.S. et al., 2016; RITO; TABARELLI; LEAL, I. R., 

2017). However, we did not find differences in the biomass harvested per colony nor in the 

concentration and stocks of all elements but calcio examined in plant material collected by 

colonies across the disturbance and aridity gradients. This indicate that nest effects are a result 

of accumulation of plant material collected along the colony life, which increase organic 

matter content, increasing root absorption and decreasing mineralization and retention of 

nutrients in nest soils, especially in less disturbed and arid areas. Additionally, the nutrient 

content in non-nest soils from disturbed areas tend to suffer depletion compared to non-nest 

soils from more conserved areas, as the cases of SOC and N stocks in non-nest soils, as 

chronic disturbance deteriorates SOC (SCHULZ et al., 2016).  

Alterations in soils attributes along disturbance and aridity gradients are also 

dependent on the LCA species. While for A. balzani nests disturbance and aridity amplify the 

difference between nest and non-nest soils by increasing concentration and stocks of SOC and 

total manganese and zinc (i.e. potentialize a positive nest effect), in A. rugosus nests there is 

the opposite effect. The nests and non-nest soils of A. rugosus are affected by disturbance via 

reduced total iron and SOC (i.e. potentialize a negative nest effect), while aridity effects are 

more isolated from the nest and disturbance effects and are consistently negative, reducing 

total SOC, total iron and total nitrogen stocks The strongest effect on magnesium stock seems 

to be a result of increased fine root biomass in nest soil layers (ESPELETA; CLARK, 2007) 

together with reduced soil bulk density (MULLINS; EDWARDS, 1987). For potassium in A. 
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rugosus nest, aridity did not enlarge the nest effect but lead nest and non-nest to a potassium 

stock convergence, narrowing the difference between them. Rock-derived nutrients, as 

potassium, are leached at higher rate with increased precipitation (AUSTIN; VITOUSEK, 

1998), and thus turn to be less abundant. However, nests soils of A. rugosus still keep 

potassium at higher stocks.  

In synthesis, Acromyrmex LCA profits from human disturbance and their effects on 

soil nutrients are largely positive and can be determinant to plant nutrient uptake, confirming 

our first hypothesis. The biomass harvested per colony does not change in function of 

disturbance and aridity, nor the nests are sink of nutrients, contrary to what we expected for 

our second hypothesis. Nest effects are primarily positive for soil nutrient enrichment, 

corroborating our third hypothesis, but without being a nutrient sink, contrary to what we 

expected for the fourth hypothesis. Human disturbance and aridity influence nest effects in a 

complex way and need to be examined carefully. In general, disturbance and aridity can 

amplify positive nest effects, increasing concentration and stocks of certain elements in nest 

soils probably due to higher productivity and lower mineralization of nutrients related to 

accumulation of organic matter from refuse dumps. All these findings indicate that the greater 

effect of nests in disturbed and arid sites can benefit a selected group of plant species, 

increasing their fitness and populations. On the other hand, the isolated effects of aridity can 

cause convergence of nest and non-nest soils regarding some nutrient content, nullifying the 

nest effect, whereas promote proliferation of less defended and more palatable plant-food for 

LCA (DIRZO, R.; BOEGE, 2008), negative effect. Our finding added more information on 

the role of LCA in dry forest, however, we stress that further studies is needed in order to 

evaluate the plant nutrient uptake in these areas and the direction of the nest effects to plants.  
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Table 1. Results of the best-fit models (ΔAICc < 2) examining the influences of chronic 

anthropogenic disturbance and water deficit on the colony density and biomass harvesting of 

plant material per day of two LCA species, A. balzani and A. rugosus, in Catimbau National 

Park, Pernambuco, Brazil. For each variable retained in the best-fit model, we have indicated 

the averaged coefficient (β), the unconditional standard error (SE), the 95% confidence 

intervals (95% CI) and the relative variable importance (RVI). Significant variables 

(according to 95% confidence intervals) are in bold. We excluded from the table variables that 

did not appear in the subset of best-fit models.  

 

  

   
        95% CI 

  
Colony density β SE  lower  upper p-value RVI 

A. balzani 
      

Disturbance index 0.592 0.265 0.044 1.140 0.034 0.76 

A. rugosus 
      

Disturbance index 19.874 8.438 1.423 38.323 0.034 0.79 

Water Deficit -13.670 8.070 -31.43 4.091 0.131 0.32 

Biomass loaded daily β SE  lower  upper p-value RVI 

A. balzani       

Water Deficit -0.418 0.287 -0.997 0.237 0.154 0.44  

A. rugosus       

Disturbance index -6.740 5.252 -17.3 3.83 0.208 0.26 

Water Deficit 8.906 4.768 -0.74 18.5 0.070 0.68 
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Legend of figures 

 

Figure 1. Colony densities of two species of LCA: (A) A. balzani and (B) A. rugosus across 

an anthropogenic chronic disturbance gradient in Catimbau National Park, Pernambuco, 

Brazil. 

 

Figure 2. Distribution of soil bulk density (A and B) and plant fine root biomass per soil 

volume (g.kg-1) (C and D) at different depths of nest and non-nest soils of Acromyrmex 

balzani and Acromyrmex rugosus colonies, in Catimbau National Park, Pernambuco, Brazil. 

 

Figure 3. Effects of depth in the concentration of (A) phosphorus and (B) magnesium in nest 

and non-nest soils of Acromyrmex balzani colonies. Effects of treatment and depth, as well as 

the interaction between these two factors on the concentration of (C) nitrogen in the soils of 

Acromyrmex rugosus colonies. Main effects of treatment and depth on the concentration of 

(D) magnesium in soil and non-nest soils of Acromyrmex rugosus colonies, in Catimbau 

National Park, Pernambuco, Brazil. 

 

Figure 4. Effects of disturbance index, water deficit, and their interactions in the 

concentration of different elements in nest and non-nest soils (treatment) of Acromyrmex 

balzani colonies: (a) effects of treatment, disturbance and the interaction between disturbance 

and water deficit on the carbon concentration; (b) effects of disturbance, water deficit and the 

interaction between these two factors on the concentration of potassium in the soil; (c) effects 

of water deficit and the interaction with disturbance on the concentration of iron in the soil; 

(d) negative effect of water deficit on the phosphorus concentration in the soil. Effects of 

water disturbance and water deficit in the concentration of different elements in nest and non-

nest soils (treatment) of Acromyrmex rugosus colonies: negative effect of water deficit on the 

(e) nitrogen and (f) iron concentrations in the soil; (g) positive effect of water deficit and non-

nest soils on the silicon concentration in the soils; (h) positive effect of disturbance on the iron 

concentration in the soil. The samples were taken in 12 plots across a chronic disturbance and 

aridity gradients in Catimbau National Park, Pernambuco, Brazil. 

 

Figure 5. Effects of disturbance index, water deficit and their interactions on the stocks of 

different elements in nest and non-nest soils of Acromyrmex balzani colonies: (a) separate 
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effects of treatment and disturbance index on the SOC stocks; (b) effect of the interaction 

between treatment, disturbance index and water deficit on the total nitrogen stocks in the 

soils; (c) effect of the interactions between disturbance index and water deficit on the 

potassium stocks in the soil; (d) effect of the interaction between disturbance index and water 

deficit on the total phosphorus stock in the soils. The soil samples were taken in 12 plots 

across a chronic disturbance and aridity gradients in Catimbau National Park, Pernambuco, 

Brazil. 

 

Figure 6. Effects of disturbance index, water deficit, and their interactions in the stock of 

different elements in nest and non-nest soils (treatment) of Acromyrmex rugosus colonies: (a) 

effect of the interaction between treatment, disturbance and water deficit on the stock of SOC; 

(b) negative effect of water deficit on the total nitrogen stocks in the soil; (c) separate effect of 

treatment, and the effect of the interaction between disturbance index and water deficit on the 

total magnesium stocks in the soil: (d) positive effect of nest and water deficit on the total 

potassium stocks in the soil. The samples were taken in 12 plots across a chronic disturbance 

and aridity gradients in Catimbau National Park, Pernambuco, Brazil. 
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Table S1. Effects of treatment (nest and non-nest soils) and depth, as well as the interactions 

between them on the soil bulk density and plant fine root biomass in the soils of nests of the leaf-

cutting ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

 Acromyrmex balzani Acromyrmex rugosus 

  Bulk density Fine root  Bulk density Fine root  

Predictors β CI p β CI p β CI p β CI p 

(Intercept) 1.37 1.32 – 1.42 <0.001 0.19 0.11 – 0.26 <0.001 1.42 1.36 – 1.48 <0.001 0.26 0.05 – 0.47 0.016 

Treatment -

0.03 

-0.09 –

 0.02 

0.229 0.17 0.08 – 0.26 <0.001 -

0.11 

-0.15 – -

0.07 

<0.001 0.47 0.28 – 0.66 <0.001 

Depth 0.06 0.02 – 0.09 0.001 -

0.09 

-0.15 – -

0.03 

0.002 0.04 0.01 – 0.06 0.004 -

0.06 

-0.18 – 0.05 0.259 

Treatment: 

Depth 

0.01 -0.04 –

 0.06 

0.606 -

0.11 

-0.19 – -

0.02 

0.011 0.02 -0.02 – 0.06 0.290 -

0.26 

-0.41 – -

0.10 

0.002 
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Table S2. Effects of disturbance and water deficit on the stocks of eight elements (C, N, Mg, K, P, Mn, Fe and Ca) in the plant material collected 

by the workers of A. balzani and A. rugosus colonies, in the Catimbau National Park, Pernambuco, Brazil. 

 
C Stock N Stock Mg Stock K stock 

Predictors β CI p β CI p β CI p β CI p 

(Intercept) 8.52 -2.34 – 19.39 0.124 0.35 -0.26 – 0.96 0.26 0.05 -0.05 – 0.15 0.305 0.27 -0.08 – 0.63 0.129 

Disturbance -0.01 -0.09 – 0.07 0.748 0 -0.00 – 0.01 0.822 0 -0.00 – 0.00 0.422 0 -0.00 – 0.00 0.622 

Water deficit 0 -0.01 – 0.00 0.343 0 -0.00 – 0.00 0.568 0 -0.00 – 0.00 0.547 0 -0.00 – 0.00 0.382 

 
P Stock Mn Stock Fe Stock Ca stock 

Predictors β CI p β CI p β CI p β CI p 

(Intercept) 0.03 -0.01 – 0.07 0.206 0 -0.01 – 0.01 0.893 0 -0.01 – 0.01 0.483 -0.03 -0.48 – 0.42 0.895 

Disturbance 0 -0.00 – 0.00 0.925 0 -0.00 – 0.00 0.949 0 -0.00 – 0.00 0.265 0 0.00 – 0.01 0.04 

Water deficit 0 -0.00 – 0.00 0.459 0 -0.00 – 0.00 0.443 0 -0.00 – 0.00 0.676 0 -0.00 – 0.00 0.692 
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Table S3. Effects of treatment (nest and non-nest soils) and depth, as well as the interactions between them on the concentration of five major 

elements (C, N, Mg, K and P), four trace elements and the carbon/nitrogen ratio (Mn, Fe, Zn, Si and C/N) in the soils of  nests of the leaf-cutting 

ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Major elements C N Mg K P 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 3.23 0.54 – 5.91 0.018 0.31 0.21 – 0.42 <0.001 5.94 5.71 – 6.16 <0.001 4.79 3.20 – 6.38 <0.001 0.09 0.03 – 0.15 0.006 

Treatment 3.05 -0.21 – 6.32 0.067 0.03 -0.11 – 0.18 0.677 -0.16 -0.41 – 0.09 0.211 0.25 -0.69 – 1.20 0.598 0.03 -0.03 – 0.08 0.301 

Depth 0.33 -1.93 – 2.60 0.772 -0.06 -0.16 – 0.04 0.205 0.25 0.09 – 0.40 0.003 0.45 -0.15 – 1.06 0.142 0.04 0.00 – 0.07 0.037 

Treatment:Depth -1.62 -4.67 – 1.42 0.296 -0.04 -0.18 – 0.09 0.530 0.02 -0.21 – 0.24 0.884 -0.38 -1.22 – 0.46 0.375 -0.05 -0.09 – 0.00 0.062 
 Trace elements Mn Fe Zn Si C/N 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 0.16 0.14 – 0.18 <0.001 14.03 9.67 – 18.38 <0.001 11.38 9.30 – 13.46 <0.001 510.20 476.05 – 544.34 <0.001 18.85 -14.41 – 52.12 0.267 

Treatment 0.01 -0.02 – 0.04 0.586 0.85 -2.05 – 3.74 0.566 1.70 -0.88 – 4.29 0.197 -20.95 -55.04 – 13.15 0.229 16.78 -23.93 – 57.50 0.419 

Depth -0.02 -0.03 – 0.00 0.058 1.04 -0.82 – 2.89 0.274 0.03 -1.61 – 1.67 0.972 13.47 -8.32 – 35.26 0.226 7.06 -21.09 – 35.20 0.623 

Treatment:Depth -0.01 -0.03 – 0.02 0.601 -0.23 -2.82 – 2.36 0.861 -0.37 -2.68 – 1.94 0.755 14.45 -16.04 – 44.93 0.353 -0.72 -38.27 – 36.84 0.970 
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Table S4. Effects of treatment (nest and non-nest soils) and depth, as well as the interactions between them on the concentration of five major 

elements (C, N, Mg, K and P), four trace elements and the carbon/nitrogen ratio (Mn, Fe, Zn, Si and C/N) in the soil of nests of the leaf-cutting 

ant A. rugosus,, in the Catimbau National Park, Pernambuco, Brazil. 

 

 

 

 

 

 

 

 

  

 Major elements C N Mg K P 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 3.20 -0.23 – 6.64 0.067 0.18 0.06 – 0.30 0.003 6.05 5.74 – 6.37 <0.001 4.02 3.40 – 4.65 <0.001 0.09 0.06 – 0.11 <0.001 

Treatment 2.28 -1.51 – 6.07 0.239 0.22 0.08 – 0.36 0.002 -0.54 -0.86 – -0.22 0.001 -0.08 -0.42 – 0.25 0.632 -0.00 -0.02 – 0.02 0.967 

Depth 0.25 -1.99 – 2.49 0.824 -0.01 -0.09 – 0.07 0.802 0.18 -0.01 – 0.37 0.059 0.04 -0.16 – 0.24 0.679 0.00 -0.01 – 0.01 0.770 

Treatment:Depth -1.25 -4.40 – 1.90 0.438 -0.15 -0.27 – -0.04 0.008 0.05 -0.22 – 0.32 0.702 0.02 -0.26 – 0.30 0.899 0.01 -0.00 – 0.03 0.161 

 Trace elements Mn Fe Zn Si C_N 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 0.14 0.13 – 0.16 <0.001 11.96 7.28 – 16.65 <0.001 10.33 8.78 – 11.88 <0.001 547.28 500.61 – 593.96 <0.001 22.56 3.41 – 41.70 0.021 

Treatment -0.01 -0.03 – 0.01 0.509 0.17 -2.42 – 2.75 0.900 0.79 -1.10 – 2.68 0.411 -39.01 -70.83 – -7.19 0.016 -15.59 -39.36 – 8.17 0.198 

Depth -0.00 -0.01 – 0.01 0.516 2.68 1.15 – 4.21 0.001 0.83 -0.28 – 1.95 0.142 -8.19 -27.01 – 10.63 0.394 -1.81 -17.29 – 13.68 0.819 

Treatment:Depth -0.00 -0.02 – 0.01 0.930 -1.12 -3.27 – 1.03 0.306 -0.52 -2.09 – 1.05 0.514 -0.12 -26.58 – 26.33 0.993 21.89 0.00 – 43.78 0.050 
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Table S5. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them on the soil 

bulk density and fine root biomass in soils of nests of the leaf-cutting ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

  Bulk density  Fine root biomass 

Predictors Estimates CI p Estimates CI p 

(Intercept) 1.412 1.38 – 1.44 <0.001 0.15 0.11 – 0.20 <0.001 

Treatment 0.023 -0.00 – 0.05 0.076 -0.10 -0.17 – -0.03 0.003 

Disturbance -0.00 -0.07 – 0.07 0.929 -0.03 -0.14 – 0.07 0.563 

Water deficit 0.00 -0.06 – 0.07 0.941 -0.03 -0.12 – 0.06 0.543 

Treatment * 

Disturbance 

0.06 -0.00 – 0.11 0.065 0.11 -0.03 – 0.26 0.132 

Treatment * Water deficit -0.03 -0.08 – 0.02 0.238 0.02 -0.11 – 0.15 0.757 

Disturbance * Water deficit -0.10 -0.23 – 0.04 0.155 0.01 -0.19 – 0.21 0.918 

Treatment * 

Disturbance * 

Water deficit 

-0.06 -0.18 – 0.05 0.264 0.13 -0.16 – 0.41 0.384 
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Table S6. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them on the soil 

bulk density and fine root biomass in soils of nests of the leaf-cutting ant A. rugosus, in the Catimbau National Park, Pernambuco, Brazil. 

  Bulk density  Fine root biomass 

Predictors Estimates CI p Estimates CI p 

(Intercept) 1.42 1.37 – 1.46 <0.001 0.28 0.09 – 0.47 0.003 

Treatment 0.09 0.06 – 0.11 <0.001 -0.21 -0.34 – -0.09 0.001 

Disturbance -0.01 -0.11 – 0.09 0.866 -0.17 -0.60 – 0.26 0.435 

Water deficit 0.08 -0.01 – 0.17 0.094 -0.09 -0.47 – 0.29 0.643 

Treatment * 

Disturbance 

0.05 -0.01 – 0.11 0.088 0.21 -0.07 – 0.48 0.140 

Treatment * Water deficit -0.02 -0.07 – 0.03 0.458 0.10 -0.14 – 0.35 0.413 

Disturbance * Water deficit -0.20 -0.39 – 0.00 0.065 0.34 -0.48 – 1.16 0.416 

Treatment * 

Disturbance * 

Water deficit 

0.13 0.00 – 0.24 0.066 -0.08 -0.61 – 0.45 0.760 
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Table S7. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the concentration of five major elements (C, N, Mg, K and P) in the soils of nests of the leaf-

cutting ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

  C N Mg K P 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.41 3.27 – 5.54 <0.001 0.25 0.20 – 0.29 <0.001 6.09 5.95 – 6.23 <0.001 5.21 4.29 – 6.12 <0.001 0.12 0.08 – 0.15 <0.001 

Treatment -1.76 -3.29 – -0.23 0.024 -0.02 -0.10 – 0.06 0.650 -0.603 -1.97 – 0.77 0.388 0.17 -0.29 – 0.62 0.475 0.01 -0.01 – 0.04 0.397 

Disturbance -3.57 -6.11 – -1.03 0.006 0.01 -0.11 – 0.13 0.881 -0.10 -0.41 – 0.20 0.512 -2.82 -4.85 – -0.80 0.006 0.05 -0.03 – 0.13 0.276 

Water deficit 0.76 -1.51 – 3.04 0.510 0.02 -0.07 – 0.11 0.678 0.17 -0.11 – 0.44 0.231 2.67 0.87 – 4.46 0.004 -0.09 -0.14 – -0.02 0.046 

Treatment * 

Disturbance 

0.21 -3.19 – 3.61 0.902 -0.21 -0.43 – 0.01 0.056 0.25 -0.03 – 0.53 0.083 -0.93 -1.95 – 0.09 0.073 -0.06 -0.11 – 0.01 0.087 

Treatment * Water deficit -1.93 -5.00 – 1.13 0.217 -0.12 -0.29 – 0.04 0.153 0.02 -0.23 – 0.27 0.879 -0.05 -0.97 – 0.86 0.911 0.00 -0.05 – 0.05 0.906 

Disturbance * Water deficit -5.46 -10.32 – -0.60 0.028 0.07 -0.16 – 0.29 0.553 -0.48 -1.07 – 0.11 0.108 -4.43 -8.28 – -0.58 0.024 -0.17 -0.331– -0.04 0.06 

Treatment * 

Disturbance * 

Water deficit 

3.22 -3.29 – 9.73 0.332 -0.39 -0.80 – 0.02 0.064 -0.18 -0.71 – 0.36 0.523 -0.86 -2.81 – 1.10 0.392 -0.01 -0.12 – 0.10 0.89 
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Table S8. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the concentration of four trace elements and the ration of carbon and nitrogen (Mn, Fe, Zn, Si 

and C/N) in the soils of nests of the leaf-cutting ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

  Mn Fe Zn Si C/N 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.14 0.13 – 0.15 <0.001 15.38 13.38 – 17.38 <0.001 12.32 11.27 –

 13.38 

<0.001 517.96 497.54 –

 538.37 

<0.001 31.39 17.22 –

 45.57 

<0.001 

Treatment 0.00 -0.01 – 0.01 0.742 -0.38 -1.69 – 0.94 0.574 -0.96 -2.20 – 0.28 0.130 8.39 -7.17 – 23.96 0.290 -17.27 -40.38 – 5.85 0.143 

Disturbance 0.01 -0.02 – 0.03 0.598 3.32 -1.13 – 7.76 0.144 -2.01 -4.36 – 0.34 0.093 -8.12 -53.50 – 37.27 0.726 -32.53 -68.97 – 3.91 0.080 

Water deficit 0.02 -0.00 – 0.04 0.061 -7.69 -11.63 – -

3.74 

<0.001 0.87 -1.23 – 2.97 0.415 42.72 2.36 – 83.07 0.038 16.62 -11.8 – 45.08 0.252 

Treatment * 

Disturbance 

-0.02 -0.04 – -

0.00 

0.034 0.69 -2.23 – 3.60 0.643 -3.86 -6.62 – -1.11 0.006 32.53 -2.04 – 67.10 0.065 -2.07 -46.71 – 42.5 0.928 

Treatment * Water deficit -0.01 -0.03 – 0.01 0.507 -0.17 -2.80 – 2.46 0.898 3.49 1.00 – 5.98 0.006 -26.41 -57.61 – 4.78 0.097 -16.27 -49.34 – 16 0.335 

Disturbance * Water 

deficit 

-0.02 -0.06 – 0.02 0.412 -12.46 -20.93 – -

3.99 

0.004 -4.13 -8.62 – 0.37 0.072 81.15 -5.42 – 167.72 0.066 -58.85 -126.85 – 9.1 0.090 

Treatment * 

Disturbance * 

Water deficit 

-0.08 -0.12 – -

0.04 

<0.001 -3.56 -9.17 – 2.06 0.214 -1.38 -6.69 – 3.93 0.611 6.35 -60.25 – 72.96 0.852 11.96 -71.10 – 95.0 0.778 
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Table S9. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the concentration of five major elements (C, N, Mg, K and P) in the soils of nests of the leaf-

cutting ant A. rugosus, in the Catimbau National Park, Pernambuco, Brazil. 

  C N Mg K P 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 3.94 1.50 – 6.38 0.002 0.19 0.13 – 0.26 <0.001 6.04 5.83 – 6.25 <0.001 4.06 3.44 – 4.67 <0.001 0.09 0.07 – 0.12 <0.001 

Treatment -0.81 -2.61 – 0.98 0.374 -0.06 -0.14 – 0.02 0.166 0.46 0.28 – 0.64 <0.001 0.05 -0.11 – 0.22 0.524 -0.01 -0.02 – 0.00 0.084 

Disturbance -0.17 -5.69 – 5.34 0.951 -0.00 -0.16 – 0.16 0.998 -0.14 -0.61 – 0.33 0.553 -0.34 -1.73 – 1.05 0.633 0.03 -0.02 – 0.09 0.192 

Water deficit -4.32 -9.21 – 0.58 0.084 -0.18 -0.32 – -0.04 0.010 0.39 -0.02 – 0.80 0.065 0.97 -0.26 – 2.21 0.122 -0.03 -0.07 – 0.02 0.232 

Treatment * 

Disturbance 

3.11 -0.96 – 7.18 0.135 0.14 -0.06 – 0.34 0.166 0.23 -0.18 – 0.63 0.272 0.22 -0.16 – 0.60 0.251 -0.02 -0.05 – 0.01 0.108 

Treatment * Water deficit -0.54 -4.15 – 3.06 0.769 -0.09 -0.26 – 0.07 0.280 -0.16 -0.51 – 0.20 0.394 -0.26 -0.60 – 0.07 0.125 -0.01 -0.04 – 0.01 0.284 

Disturbance * Water deficit -0.54 -11.09 – 10.01 0.920 -0.05 -0.35 – 0.26 0.760 -0.87 -1.76 – 0.02 0.055 -0.31 -2.97 – 2.35 0.819 0.05 -0.05 – 0.15 0.321 

Treatment * 

Disturbance * 

Water deficit 

-5.74 -13.53 – 2.05 0.149 -0.13 -0.50 – 0.24 0.488 0.57 -0.21 – 1.34 0.151 0.24 -0.49 – 0.97 0.522 -0.05 -0.11 – 0.00 0.065 
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Table S10. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the concentration of four trace elements and the ration of carbon and nitrogen (Mn, Fe, Zn, Si 

and C/N) in the soils of nests of the leaf-cutting ant A. rugosus, in the Catimbau National Park, Pernambuco, Brazil. 

  Mn Fe Zn Si C/N 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.14 0.13 – 0.15 <0.001 14.65 12.29 – 17.01 <0.001 11.39 10.47 –

 12.31 

<0.001 521.48 487.75 – 555.21 <0.001 21.75 6.35 – 37.16 0.006 

Treatment 0.01 -0.00 –

 0.01 

0.101 0.93 -0.55 – 2.41 0.217 -0.24 -1.24 – 0.76 0.638 38.36 22.88 – 53.83 <0.001 -4.02 -22.42 –

 14.37 

0.668 

Disturbance 0.00 -0.01 –

 0.02 

0.684 6.17 0.84 – 11.51 0.023 -2.08 -4.16 – 0.00 0.051 -38.58 -114.80 – 37.65 0.321 1.09 -33.49 –

 35.66 

0.951 

Water deficit 0.00 -0.02 –

 0.02 

0.965 -10.99 -15.73 – -

6.25 

<0.001 0.15 -1.70 – 2.00 0.874 104.55 36.86 – 172.23 0.002 -9.36 -39.95 –

 21.24 

0.549 

Treatment * 

Disturbance 

0.01 -0.00 –

 0.03 

0.155 1.87 -1.48 – 5.23 0.274 -0.37 -2.63 – 1.89 0.746 4.83 -30.26 – 39.91 0.787 1.56 -39.33 –

 42.45 

0.940 

Treatment * Water deficit -0.01 -0.02 –

 0.01 

0.291 0.20 -2.76 – 3.17 0.894 -0.44 -2.44 – 1.56 0.668 -19.01 -50.06 – 12.04 0.230 3.27 -32.94 –

 39.49 

0.859 

Disturbance * Water 

deficit 

-0.04 -0.08 – 0.0 0.051 -10.14 -20.35 – 0.07 0.052 -2.56 -6.54 – 1.43 0.208 -18.01 -163.78 –

 127.77 

0.809 -5.94 -71.48 –

 59.60 

0.859 

Treatment * 

Disturbance * 

Water deficit 

0.01 -0.02 –

 0.05 

0.390 0.52 -5.89 – 6.94 0.873 -0.81 -5.13 – 3.51 0.714 19.94 -47.17 – 87.05 0.560 3.49 -72.67 –

 79.64 

0.929 
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Table S11. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the stocks of five major elements (C, N, Mg, K and P) in the soils of nests of the leaf-cutting 

ant A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

  C stock N stock Mg stock K stock P stock 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 121.34 85.88 – 156.80 <0.001 6.68 5.18 – 8.18 <0.001 170.96 163.44 –

 178.48 

<0.001 146.70 119.81 –

 173.60 

<0.001 3.31 2.27 – 4.35 <0.001 

Treatment -42.29 -80.16 – -4.41 0.029 -1.68 -4.67 – 1.32 0.273 5.61 -5.66 – 16.89 0.329 7.70 -5.71 – 21.10 0.260 0.46 -0.09 –

 1.02 

0.101 

Disturbance -97.55 -175.86 – -

19.23 

0.015 -0.75 -4.06 – 2.57 0.659 -4.01 -20.62 – 12.59 0.636 -81.54 -140.94 – -

22.14 

0.007 1.33 -0.96 –

 3.62 

0.256 

Water deficit 19.95 -52.48 – 92.38 0.589 0.60 -2.46 – 3.66 0.700 6.77 -8.59 – 22.12 0.388 81.34 26.41 – 136.27 0.004 -2.51 -4.63 – -

0.39 

0.020 

Treatment * 

Disturbance 

2.62 -81.03 – 86.27 0.951 -7.84 -14.46 – -

1.22 

0.020 16.79 -8.11 – 41.69 0.186 -23.21 -52.81 – 6.39 0.124 -1.14 -2.37 –

 0.08 

0.067 

Treatment * Water 

deficit 

-49.51 -126.88 –

 27.85 

0.210 -4.77 -10.90 –

 1.35 

0.127 -5.76 -28.79 – 17.26 0.624 -0.01 -27.39 – 27.37 0.999 -0.27 -1.40 –

 0.86 

0.640 

Disturbance * Water 

deficit 

-

150.67 

-304.70 – 3.35 0.055 -0.65 -7.16 – 5.86 0.845 -24.71 -57.37 – 7.95 0.138 -

137.24 

-254.06 – -

20.42 

0.021 -5.19 -9.70 – -

0.68 

0.024 

Treatment * 

Disturbance) * 

Water deficit 

67.19 -97.33 –

 231.71 

0.423 -14.64 -27.66 – -

1.62 

0.028 -8.61 -57.58 – 40.36 0.730 -33.16 -91.38 – 25.07 0.264 -0.72 -3.13 –

 1.69 

0.557 
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Table S12. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the stocks of four trace elements (Mn, Fe Zn and Si) in the soils of nests of the leaf-cutting ant 

A. balzani, in the Catimbau National Park, Pernambuco, Brazil. 

  Mn stock Fe stock Zn stock Si stock 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.01 3.82 – 4.20 <0.001 433.68 377.01 – 490.35 <0.001 344.50 313.24 – 375.77 <0.001 14530.00 13680.67 – 15379.32 <0.001 

Treatment 0.11 -0.22 – 0.45 0.514 -1.34 -53.10 – 50.42 0.960 -21.40 -50.31 – 7.51 0.147 337.67 -635.61 – 1310.94 0.497 

Disturbance 0.18 -0.24 – 0.60 0.400 89.76 -35.41 – 214.93 0.160 -67.27 -136.32 – 1.78 0.056 -305.00 -2180.85 – 1570.84 0.750 

Water deficit 0.49 0.10 – 0.88 0.014 -224.04 -339.80 – -108.28 <0.001 35.13 -28.73 – 98.99 0.281 1420.08 -314.81 – 3154.97 0.109 

Treatment * 

Disturbance 

-0.46 -1.20 – 0.29 0.229 50.94 -63.38 – 165.26 0.382 -86.69 -150.54 – -22.83 0.008 1742.05 -407.56 – 3891.65 0.112 

Treatment * Water deficit -0.28 -0.96 – 0.41 0.431 -23.27 -129.00 – 82.46 0.666 86.39 27.33 – 145.44 0.004 -1313.61 -3301.70 – 674.47 0.195 

Disturbance * Water deficit -0.66 -1.49 – 0.18 0.122 -386.14 -632.31 – -139.97 0.002 -149.71 -285.51 – -13.91 0.031 1428.65 -2260.69 – 5117.99 0.448 

Treatment * 

Disturbance * 

Water deficit 

-2.33 -3.79 – -0.87 0.002 -148.35 -373.19 – 76.49 0.196 -41.63 -167.22 – 83.95 0.516 98.45 -4129.32 – 4326.23 0.964 
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Table S13. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the stocks of five major elements (C, N, Mg, K, and P) in the soils of nests of the leaf-cutting 

ant A. rugosus, in the Catimbau National Park, Pernambuco, Brazil. 

  C stock N stock Mg stock K stock P stock 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 116.40 48.97 – 183.83 0.001 6.12 4.33 – 7.90 <0.001 171.23 160.36 –

 182.09 

<0.001 115.10 95.52 – 134.68 <0.001 2.62 2.00 – 3.24 <0.001 

Treatment -21.73 -40.62 – -2.84 0.024 -

1.57 

-3.87 – 0.73 0.180 23.16 15.11 – 31.22 <0.001 8.26 3.61 – 12.90 <0.001 -

0.16 

-0.50 –

 0.18 

0.355 

Disturbance -9.77 -166.05 – 146.5 0.902 -

1.02 

-5.16 – 3.12 0.630 -4.42 -29.61 – 20.77 0.731 -10.64 -56.02 – 34.74 0.646 1.02 -0.41 –

 2.45 

0.162 

Water deficit -128.3 -265.47 – 8.72 0.066 -

4.85 

-8.48 – -1.22 0.009 22.22 0.13 – 44.32 0.049 36.10 -3.71 – 75.91 0.076 -

0.80 

-2.05 –

 0.46 

0.213 

Treatment * 

Disturbance 

99.46 55.68 – 143.24 <0.001 4.43 -0.89 – 9.75 0.103 11.68 -6.99 – 30.35 0.220 9.83 -0.94 – 20.60 0.074 -

0.46 

-1.25 –

 0.32 

0.250 

Treatment * Water deficit -15.17 -53.58 – 23.23 0.439 -

2.47 

-7.14 – 2.20 0.300 -7.97 -24.35 – 8.41 0.340 -9.79 -19.24 – -0.34 0.042 -

0.23 

-0.92 –

 0.46 

0.515 

Disturbance * Water 

deficit 

-15.20 -325.53 –

 295.12 

0.924 -

1.30 

-9.52 – 6.92 0.756 -50.91 -100.93 – -0.90 0.046 -24.79 -114.90 –

 65.32 

0.590 0.88 -1.96 –

 3.72 

0.545 

Treatment * 

Disturbance) * 

Water deficit 

-

170.55 

-257.48 – -

83.62 

<0.001 -

4.78 

-15.34 –

 5.79 

0.375 30.39 -6.68 – 67.46 0.108 17.73 -3.65 – 39.12 0.104 -

0.78 

-2.34 –

 0.79 

0.330 
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Table S14. Effects of treatment (nest and non-nest soils), disturbance index and water deficit, as well as the interactions between them (treatment 

* disturbance index; treatment * water deficit) on the stocks of four trace elements (Mn, Fe, Zn and Si) in the soils of nests of the leaf-cutting ant 

A. rugosus, in the Catimbau National Park, Pernambuco, Brazil. 

  Mn stock Fe stock Zn stock Si stock 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 3.87 3.55 – 4.19 <0.001 412.23 347.88 – 476.57 <0.001 322.04 292.44 – 351.63 <0.001 19572.22 5429.15 – 33715.29 0.007 

Treatment 0.39 0.07 – 0.70 0.015 51.43 17.76 – 85.10 0.003 10.38 -25.31 – 46.06 0.569 -8025.13 -34975.08 – 18924.82 0.559 

Disturbance 0.10 -0.63 – 0.83 0.788 191.60 42.48 – 340.73 0.012 -61.45 -130.05 – 7.14 0.079 19300.39 -13478.19 – 52078.98 0.248 

Water deficit 0.25 -0.39 – 0.89 0.449 -291.48 -422.30 – -160.67 <0.001 30.32 -29.85 – 90.50 0.323 7624.45 -21130.21 – 36379.11 0.603 

Treatment * 

Disturbance 

0.43 -0.29 – 1.16 0.243 80.30 2.27 – 158.32 0.044 2.94 -79.76 – 85.64 0.944 -40916.88 -103377.23 – 21543.48 0.199 

Treatment * Water deficit -0.36 -1.00 – 0.28 0.270 -22.37 -90.81 – 46.08 0.522 -14.18 -86.72 – 58.37 0.702 -7517.22 -62309.89 – 47275.46 0.788 

Disturbance * Water deficit -1.94 -3.40 – -0.48 0.009 -355.30 -651.40 – -59.19 0.019 -132.85 -269.05 – 3.36 0.056 27039.00 -38047.73 – 92125.72 0.416 

Treatment * 

Disturbance) * 

Water deficit 

0.57 -0.87 – 2.01 0.437 16.75 -138.19 – 171.68 0.832 -5.16 -169.36 – 159.05 0.951 -56882.06 -180906.31 – 67142.20 0.369 
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Figure S13. Effects of depth in (A) iron concentration in nest and non-nest soils of Acromyrmex 

rugosus colonies; and (B) effects of treatment on the silicon concentration of soils of 

Acromyrmex rugosus colonies situated in 12 plots across a chronic disturbance and aridity 

gradients in Catimbau National Park, Pernambuco, Brazil. 
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Figure S14. Effects of (a) disturbance index and the interaction with treatment on the total soil 

zinc concentration; (b) effects of water deficit and the interaction with treatment on the total soil 

zinc concentration; (c) positive effect of water deficit on the silicon concentration; and (d) effect 

of the interaction between treatment, disturbance index and water deficit on the total manganese 

concentration in soil The treatment consists of nest and non-nest soils of Acromyrmex balzani 

colonies situated in 12 plots across a chronic disturbance and aridity gradients in Catimbau 

National Park, Pernambuco, Brazil. 
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Figure S15. Effects of (a) the interaction between treatment, disturbance index and water deficit 

on total manganese stocks; (b) effects of water deficit and the interaction with treatment on the 

total soil zinc concentration; (c) effect of the interaction between disturbance and water deficit on 

the iron stocks in the soils of Acromyrmex balzani nests. Effect of (d) treatment and the 

interaction between disturbance index and water deficit on the total manganese concentration in 

soil; (e) separate effect of treatment, and the interaction between disturbance index and water 

deficit on the total soil iron stocks in nest soils of Acromyrmex rugosus colonies. All the colonies 

were situated in 12 plots across a chronic disturbance and aridity gradients in Catimbau National 

Park, Pernambuco, Brazil. 
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Abstract 

 

The combined effects of human disturbance and climate change are the main causes of 

biodiversity loss and its provision of ecosystem function and services. However, some organisms 

as the leaf-cutting antes (LCA) can benefit and increase their population under these new 

conditions. LCA are ecosystem engineers because they change edaphic conditions affecting plant 

recruitment and performance. In this study, we investigated the effects of nest soils of the two 

LCA Atta opaciceps and Acromyrmex balzani in regenerating and old growth forest stands under 

different level of disturbance and aridity  on seed germination, the seedling development and 

seedling nutrient intake. Our results indicated that influence of LCA soils on plant growth is more 

intense in regenerating forest stand than in old growth forests. More precisely, nest mound and 

refuse soils increased plant biomass in the soils from nest of the two LCA species, but this effect 

was enhanced for plants growing in refuse soils from regenerating forest stand after pasture and 

agriculture uses, while diminished for plants in old growth forest and even nest mound soils in 

these same areas. In old growth forest under different level chronic disturbance and rainfall the 

effects of LCA on plant growth and the nutrient intake varied more according to nest treatment 

than disturbance and aridity level. However, some major plant nutrients, as phosphorus and 

calcium can constitute the key for matching plant growth. 

 

Key-words – Nutrient concentrations, soil properties, seasonality dry tropical forest, ecosystem 

engineers, herbivory   
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Introduction 

 

Human disturbance and climate change have critical effects on soil systems because they 

modify soil physical and chemical properties (BARBHUIYA et al., 2004; TIESSEN; SAMPAIO, 

E. V. S. B.; SALCEDO, I.H., 2001). The isolated and combined effects of human disturbance and 

climate change are strong enough to diminish soil water capacity, soil nutrient stocks and 

microbial biomass, while increasing bulk density, altering nutrient cycling and ecosystem 

functioning (BARBHUIYA et al., 2004; FERRENBERG et al., 2015; FRATERRIGO et al., 

2005; SCHULZ et al., 2016). These alteration on soil properties due to human disturbance and 

climate change  negatively impact plant recruitment, performance and forest recovering 

(GARCÍA-ORENES et al., 2017). Even when soil properties are not directly altered, disturbance 

can cause a long-term effect by transferring forest carbon stock from the living biomass to the 

deadwood (ROZAK et al., 2018). Similarly, climactic factors, as aridity, has main effects on 

plant growth rates, even overcoming the influence of disturbance and soil fertility (TOLEDO et 

al., 2011).  

Despite the negative effects of human disturbances and climate change, their new biotic 

and abiotic conditions may be suitable for the proliferation of some organisms. One of these 

organisms are the leaf-cutting ants (LCA, species from Atta and Acromyrmex genera), dominant 

herbivores of the neotropical region, which proliferate across human-modified landscapes (LEAL, 

I. R.; WIRTH; TABARELLI, 2014; MEYER, Sebastian Tobias; LEAL, I., 2009; SIQUEIRA et 

al., 2017; VIEIRA-NETO; VASCONCELOS; BRUNA, 2016). LCA colonies cut leaves and 

harvest plant material to grow their fungus garden, the food source of the colonies, disposing the 

organic waste not digested by the fungus in internal nest chambers or in external piles (hereafter, 

refuse dumps). The refuse dumps are several times richer in nutrient content than the adjacent soils 

without influence of the nests (FARJI-BRENER, Alejandro G.; TADEY, 2009; HAINES, 1978; 

MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003; TADEY; FARJI-BRENER, Alejandro G., 

2007; WIRTH et al., 2003). The nutrient content of refuse dumps are mineralized and released to 

be absorbed by plants nearby (FARJI-BRENER, Alejandro G.; GHERMANDI, 2008; FARJI-

BRENER, Alejandro G.; WERENKRAUT, 2014; STERNBERG et al., 2007), resulting in 

improved plant fitness and growth rates ( Verchot et al. 2003; Farji-Brener and Ghermandi 2008; 

Sousa-Souto et al. 2007; Saha et al. 2012). However, LCA nest construction and maintenance also 
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alter soil structure, with the reallocation of a huge amount of minerals from deeper soil layers to 

the soil surface (ALVARADO, A.; BERISH; PERALTA, 1981; SWANSON et al., 2019). In 

contrast with the refuse dumps, the altered topsoil of the nest mound experiment reduced soil 

carbon and nitrogen concentrations due litter removal from the soil surface (MEYER, Sebastian T. 

et al., 2013). Consequently, in cases where colonies deposit their refuse in internal chambers, 

seedlings growing directly on the nest mounds cannot access the nutrient in the deep dumps and 

experiment less fertile topsoil with reduced plant recruitment (MEYER, Sebastian T. et al., 2011b, 

2013). 

LCA colonies have been reported to proliferate in both, areas that suffered with acute 

disturbance (i.e. replacement of the vegetation for several types of land use causing habitat loss 

and fragmentation), and areas under regimes of chronic disturbance (e.g. exploitation of non-

timber forest products, wood extraction, livestock grazing that does not cause habitat loss and 

fragmentation) (TABARELLI et al., 2017). Mechanisms for this proliferation include higher 

availability of open areas for nesting sites and relaxation of bottom-up (more palatable host plants) 

and top down (less natural enemies as parasites and predators) controls, resulting in increased 

colony densities (ALMEIDA; WIRTH; LEAL, I. R., 2008; FARJI-BRENER, A. G., 2001; RAO, 

2000; URBAS et al., 2007; VASCONCELOS et al., 2006). Additionally, in disturbed areas there 

are higher plant consumption and herbivory rate per colony, potentially increasing the 

transformation of stand leaf crop in refuse dumps, i.e. higher transference of nutrient from 

vegetation to soil (BUSTAMANTE; AMARILLO-SUÁREZ; WIRTH, 2020; FARJI-BRENER, 

A. G., 2001; FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 2017; SIQUEIRA et al., 

2017; URBAS et al., 2007). Although LCA refuse dumps may increase in number and amount, 

disturbance may impoverish their nutrient content by increasing the proportion of recalcitrant 

material collected by colonies in disturbed areas, such as feces, leaflitter, cacti and other 

conservative/tough leaves, which the symbiotic fungus is not able to properly metabolize due to 

high contents of lignin and cellulose (in fibers and cell wall components) (ABRIL; BUCHER, 

2004; SIQUEIRA et al., 2018; TADEY; FARJI-BRENER, 2007). Similarly, aridity can 

potentialize disturbance effects in the input of soil nutrient by LCA colonies in xeric regions 

(FARJI-BRENER, Alejandro G.; TADEY; LESCANO, 2017). However, the effect of human 

disturbance and aridity mediating the influence of LCA on soil properties and plant 

recruitment/performance is still poorly understood in tropical dry areas, where disturbance and 
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aridity constitute a rising threat (MAGRIN et al., 2014; MILES et al., 2006).  

The Brazilian Caatinga is the largest and most diverse tropical dry forest worldwide 

(SILVA, Jose Maria Cardoso Da; LEAL, I. R.; TABARELLI, 2017). However, it is also the 

denser in terms of human population (26 inhabitants/km², Medeiros et al. 2012), which is 

composed mostly of low-income and highly dependent on natural resources families 

(AB’SABER, 2000). This dependence on natural resource have imposed a historical process of 

land use change (i.e. acute disturbance) and currently only 33.4% of its original area remains 

(SILVA, Jose Maria Cardoso Da; LEAL, I. R.; TABARELLI, 2017). Additionally, remaining 

vegetation is also threatened by chronic disturbance (SINGH, 1998b), mainly by the use of native 

vegetation for livestock grazing, firewood collection and exploitation of non-timber forest 

products (ARNAN et al., 2018; RIBEIRO, Elaine M.S. et al., 2015; SOUZA, Danielle Gomes et 

al., 2019). In addition of causing biodiversity loss and homogenization (RIBEIRO, Elaine M.S. et 

al., 2015, 2016; RITO et al., 2017), both, acute and chronic disturbances are reported to cause 

depletion on nutrient stocks in the soils of Caatinga (ALTHOFF et al., 2018; SANTANA et al., 

2019; SCHULZ et al., 2016; TIESSEN; SAMPAIO, E. V. S. B.; SALCEDO, I.H., 2001). 

Caatinga will also face an increase in aridity; projections include a reduction of 22% in rainfall 

and an increasing in temperature up to 6°C  until the end of this century in the region (MAGRIN 

et al., 2014). The effects of increasing aridity on soils of Caatinga and other semi-arid regions of 

the world can be even more severe if associated with disturbance. For example, disturbance and 

aridity can disrupt nutrient balance and cycling in plant-soil systems in these regions 

(SARDANS, J.; PEÑUELAS, J.; ESTIARTE, 2006; ST.CLAIR; LYNCH, 2010). Although we 

know that soil nutrient depletion has primarily impact for plants, little is known on how different 

types of disturbance (i.e. acute and chronic types) affects LCA nest soils and their response in 

plant recruitment and performance.  

In this study we investigate the effect of human disturbance and aridity on the recruitment 

and performance of three common pioneer plant species in Caatinga (RITO; TABARELLI; 

LEAL, I. R., 2017), Cenostigma microphylla, Croton argyrofilloides and Croton 

heliotropiifolius, growing on soil associated with nests (mounds and refuse dumps) of two LCA 

species, Atta opaciceps and Acromyrmex balzani, and soil not affected by ants. We hypothesize 

that seedlings will have a better performance growing refuse dump soils than nest mound and 

control soils and that the difference in plant performance will be more pronounced as disturbance 
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and aridity increase due to the nutrient depletion in the soil matrix, contrasting with enriched nest 

soils by refuse dumps. Thus, we predict that soils from refuse dumps will present (1) greater 

seedlings establishment, (2) higher plant dry biomass and length, (3) higher leaf area and water 

content, and (4) higher nutrient concentration compared to nest mounds and non-nest soils, (5) 

the difference of seedling recruitment and performance growing in refuse dumps compared to 

nest mound and control soils will be more pronounced as disturbance and aridity increase.  

 

Material and methods  

 

Study site 

This study was carried out in the Catimbau National Park (8º24’00’ and 8º36’35’ S; 37º0’30’ and 

37º1’40’ W), located in the state of Pernambuco, northeastern Brazil (hereafter Catimbau). The 

climate is semiarid, with annual temperature averaging 23°C, and mean annual rainfall varying 

from 480 to 1100 mm, concentrated between March and July (Sociedade Nordestina de Ecologia 

2002). Deep sandy soils are predominant in Catimbau (quartzite sands, 70% of area), but 

planosols and lithosols are also present (15% each one; Sociedade Nordestina de Ecologia 2002). 

Vegetation is dominated by low-statured trees with Fabaceae, Euphorbiaceae and Boraginaceae 

as the predominant plant families, while the ground layer is composed of Cactaceae, 

Bromeliaceae, Malvaceae, Asteraceae and Fabaceae (Rito et al. 2017a). 

The Park was created in 2002 but remains occupied by low-income rural populations that 

depend on natural resources for their livelihoods, resulting in a mosaic of agriculture fields, 

pasturelands, secondary forest and old growth forest stands (RITO et al., 2017). The main 

activities are raising of livestock (goats and cattle), firewood collection and exploitation of non-

timber forest products (ARNAN et al., 2018; CÂMARA et al., 2018). 

 

Disturbance and rainfall treatments  

We selected forest stands under two different disturbance regimes: areas previously used as 

agriculture and pasture and that now are under regeneration process (i.e. regenerating forest 

stands) and areas that never experienced clearcutting but that suffer different intensities of human 

use as firewood collection, timber exploitation and livestock grazing  (i.e. old growth forest 
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stands under chronic disturbance). Regenerating forest stands were located at the Brejo Farm, 

which is part of the Catimbau National Park. Vegetation is a mosaic of livestock pasture, 

secondary forest and old-growth forest stands. Regenerating forest stands used in this study 

included areas with two different historical of land use (1) areas that suffered clearcutting, had 

been used for at least 30 years as pasture (Digitaria bicornis) for cattle and goat livestock and 

now are regenerating for 8-10 years (i.e. regenerating forest stands after pasture use) and (2) areas 

that suffered clearcutting, had been used for corn and bean plantation for 3-4 years and then were 

abandoned and are regenerating for 12 years (i.e. regenerating forest stands after agriculture use). 

As control we used patches of old growth forest with no historical of land use for at least 80 years 

(i.e. old growth forest stands). The information about the historical use of the areas were first 

collected from locals and from two housekeepers of the Brejo farm, with subsequent field 

recognition and validation through satellite images with time series. Annual rainfall level in Brejo 

farm is 640 mm and soils consist of quartzite sandy soils (SNE, 2002). 

As a less intense disturbance regime we selected forest stands that never suffered 

clearcutting, but are exploited by human populations for their livelihood (i.e. old growth forest 

stands under chronic disturbance). These stands were separated by a minimum of 2 km (within an 

area of 215 km2) and support a low-stature (6-8 m) Caatinga dry forest over deep quartzite sand 

soils (ARNAN et al., 2018; CÂMARA et al., 2018) We used a disturbance multi-metric global 

index (ARNAN et al., 2018) that integrate the three most common source of disturbance in the 

Catimbau region: livestock pressure (herbivory by goats and cattle), wood extraction (live and 

dead wood) and exploitation of non-timber forest products (poaching/hunting, medicinal plants, 

collection of food items for human consumption and livestock fodder) (ARNAN et al., 2018; 

RITO et al., 2017). To measure livestock grazing, we computed the length of goat trails and 

counted goat and cattle dung in the field. We combined the two measures of goat activity (trail 

length and dung frequency) to obtain a single measure for goats. For wood extraction we 

considered both live stems and coarse woody debris also in the field (ARNAN et al., 2018). For 

exploitation of non-timber forest products, we used four measures of accessibility proximity to 

the nearest house, proximity to the nearest village, proximity to the nearest road and number of 

people living in the houses with influence in the plots, which were combined into a single 

disturbance metric representing human pressure. Then, the five disturbance indicators (cattle, 

goats, live-wood extraction, coarse woody debris extraction and human pressure) were integrated 
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into a single chronic disturbance index, which ranged from 2 to 58 (from the lowest to the highest 

level of disturbance) among the forest stands (for methodological details, see Arnan et al. 2018).  

These old growth forest stands under human pressure were distributed along a very steep 

rainfall gradient. Thus, we characterize the aridity level of each stand by computing water deficit, 

which represents the potential additional evaporative demand not met by available water based on 

energy input and rainfall  (LUTZ; WAGTENDONK, VAN; FRANKLIN, 2010). Water deficit 

was calculated based on 30-arc-seconds (1 km) resolution maps of long-term average annual 

potential evapotranspiration and actual evapotranspiration (CGIAR-CSI’s Global Aridity and 

potential evapotranspiration Database and Global High-Resolution Soil-Water Balance database 

Trabbuco & Zommer 2009, 2010). These maps were generated using temperature and 

precipitation data from WorldClim global climate data repository (FICK; HIJMANS, 2017).  

 

Study species 

The two different LCA species studied have different foraging habits: Atta opaciceps (Borgmeier, 

1939) is a leaf-cutter ant, harvesting mostly dicots species, while Acromyrmex balzani (Emery, 

1890) is a grass cutter ant (GONÇALVES, 1961). Atta opaciceps colonies are commonly found 

in areas with low vegetation cover, with a historical land use as livestock grazing and agriculture 

(SIQUEIRA et al., 2017). Their nests cover an area of approximately 38 m² on average 

(SIQUEIRA et al., 2018), and can reach a density up to 35.5 colonies ha-1 in Catimbau National 

Park (SIQUEIRA et al., 2017) Acromyrmex balzani colonies are found in areas with low 

vegetation cover as well, but in areas that did not necessarily suffer clearcutting (Backé, 2015). 

Acromyrmex balzani nests are small compared to Atta spp. nests, covering a range of 0.17 m² on 

average, also showing high abundance and reaching a density of 31 colonies ha-1 in the Catimabu 

National Park (Backé, 2015, Tabarelli et al. 2017). 

The four studied plant species, Cenostigma microphyllum ([Mart. ex G.Don] Gagnon & 

G.P.Lewis), Croton argyrofilloides (Müll.Arg.), Croton heliotropiifolius (Kunth), and 

Trischidium mole ([Benth.] H.E.Ireland), are abundant and widely distributed in the Catimbau 

National Park, being also associated to disturbed sites (RITO; TABARELLI; LEAL, I. R., 2017). 

Leaves of these species are frequently harvested by LCA colonies (Siqueira et al. 2018), 

including seeds have been registered being carried by A. balzani workers to the nest as food 
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supply for the fungus garden (PSN, personal observation). Adult individuals are also frequently 

associated to nests of both LCA species (PSN, personal observation). 

 

Experimental design  

As the two LCA species present very different nest size and architecture, we adopted two 

different set ups. For Atta opaciceps we collected soil from three colonies located in the 

following habitats: (1) regenerating forest stands after pasture use, (2) regenerating forest stands 

after agriculture use, (3) old growth forest stands (i.e. control). All these nine colonies showed 

external refuse dumps and were least 500 m away from each other. We collected soils from four 

nest treatment: (1) nest mounds, (2) external refuse dumps, (3) 5 meters far from the center of the 

nest, and (4) 10 meters far from the center of the nest (i.e. control). For Acromyrmex balzani we 

collected soil from at least two colonies located in the following habitats: (1) old growth forest 

stands with high level of chronic disturbance and aridity, (2) old growth forest stands with high 

level of chronic disturbance and low level of aridity, (3) old growth forest stands with low level 

of chronic disturbance and high level of aridity and (4) old growth forest stands with low level of 

aridity and chronic disturbance. Al these 12 colonies presented external refuse dumps and were 

distant at least 10 m from each other. Because Acromyrmex balzani nests are much smaller than 

Atta opaciceps nests, we sampled soils in three nest treatment: (1) nest mounds near the nest 

entrance, (2) external refuse dumps and (3) 10 meters away from the nest mound (i.e. control). 

For all colonies from the two LCA species we removed and discarded a soil layer of 5 

centimeters of topsoil, and then collected soil samples from immediately below the layer 

removed. The soil samples were collected using plastic shovels and branches and taken to the 

experimental basement. The soils from each nest and from the same treatment were mixed for 

several hours and left to rest in plastic buckets for 48 hours. The soils were then reallocated on 

plastic trays where 20 seeds of each plant species were sown equidistant in four crossed 

quadrants in the trays. The trays were maintained under our experimental plant nursery in the 

Catimbau National Park study base, which is made of metal frame covered with white canvas 

without side cover. All the trays were kept together and totally under the roof of the nursery, 

receiving the same intensity of daily sunlight. The trays have 63.8 x 37.8 x 14 cm (ca. 0.33 m3) 

and were watered every three days for five seconds each one (ca. 1.7 L of water). The soil 

collection, preparation and plant seeding were made in February 2018.   
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Seed collection, sowing and seeding measurements  

We collected seeds from focal plant species (Cenostigma microphylla, Croton argyrofilloides, 

Croton heliotropiifolius and Trischidium molle) during the dry season between August and 

November 2017. To collect the seeds, we searched for the four focal plant species in the trails at 

different locations of the Catimbau National Park. We sow the seeds of all four species in each 

tray by burying them at 2 cm deep in the soils. Separated trays were used for the two different 

LCA species, nest treatments and habitats. Once the seeds were sow, we inspected the trays every 

day and considered germinated when the seed showed the cotyledon. No seed of the plant species 

Trischidium molle germinated. The seedlings were cultivated for 6 months and then were 

carefully removed from the trays for taking measurements. Some measurements were taken with 

the fresh plant material in the order as follows: (1) the aboveground plant individual length (until 

the first knot) and the belowground plant individual length; (2) the leaf weight, stem weight, and 

root weight for each plant individual. Then, we took photographs of all leaves of all individuals 

to measure leaf area, herbivory, and plant disease. The above (leaves and stems) and below 

(roots) ground plant parts were carefully separated and then dried in a drying oven for 24 hours at 

70-80ºC. We measured the dry weight of: (3) leaf, stem, and root for each plant individual. The 

plant weights were taken with a precision scale (four decimal digits). The leaf area was calculated 

from the photographs using the ImageJ 1.52 software (Schneider et al. 2012). We also measured 

the leaf water content, as the difference between individual fresh leaf weight and dry leaf weight.  

 

Nutrient content analysis 

After all the measurements, the plant dry material was dried again in a drying oven for 24 hours 

at 100ºC. We select the leaves and stems to be grind. The material (leaves and stem together) 

were ground in a planetary ball mill (PM 200, Retsche ®) for 10, 15 or 20 minutes depending on 

the material hardness. The plant loose powder obtained was then weighted in one gram per 

sample and was packed into a polyethylene pill of 20 mm internal diameter and covered with 6-

µm-thick polypropylene film (Mylar®). The equipment used in this study was the 

energydispersive X-ray fluorescence spectrometer, model EDX 720 from Shimadzu, which 

consists of a rhodium tube for generating X-rays, a sealed chamber for sample analysis in a 

vacuum atmosphere, and a Si(Li) detector to measure the induced radiation. We selected 



89 

 

 

 

magnesium, phosphorus, potassium, iron, manganese, zinc, and calcium as micronutrients to 

investigate their concentrations in the plant material. We also quantified total carbon and nitrogen 

in the plant material. For that, we used an elemental analyzer EuroVector (EA3000) configured 

with an C-H-N reactor filled with chromium oxide, reduced cooper wires and silver cobalt oxide.  

 

Statistical analysis  

First, we tested if the number of seeds germinating responded to soil treatments and habitat types 

(i.e. for Atta opaciceps: regenerating forest stand after pasture, regenerating forest stand after 

agriculture and old-growth forest stands; for Acromyrmex balzani: old growth forest stands with 

high level of chronic disturbance and aridity, old growth forest stands with high level of chronic 

disturbance and low level of aridity, old growth forest stands with low level of chronic 

disturbance and high level of aridity and old growth forest stands with low level of aridity and 

chronic disturbance . For this, we applied a Pearson’s Chi-Squared test with number of plants that 

germinated and grew in each treatment and habitat type. Subsequently, to test the effects soil 

treatments and habitat type on plant growth and nutrient uptake, we conducted generalized linear 

mixed models (GLMM) for the two different LCA species set ups (i.e. Atta opaciceps - nest 

mound soils, refuse soils, 5 meters-away soils, 10 meters-away soils from colonies located in 

regenerating forest stand after pasture, regenerating forest stand after agriculture and old-growth 

forest stands; Acromyrmex balzani - nest mound soils, refuse soils and 10 meters-away soils from 

colonies located in old growth forest stands with the two levels of chronic disturbance (high and 

low chronic disturbance) and aridity (high and low aridity) and their interactions (old growth 

forest with - high level of chronic disturbance and aridity, - high level of chronic disturbance and 

low level of aridity, - low level of chronic disturbance and high level of aridity, and - low level of 

aridity and chronic disturbance) as explanatory variables with plant species as random factor. We 

used total plant dry biomass, aboveground plant length, leaf area, water content and nutrient 

concentration in percentage in the plant as response variables in the two setups. All the tests were 

conducted with the packages lme4 and lmerTest in the R programming language environment 

(BATES et al., 2015; KUZNETSOVA; BROCKHOFF; CHRISTENSEN, R, H, 2017; R CORE 

TEAM, 2019). 
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Results 

 

Altogether, 191 seeds germinated in the soil treatments of all habitat types evaluated  for Atta 

opaciceps colonies, belonging to the species Cenostigma piramidalle (137), Croton 

argyrophylloides (24), and Croton heliotropiifolius (20). The dry biomass per individual varied 

between 0.28 g to 18.06 g (2.92±2.73, mean ± SD) in C. piramidalle, 0.16 g to 5.09 g (1.34 ± 

1.21) in C. argyrophylloides, and 0.44 g to 18.24 g (6.25 ± 5.15) in C. heliotropiifolius. Similarly, 

215 seeds germinated in soil treatments of all habitat types  evaluated forA. balzani colonies, 

belonging to the species Cenostigma piramidalle (152), Croton argyrophylloides (34), and 

Croton heliotropiifolius (29). The plant dry biomass per individual varied between 0.06 g to 19 g 

(2.29 ± 2.74) in C. piramidalle, 0.07 g to 8.59 g (2.14 ± 1.98) in C. argyrophylloides, and 1.02 g 

to 40.81 g (13.54 ± 10.96) in C. heliotropiifolius. 

 

Effects of soil treatments and habitat types  on seed germination and seedling development  

The number of seeds germinated and established as seedlings in each Atta opaciceps soil 

treatment and habitat type did not differ significantly (χ = 8.53, df =6, p = 0.201).  Total plant dry 

biomass in Atta opaciceps colonies was significantly affected by soil treatment and the 

interaction between habitat type and soil treatment (Table 1). Thus, plants growing in soils of 

refuse soils showed greater biomass compared to nest mound soils in regenerating forest stands 

after both agriculture and pasture land uses. Additionally, plants growing in soils from 

regenerating forest stands after pasture showed greater biomass in refuse soils compared to 10- 

and 5-meters (Table 1, Figure 1A). No significant difference was observed across soil treatments 

in old growth forest stands (Table 1, Figure 1A). When separating the dry biomass by below and 

aboveground plant parts, the biomass of plant roots and plant stems + leaves were affected by soil 

treatment and the interaction between treatment and habitat type (Table 1). Thus, plants growing 

in refuse soils from regenerating forest stands after pasture showed higher root biomass compared 

to plants growing in soils from 10- and 5-meters treatments of all habitat types, being similar only 

with those plants growing in nest soils from regenerating forest stands after pasture and refuse 

soils from regenerating forest stands after agriculture use (Figure 1C). Similarly, plants growing 

in refuse soils from regenerating forest stands after pasture also showed higher shoots biomass 

than plants in 10-meters soils from regenerating forest stands after agriculture use and old growth 
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forest stands and 5-meters from regenerating forest stands after agriculture, while plants growing 

in nest mound soils from agriculture showed lower shoots biomass compared to all other 

treatments and land use combinations (Figure 1E).  

Similar to Atta opaciceps, the number of germinated seeds that established as seedlings in 

Acromyrmex balzani soil treatments and across habitat types was not significantly different (χ = 

1.94, df =6, p = 0.924). Total plant dry biomass, as well as above and below ground biomass 

were affected only by soil treatment (Table 2). Thus, plant total biomass, and roots and stems + 

leaves biomass showed higher values in those plants growing in nest mound and refuse soils 

compared to those growing in 10-meters soils for all types of habitat (Figures 1B, D and F). 

Concerning the length of aboveground parts, only soil treatment had a significant effect in 

plants growing in Atta opaciceps and Acromyrmex balzani nests (Table 1). Plants growing in 

refuse soils were significantly taller than plants growing in 10- and 5-meters and nest soils for 

Atta opaciceps nests (Table 1, Figure 2A), as well as taller in the soils from nest mound and 

refuse soils compared to 10-meters soils in Acromyrmex balzani soils (Table 2, Figure 2B). Soil 

treatment and the interaction between soil treatment and habitat type had a significant effect on 

the percentage of water in plants in Atta opaciceps nests (Table 1), with decreased water content 

in plants growing in nest mound soils from regenerating forest stands after agriculture and old 

growth forest stands compared to plants growing in 5-meters and refuse soils from old growth 

forest areas, and plants growing in 10- and 5-meters soils and nest soils from regenerating forest 

stands after agriculture (Figure 2C). Water content did not change significantly across soil 

treatments and habitat types in Acromyrmex balzani nest soils (Table 2, Figure 2D). The leaf area 

was affected by soil treatments and the interaction between soil treatments and habitat types in 

Atta opaciceps nests (Table 1), with higher values in plants growing in refuse soils from old 

growth forest stands and 5-meters soils from regenerating stands after pasture compared to those 

growing in 5-meters soils from regenerating stands after agriculture (Figure 2E). In the soils of 

Acromyrmex balzani nests, the leaf area was affected in a complex way by soil treatment, the 

interaction between disturbance and aridity and between disturbance, aridity, and treatment 

(Table 2). Thus, plants growing in (1) control soils from old growth forest stands with low level 

of aridity and chronic disturbance produced leaves with greater leaf area compared to control 

soils of all other groups (i.e. from old growth forest stands with high level of chronic disturbance 

and high/low levels of aridity and old growth forest stands with low level chronic disturbance and 
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high level of aridity); (2) nest soils from old growth forest stands with high chronic disturbance 

and aridity produced plants with greater leaf area compared to nest soil from old growth forest 

stands with low chronic disturbance and aridity; (3) refuse soils produced plants with higher leaf 

area compared to 10-meters soils in all groups excepting old growth forest stands with low 

chronic disturbance and aridity; (4) within each group site, there was no difference between leaf 

area of plants growing in the refuse soils and nest mound soils (Figure 2F).  

 

Effects of soil treatments and habitat types on the plant nutrient concentration  

For Atta opaciceps colonies, plant nutrient concentration was affected by soil treatment, 

habitat type and the interaction between soil treatment and habitat type (Supplementary 

Information, Tables S1 and S2). The carbon concentration in plants growing in nest soils from 

old growth forest stands was higher compared to those plants growing in 10-meters soils from 

regenerating forest stands after pasture, but similar among plants growing in all other soil 

treatments (Figure 3A). Nitrogen concentration was lower in plants growing in nest mound soils 

and refuse soils compared to 5-meters soils of regenerating forest stand after pasture and old 

growth forest, but without this difference in regenerating forest after agriculture use (Table S1, 

Figure 3C). We also observed an increase of potassium concentration in plants from refuse soils 

and 5-meters soils of regenerating forest after pasture, being higher when compared to all 

treatments from regenerating forest after agriculture and 10-meters soils and nest soils from old 

growth forest, but similar to 5-meters and refuse soils of old growth forest (Table S1, Figure 3E). 

Phosphorus concentration in plants growing nests soils was significantly reduced in regenerating 

forest after agriculture compared to regenerating forest after pasture and old growth forest, with 

plants from 5-meters soils of regenerating forest after pasture showing 2 to 3 fold higher 

phosphorus concentration than any treatment of regenerating forest after agriculture (Table S2, 

Figure 3G). Calcium concentration in plants growing in nest soils did not show significant 

variation across soil treatments and habitat types (Table S1). Iron was higher in plants from nest 

mounds and refuse soils compared to 5- and 10-meters, as well as also higher in plants from nest 

mound from old growth forest compared to nest soils from regenerating forest after agriculture 

and pasture (Figure S3A). For manganese, higher concentrations were recorded in plants from 

nest mound in regenerating forest after agriculture compared to all other treatments from 

regenerating forest after pasture and from old growth forest; while zinc was present in lower 
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concentration in plants growing in nest mound compared to 5-meters soils in all forest areas 

(Figure S3 B and C). 

Similarly to Atta opaciceps colonies, nutrient concentration of plants growing in 

Acromyrmex balzani nests was affected by soil treatments, habitat types and their interactions 

(Tables S1 and S2). Plants growing in Acromyrmex balzani nest soils and refuse soils from old 

growth forest showed higher carbon concentration compared to those from 10-meters soils in old 

growth forest stands with low level chronic disturbance, an effect of disturbance only (Figure 

3B). Plants growing in refuse soils from old growth forest stands with high level of aridity had 

higher nitrogen concentration than those from refuse soils from old growth forest stands with low 

level of aridity, an effect of aridity only (Table S1, Figure 3D), as well as plants growing in 10-

meters soils from old growth forest stands with low level of chronic disturbance and aridity 

showed higher nitrogen concentration than those from 10-meters soil from those areas of old 

growth forest stands with high chronic disturbance (Figure 3D). In Potassium concentration was 

twice as high in plants growing in nest mound soils of old growth forest stands with high level of 

chronic disturbance and low level of aridity compared to plants growing in 10-meters soils of all 

soil groups (Figure 3F). Nest mound and refuse soils significantly produced plants with higher 

phosphorus concentration compared to 10-meters soils in old growth forest stands with high 

levels of chronic disturbance and aridity compared to the other soil treatments (Table S2, Figure 

3H). Magnesium and iron concentrations were in general higher in those plants from nest mound 

soils compared to 10-meters soils (Table S2, Figure S3 D and E). For manganese, plants showed 

higher concentration growing in 10-meters soils compared to nest and refuse soils in general 

(Figure S3 F). Zinc concentration in plants did not show significant variation across treatments 

and land use types (Table S2). Calcium was higher in plants from refuse soils in old growth forest 

stand with high levels of chronic disturbance and aridity compared to all soil treatments from old 

growth forest stand with low level of chronic disturbance and high level of aridity and with low 

level of chronic disturbance and low level of aridity (Table S1, Figure S3G).  

 

Discussion 
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Our study addressed the influence of historical land use, chronic disturbance, and aridity 

levels on the role of LCA colonies as soil improvers for plants, analyzing plant development and 

nutrient uptake. Our results reconfirm the role of LCA refuse dumps as plant growth enhancer, 

whilst indicate that depending on the habitat type, the soils of nest mound reduce plant growth, 

but not seed germination. More precisely, plants benefit from refuse soils of Atta opaciceps and 

from nest and refuse soils of Acromyrmex balzani nests, increasing their biomass, aboveground 

length, and leaf area. However, the role of LCA nest may be markedly influenced by the 

historical land use, while slightly altered by chronic disturbance and aridity. This means that 

historical land use promotes a deterioration of soil conditions in general, which amplifies Atta 

opaciceps refuse effects, widening the difference of plant size and biomass between plants 

growing in refuse and non-nest soils. In the other hand, the effects of chronic disturbance and 

aridity do not seem to be important drivers altering the influence of Acromyrmex balzani nests on 

plant growth. Finally, these results may emerge due land use for agriculture considerably reduce 

plant phosphorus concentration, especially in nest mound soils, while chronic disturbance can 

interact and reduce plant carbon and nitrogen concentration without reflecting in decreased plant 

growth. 

Seedlings growing nearby leaf-cutting nests are reported to increased their leaf area, leaf 

biomass, root biomass, and germination rate, resulting in greater reproductive success, compared 

to those seedling growing in control soils (CERDA et al., 2012; FARJI-BRENER, Alejandro G.; 

GHERMANDI, 2008; SANTOS, R. S.; MECENAS; SOUSA-SOUTO, 2019). Our results 

corroborate this idea by demonstrating that soils of Atta opaciceps refuse dumps and Acromyrmex 

balzani nest mounds and refuse dumps enhance plant growth and the concentration of some 

micronutrients in the plants. However, as we observed for reduced biomass of plants growing in 

nest mound of Atta opaciceps, seedlings may be harmed if growing directly in the nest mound 

soils (MEYER, Sebastian T. et al., 2013). LCA nests are reported to effectively promote soil 

nutrient enrichment, via accumulation of refuse dumps, and make these nutrients available for 

plants (FARJI-BRENER, Alejandro G.; GHERMANDI, 2008; FARJI-BRENER, Alejandro G.; 

WERENKRAUT, 2014; MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 

2007). Our results indicate that the concentration of some plant trace elements is associated with 

nest mound and refuse soils of Atta opaciceps and Acromyrmex balzani nests, while for 
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Acromyrmex balzani, plant major elements, as calcium, have increased concentration plants 

growing in soils of refuse dumps.  

Plant carbon, nitrogen, phosphorus and potassium concentration in general found higher 

in nest and refuse soils than in control soils, follow the idea of a positive effects of the nest in soil 

nutrient accumulation (FARJI-BRENER, Alejandro G.; WERENKRAUT, 2014; MOUTINHO, 

P.; NEPSTAD; DAVIDSON, 2003). However, as partially expected, LCA refuse soils can 

intermediate the effects of disturbance and increase plant establishment and biomass in areas 

newly disturbed (SANTOS, R. S.; MECENAS; SOUSA-SOUTO, 2019). Yet, depending on the 

disturbance type (i.e., forest regenerating after agriculture/pasture or old growth forest stand 

under chronic disturbance), the effects of nest mound can be negative or positive, for some plant 

major nutrients content. As land use (forest regenerating after agriculture/pasture) mainly 

potentialized the positive effects of soils under refuse dumps, this contradicts the idea of reduced 

nutrient content in refuse dumps mediated by disturbance (TADEY; FARJI-BRENER, Alejandro 

G., 2007), although the effects found here are seen in the plants not in the soils. Regenerating 

forests after land use present higher concentration of nutrient in the surface of LCA nest soils 

(FARJI-BRENER, Alejandro G.; WERENKRAUT, 2014; MOUTINHO, P.; NEPSTAD; 

DAVIDSON, 2003), and some plant trace elements can be found at higher concentrations in 

plants from LCA nest soils of newly burned areas (SOUSA-SOUTO; SCHOEREDER; 

SCHAEFER, 2007). Despite this, the net effects of disturbance as burning in plant micronutrients 

concentration in mainly negative (SOUSA-SOUTO; SCHOEREDER; SCHAEFER, 2007), while 

in our results, for acute disturbance, these differences between nest, refuse, and soils nearby the 

nest are highly variable.  

Both, land use and chronic disturbance cause nutrient depletion in the soil (SANTANA et 

al., 2019; SCHULZ et al., 2016; TIESSEN; SAMPAIO, E. V. S. B.; SALCEDO, I.H., 2001), 

which may potentially reduce nutrient content in the refuse piles of leaf-cutting ants (TADEY; 

FARJI-BRENER, Alejandro G., 2007). The exportation of soil nutrient can be much higher in 

acute than in chronic disturbance regimes, mainly because some types of land use, as agriculture, 

remove the plant products from the producing area, and also cause drastic alterations in soil 

structure allowing nutrient leaching in dry forest (ARAÚJO-FILHO et al., 2018; TIESSEN et al., 

1998). In the regenerating forest after land use, the nest mounds may be harmful to soils more 

than in areas of old growth forest under chronic disturbance, by leaching nutrients in higher rates 
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than non-nest soils through bare soil and colony tunnels, making them unavailable for plants 

(LEHMANN; SCHROTH, 2003). This could be the mechanism behind less nutrient 

concentration in plants growing in nest mound soils of regenerating forest after agriculture and 

pasture. For the positive effects of the refuse dumps, the enriched soils with organic material may 

be higher at disturbed sites due to higher harvesting rates by LCA colonies of the genus Atta 

(SIQUEIRA et al., 2018). This higher biomass is implemented in soils and accessed by the roots 

of plants growing nearby, enhancing plant biomass and plant nutrient concentraion 

(MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003; STERNBERG et al., 2007). This result 

reasserts the positive effect of the refuse soils but negative effect of the nest mound for seedlings 

(Meyer et al. 2011). 

Our findings of chronic disturbance and nest effects are less pronounced, but at least for 

plant nitrogen concentration, a highly demanded nutrient, it accumulates more in plants growing 

in refuse soil from old growth forest stand with high levels of chronic disturbance. This result 

does not mean that chronic disturbance potentialize the nest effect, but rather indicates that ants 

can make this element scarcer in the surrounding non-nest soils. Chronic-related disturbances, as 

livestock in natural areas, reduce the nutrient content in LCA refuse dumps (FARJI-BRENER, 

Alejandro G.; TADEY; LESCANO, 2017; TADEY; FARJI-BRENER, Alejandro G., 2007), but 

this content may remain higher than in non-nest soils. Additionally, chronic disturbance promote 

soil SOC impoverishment in soils of dry fotrest (BARBHUIYA et al., 2004; SCHULZ et al., 

2016), while can keep other elements at higher mineralization rates, as seen in plant calcium 

concentration. Similarly, aridity does not seem to be important affecting nest influence for plants, 

as could be expected since moisture enhance microbiota activity, and thus nutrient 

mineralization, in LCA refuses dumps (FERNANDEZ; FARJI-BRENER, Alejandro G.; SATTI, 

2014). But it is important to highlight that our experiment was carried out with constant watering, 

what could mitigate the effects of aridity on the collected soils for plants.  

High values of P and K in plant tissues growing in refuse and nest soils compared to non-

nest soils from old growth forest stand under chronic disturbance, indicates that these elements 

elements can be mineralized and available in higher rates in the nest surroundings of Acromyrmex 

balzani. Soils from regenerating forests after land use, refuse soils increased K plant 

concentration, but nest decreased it, while for P plant concentration, nest and refuse were both 

negative. Acromyrmex balzani nests dispose their external refuse piles close to the small nest 
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mounds, forming a zone of high soil microbiota activity and thus higher nutrient mineralization 

(FERNANDEZ; FARJI-BRENER, Alejandro G.; SATTI, 2014; SOUSA-SOUTO; CAROLINE; 

et al., 2012). Contrarily, Atta opaciceps nests contains a huge mound and their refuse are more 

diluted in the nest soil. In the P-limited Caatinga soils (SALCEDO, I. H.; TIESSEN; SAMPAIO, 

E. V. S. B., 1997), the refuse dump represent a spot of high mineralization of limited nutrient in 

the soil matrix (FARJI-BRENER, Alejandro G.; WERENKRAUT, 2014; SOUSA-SOUTO; 

CAROLINE; et al., 2012), but apparently, in the land use disturbance diminish refuse P 

enrichment. The higher plant biomass and length found in nest mound and refuse soils in both 

LCA species it is not followed by all or at least most of the nutrient concentration in the plant 

tissues. This relation allows us to identify some key elements, which are the ones with 

concentration in plant tissues from refuse and nest mound soils matching the higher plant size and 

biomass in these same soils. For Atta opaciceps nests, this element is K, while in Acromyrmex 

balzani this element is Ca, both being major plant nutrient, i.e. are found in higher concentration 

in plants. Soil physical properties should also be considered for explain plant growth. In the same 

study areas, two different LCA species from the genus Acromyrmex decreased soil bulk density, 

enhancing soil porosity and thus soil respiration (Santos-Neto et al. in preparation). 

Although our experiments were carried out in controlled environment, we can precisely 

suggest that the influence of disturbance on the leaf-cutting ant nests of Atta opaciceps and 

Acromyrmex balzani can have several implications. However, we did not corroborate our first 

hypothesis since seedlings establishment did not vary due nest treatment or disturbance, while 

our second hypothesis was readily supported with nest and refuse dumps increasing plant 

biomass and length. The third and fourth hypothesis were partially, while the fifth was entirely 

confirmed. This means that all these processes can readily alter plant fitness in regenerating forest 

after land use, but unaffecting plants in old growth forest stand under chronic disturbance. In this 

sense, nests can create mosaics of vegetation islands, improving nutrient intake, increasing plant 

biomass, and helping in advancing the forest regeneration (FARJI-BRENER, Alejandro G.; 

GHERMANDI, 2008), but all these benefits can be delayed or even reversed when the 

regenerating forest was used for agriculture. We reconfirm the positive effect of nest soils, while 

argue that disturbance act in the plant nutrient assimilation, what can make plants more prone to 

deficiencies when other constraints are present. Although we did not find effect of aridity in the 
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soil, but in natural conditions aridity necessarily plays an important role on plant development, 

and thus, nutrient deficiency can be pronounced in plant development.  
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Table 1. Results of Linear Mixed Models testing the effects of land use type in the nest and non-nest soils (treatment) of the LCA 

species Atta opaciceps on the plant total biomass, plant root biomass, plant shoots biomass (upper table), plant aboveground length, 

plant water content and leaf area (lower table), in Catimbau National Park, Pernambuco, Brazil. We consider significant effects when 

their confidence intervals did not include zero.  

 

 

  

 
Total dry biomass Dry root biomass 

 
Dry shoot biomass 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 3.06 -0.30 – 6.41 0.074 1.24 0.04 – 2.44 0.042 1.83 -0.71 – 4.38 0.158 

treatment – 5 m 0.45 -1.18 – 2.08 0.589 0.51 -0.50 – 1.52 0.318 -0.06 -0.85 – 0.73 0.878 

treatment – Nest -2.57 -4.68 – -0.46 0.017 -0.67 -1.96 – 0.63 0.314 -1.91 -2.93 – -0.89 <0.001 

treatment – Refuse 2.9 0.74 – 5.06 0.009 1.95 0.62 – 3.29 0.004 0.95 -0.10 – 2.00 0.075 

Pasture 0.32 -1.40 – 2.04 0.715 -0.04 -1.10 – 1.03 0.947 0.35 -0.49 – 1.18 0.412 

Preserved -0.1 -1.86 – 1.67 0.914 0 -1.10 – 1.09 0.993 -0.09 -0.94 – 0.77 0.839 

Treatment – 5m * Pasture -0.11 -2.51 – 2.29 0.928 -0.2 -1.69 – 1.28 0.792 0.11 -1.05 – 1.28 0.847 

Treatment – Nest * Pasture 3.96 0.73 – 7.18 0.016 2.03 0.04 – 4.02 0.046 1.96 0.40 – 3.52 0.014 

Treatment – Refuse * Pasture 1.88 -1.17 – 4.94 0.227 1.33 -0.56 – 3.21 0.168 0.56 -0.92 – 2.04 0.46 

Treatment – 5 m * Preserved -0.18 -2.64 – 2.28 0.885 -0.61 -2.13 – 0.90 0.427 0.44 -0.75 – 1.63 0.467 

Treatment - Nest * Preserved 3.08 0.28 – 5.89 0.031 0.84 -0.89 – 2.56 0.343 2.26 0.90 – 3.62 0.001 

Treatment – Refuse * Preserved -1.05 -3.92 – 1.82 0.474 -1.21 -2.98 – 0.56 0.181 0.14 -1.25 – 1.53 0.84 

 
Shoot length Water content 

 
Leaf area 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 9.78 -0.21 – 19.76 0.055 39.23 31.4 – 47.0 <0.001 6.92 -1.59 – 15.43 0.111 

Treatment – 5 m -0.44 -3.35 – 2.47 0.766 0.85 -3.29 – 4.99 0.688 -0.65 -2.90 – 1.59 0.567 

Treatment – Nest -4.78 -8.54 – -1.02 0.013 -15.32 -20.6 – -9.9 <0.001 0.67 -2.26 – 3.60 0.653 

Treatment – Refuse 2.56 -1.30 – 6.41 0.193 -1.83 -7.31 – 3.66 0.514 2.59 0.38 – 4.81 0.022 

Pasture 2.38 -0.69 – 5.45 0.128 -1.53 -5.89 – 2.84 0.494 0.54 -1.72 – 2.80 0.638 

Preserved 1.72 -1.42 – 4.87 0.283 -6.73 -11.2 – -2.2 0.003 0.38 -1.69 – 2.45 0.719 

Treatment – 5m * Pasture -0.06 -4.34 – 4.22 0.977 -4.83 -10.9 – 1.27 0.120 5.49 1.52 – 9.46 0.007 

Treatment – Nest * Pasture 4.76 -0.98 – 10.51 0.104 11.81 3.63 – 19.9 0.005 -0.21 -4.34 – 3.91 0.92 

Treatment – Refuse * Pasture 3.76 -1.69 – 9.20 0.176 -2.86 -10.6 – 4.89 0.470 0.09 -3.22 – 3.40 0.957 

Treatment – 5 m * Preserved 0.13 -4.24 – 4.51 0.953 9.26 3.03 – 15.4 0.004 3.01 -0.39 – 6.42 0.083 

Treatment - Nest * Preserved 3.61 -1.39 – 8.61 0.157 12.57 5.46 – 19.6 0.001 -0.9 -4.44 – 2.64 0.619 

Treatment – Refuse * Preserved -1.16 -6.26 – 3.95 0.657 11.29 4.0 – 18.56 0.002 0.28 -2.79 – 3.35 0.858 
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Table 2. Results of Linear Mixed Models testing the effects chronic disturbance and water deficit in the nest and non-nest soils 

(treatment) of the LCA Acromyrmex bazalni on the plant total biomass, plant root biomass and plant shoots biomass (upper table), 

plant aboveground length, plant water content and leaf area (lower table), in Catimbau National Park, Pernambuco, Brazil. We 

consider significant effects when their confidence intervals did not include zero. 

 
Total dry biomass Dry root biomass Dry shoot biomass 

Predictors β CI p β CI P β CI p 

(Intercept) 4.15 -3.96 – 12.26 0.316 1.25 -1.09 – 3.58 0.295 2.56 -3.22 – 8.34 0.386 

Nest 5.46 2.88 – 8.03 <0.001 2.9 1.77 – 4.04 <0.001 2.55 0.89 – 4.21 0.003 

Refuse 5 2.56 – 7.43 <0.001 2.37 1.30 – 3.44 0.001 2.62 1.06 – 4.19 0.001 

Preserved 0.52 -1.75 – 2.79 0.656 0.19 -0.81 – 1.19 0.712 0.33 -1.13 – 1.79 0.661 

Rainy -0.32 -2.62 – 1.97 0.782 -0.21 -1.22 – 0.80 0.682 -0.11 -1.58 – 1.37 0.885 

Nest * Preserved -2.71 -6.74 – 1.33 0.188 -1.61 -3.39 – 0.17 0.077 -1.7 -3.58 – 0.18 0.077 

Refuse * Preserved -0.18 -4.07 – 3.71 0.928 -1.04 -2.29 – 0.21 0.103 -0.5 -2.32 – 1.33 0.594 

Nest * Rainy 0.05 -4.19 – 4.29 0.981 -0.63 -1.92 – 0.66 0.337 -0.29 -2.18 – 1.59 0.759 

Refuse * Rainy 0.22 -3.88 – 4.31 0.918 -0.47 -1.71 – 0.78 0.465 -0.82 -2.64 – 1.00 0.379 

Preserved * Rainy -0.85 -3.21 – 1.51 0.482 -0.22 -1.26 – 0.82 0.674 -0.62 -2.14 – 0.90 0.421 

Nest * Preserved * Rainy -2.02 -7.97 – 3.93 0.506 -0.70 -3.32 – 1.93 0.602 -1.30 -5.13 – 2.52 0.504 

Refuse * Preserved * Rainy -2.94 -8.69 – 2.80 0.315 -0.87 -3.40 – 1.66 0.501 -2.07 -5.76 – 1.62 0.272 

 
Shoot length Water content (log) Leaf area 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 13.18 -3.17 – 29.53 0.114 40.22 30.18 – 50.27 <0.001 1.3 -0.50 – 2.10 0.001 

Treatment – Nest 5.76 1.91 – 9.61 0.003 -2.31 -6.57 – 1.95 0.288 0.53 0.38 – 0.67 <0.001 

Treatment – Refuse 5.06 1.47 – 8.66 0.006 1.99 -1.98 – 5.97 0.326 0.60 0.44 – 0.75 <0.001 

Preserved -0.91 -3.83 – 2.00 0.539 -0.96 -4.84 – 2.92 0.627 0.07 -0.07 – 0.22 0.309 

Rainy -2.50 -5.45 – 0.44 0.096 -1.07 -5.02 – 2.87 0.594 -0.04 -0.23 – 0.14 0.633 

Treatment – Nest * Preserved -3.26 -7.02 – 0.50 0.089 -4.03 -9.77 – 1.70 0.168 0.02 -0.20 – 0.24 0.849 
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Treatment – Refuse * Preserved -0.96 -4.59 – 2.68 0.607 1.45 -4.08 – 6.98 0.607 -0.00 -0.22 – 0.21 0.970 

Treatment – Nest * Rainy -0.06 -3.82 – 3.70 0.976 3.84 -2.18 – 9.87 0.211 0.10 -0.13 – 0.32 0.403 

Treatment - Refuse * Rainy -1.59 -5.22 – 2.05 0.392 0.04 -5.78 – 5.87 0.989 -0.12 -0.37 – 0.13 0.328 

Preserved * Rainy 1.79 -1.24 – 4.83 0.247 0.74 -5.02 – 6.50 0.802 0.59 0.31 – 0.87 <0.001 

Nest * Preserved * Rainy 0.27 -7.37 – 7.92 0.944 -1.41 -9.86 – 7.04 0.744 -0.80 -1.15 – -0.45 <0.001 

Refuse * Preserved * Rainy -2.66 -10.04 – 4.72 0.480 -0.56 -8.72 – 7.60 0.893 -0.53 -0.89 – -0.18 0.003 
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Legend of figures 

 

Figure 1. Effects of land use (agriculture, pasture and conserved) and treatment (10 – and 5 -

meters soils, nest mound soils and refuse soils) on the (A) total dry biomass, (C) plant dry root 

biomass, and (E) on the plant dry shoot biomass of plants growing in soils from nests of the LCA 

species Atta opaciceps; and effects of chronic disturbance, water deficit and treatment (control 

soils, nest mound soils and refuse dump soils) on the (B) total dry biomass, (D) plant dry root 

biomass, and (F) on the plant dry shoot biomass of plants growing in soils from nests of the LCA 

species Acromyrmex balzani, in the Catimbau National Park, Pernambuco, Brazil. 

 

Figure 2. Effects of land use as regenerating forest after agriculture (agriculture), regenerating 

forest after pasture (pasture) and old growth forest stand (conserved), and treatment (10 – and 5 -

meters soils, nest mound and refuse soils) on the (A) plant shoot length, (C) plant water content, 

and (E) on the leaf area of plants growing soils from nests of the LCA species Atta opaciceps; 

and effects of chronic disturbance and water deficit on old growth forest stands, and treatment 

(control soils, nest mound soils and refuse dump soils) on the (B) plant shoot length, (D) plant 

water content, and (F) on the leaf area of plants growing soils from nests of the LCA species 

Acromyrmex balzani, in the Catimbau National Park, Pernambuco, Brazil. 

 

Figure 3. Effects of land use as regenerating forest after agriculture (agriculture), regenerating 

forest after pasture (pasture) and old growth forest stand (conserved), and treatment (10 – and 5 -

meters soils, nest mound soils and refuse soils) on the plant concentration of the major elements 

(A) carbon, (C) nitrogen, (E) potassium and (G) phosphorus, of plants growing soils from nests 

of the LCA species Atta opaciceps; and effects of chronic disturbance and water deficit on old 

growth forest stands, and treatment (control soils, nest mound soils and refuse dump soils) on the 

plant concentration of (B) carbon, (D) nitrogen, (F) potassium, and (H) phosphorus of plants 

growing soils from nests of the LCA species Acromyrmex balzani, in the Catimbau National 

Park, Pernambuco, Brazil. 
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Table S1. Results of Linear Mixed Models testing the effects of land use in the nest and non-nest soils (treatment) of the LCA species 

Atta opaciceps on the plant concentration of carbon, nitrogen, magnesium, calcium and potassium (upper table); and the testing the 

effects chronic disturbance and water deficit in the nest and non-nest soils (treatment) of the LCA Acromyrmex bazalni on the plant 

concentration of carbon, nitrogen, magnesium, calcium and potassium (lower table), in Catimbau National Park, Pernambuco, Brazil. 

We consider significant effects when their confidence intervals did not include zero. 

At. opaciceps nests C concentration N concentration Mg concentration Ca concentration K concentration 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 360.3 308 – 412.6 0.001 12.2 9.3 – 15. <0.001 1.91 0.58 – 3.24 0.005 9.08 6.07 – 12.1 <0.001 6.97 3.42 – 10.53 <0.001 

Pasture -3.64 -26.6 – 19.3 0.757 2.15 0.49 – 3.8 0.011 -0.17 -0.45 – 0.11 0.245 0.48 -1.52 – 2.49 0.636 1.57 0.55 – 2.58 0.002 

Preserved 27.06 3.20 – 50.92 0.026 -1.8 -3.5 – -0.08 0.04 -0.08 -0.37 – 0.20 0.571 1.65 -0.39 – 3.68 0.113 0.8 -0.22 – 1.83 0.126 

5-meters 22.41 -0.04 – 44.8 0.056 0.24 -1.38 – 1.8 0.773 0.01 -0.26 – 0.29 0.92 1.41 -0.53 – 3.36 0.155 1.01 0.02 – 1.99 0.045 

Nest 5.37 -20.6 – 31.3 0.685 -1.74 -3.6 – 0.12 0.067 -0.34 -0.67 – -0.02 0.039 -1.78 -4.09 – 0.54 0.132 -0.24 -1.41 – 0.94 0.694 

Refuse 35.51 8.16 – 62.85 0.011 0.65 -1.3 – 2.62 0.514 -0.02 -0.34 – 0.31 0.926 -0.07 -2.38 – 2.25 0.955 1.7 0.53 – 2.87 0.005 

Pasture * 5-meters -14.61 -47.1 – 17.9 0.379 -0.47 -2.81 – 1.8 0.695 0.07 -0.33 – 0.47 0.727 -0.36 -3.18 – 2.46 0.801 0.58 -0.85 – 2.01 0.425 

Preserved * 5-meters -19.1 -52.6 – 14.3 0.262 4.5 2.09 – 6.91 <0.001 0 -0.40 – 0.39 0.983 -1.4 -4.23 – 1.43 0.333 -0.33 -1.77 – 1.10 0.65 

Pasture * Nest 21.94 -18.5 – 62.4 0.288 -3.72 -6.6 – -0.8 0.012 0.55 0.06 – 1.03 0.027 1.66 -1.81 – 5.12 0.348 1.17 -0.58 – 2.93 0.19 

Preserved * Nest 5.83 -29.7 – 41.3 0.748 -1.09 -3.64 – 1.4 0.405 0.23 -0.21 – 0.66 0.306 1.63 -1.44 – 4.70 0.299 -0.02 -1.58 – 1.54 0.982 

Pasture * Refuse -9.45 -48.9 – 30 0.639 -4.66 -7.5 – -1.8 0.001 -0.05 -0.52 – 0.42 0.833 -2.84 -6.17 – 0.48 0.094 -0.15 -1.84 – 1.53 0.857 

Preserved * Refuse -39.5 -76.6 – -2.4 0.037 -1.49 -4.16 – 1.1 0.273 -0.15 -0.59 – 0.29 0.498 -2.22 -5.35 – 0.92 0.166 -0.69 -2.28 – 0.89 0.393 

Ac. balzani nests C concentration N concentration Mg concentration Ca concentration K concentration 

Predictors β CI p β CI p β CI p β CI p β CI p 

(Intercept) 352.83 324.5 – 381.1 0.001 9.89 6.94 – 12.8 <0.001 1.88 0.30 – 3.47 0.02 10.08 7.66 – 12.50 <0.001 7.12 3.09 – 11.15 0.001 

Preserved 22.58 5.41 – 39.75 0.01 1.34 -0.45 – 3.13 0.143 0.09 -0.27 – 0.44 0.635 -1.03 -3.25 – 1.19 0.363 0.59 -0.55 – 1.72 0.312 

Nest 19.13 1.06 – 37.20 0.038 0.17 -1.61 – 1.95 0.851 0.42 -0.00 – 0.85 0.051 0.96 -1.06 – 2.99 0.352 2.32 1.12 – 3.51 <0.001 

Refuse 32.76 13.87 – 51.6 0.001 3.53 1.63 – 5.42 <0.001 0.57 0.11 – 1.02 0.014 4.23 1.89 – 6.58 <0.001 2.39 1.14 – 3.63 <0.001 

Rainy 5.97 -11.5 – 23.4 0.504 -0.79 -2.64 – 1.06 0.405 0.33 -0.03 – 0.69 0.074 -1.11 -3.07 – 0.85 0.267 0.56 -0.60 – 1.72 0.343 

Preserved * Nest -5.8 -27.06 – 15.46 0.593 0.33 -2.20 – 2.87 0.796 -0.56 -1.17 – 0.05 0.070 0.2 -2.19 – 2.60 0.869 -1.85 -3.77 – 0.08 0.060 

Preserved * Refuse -4.14 -25.61 – 17.33 0.706 -1.09 -3.68 – 1.50 0.411 -0.21 -0.66 – 0.23 0.344 -0.6 -3.00 – 1.80 0.625 -1.99 -3.96 – -0.03 0.047 
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Preserved * Rainy -25.87 -57.06 – 5.33 0.104 3.94 1.24 – 6.65 0.004 -0.37 -0.99 – 0.25 0.236 -1.21 -4.56 – 2.14 0.480 -3.10 -5.15 – -1.05 0.003 

Nest * Rainy 0.39 -20.91 – 21.69 0.971 4.05 1.48 – 6.61 0.002 0.05 -0.39 – 0.49 0.828 -0.42 -2.82 – 1.98 0.732 -0.39 -2.33 – 1.56 0.697 

Refuse * Rainy -21.1 -42.62 – 0.42 0.055 -2.71 -5.33 – -0.08 0.044 -0.5 -0.95 – -0.06 0.026 -6.80 -10.05 – -3.54 <0.001 -2.96 -4.96 – -0.97 0.004 

Preserved * Nest * Rainy 15.50 -27.84 – 58.83 0.483 -8.36 -12.12 – -4.60 <0.001 -0.05 -0.96 – 0.86 0.916 1.36 -3.33 – 6.05 0.570 1.17 -1.70 – 4.05 0.424 

Preserved * Refuse * Rainy 33.15 -9.90 – 76.19 0.131 -6.17 -9.90 – -2.43 0.001 0.32 -0.57 – 1.21 0.482 7.20 2.58 – 11.83 0.002 2.47 -0.36 – 5.30 0.087 
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Table S1. Results of Linear Mixed Models testing the effects of land use in the nest and non-nest soils (treatment) of the LCA species 

Atta opaciceps on the plant concentration of phosphorus, zinc, iron and manganese (upper table); and the testing the effects chronic 

disturbance and water deficit in the nest and non-nest soils (treatment) of the LCA Acromyrmex bazalni on the plant concentration of 

phosphorus, zinc, iron and manganese (lower table), in Catimbau National Park, Pernambuco, Brazil. We consider significant effects 

when their confidence intervals did not include zero. 

At. opaciceps nests P concentration Zn concentration Fe concentration Mn concentration 

Predictors β CI p β CI p β CI p β CI p 

(Intercept) 1.2 0.97 – 1.44 <0.001 0.06 0.05 – 0.07 <0.001 1.04 0.69 – 1.40 <0.001 0.27 0.04 – 0.50 0.024 

Pasture 0.43 0.14 – 0.71 0.003 -0.03 -0.03 – -0.02 <0.001 -0.42 -0.62 – -0.23 <0.001 -0.05 -0.13 – 0.03 0.187 

Preserved 0.46 0.17 – 0.76 0.002 0 -0.01 – 0.01 0.648 -0.21 -0.41 – -0.01 0.044 0.07 -0.01 – 0.15 0.109 

5-meters 0.23 -0.05 – 0.51 0.11 0 -0.01 – 0.00 0.496 -0.32 -0.51 – -0.13 0.001 0.07 -0.00 – 0.15 0.065 

Nest -0.38 -0.71 – -0.05 0.024 -0.01 -0.02 – 0.00 0.056 0.04 -0.18 – 0.27 0.713 0.24 0.15 – 0.33 <0.001 

Refuse 0.31 -0.03 – 0.64 0.071 -0.01 -0.02 – 0.00 0.062 0.19 -0.04 – 0.42 0.099 -0.07 -0.17 – 0.02 0.118 

Pasture * 5-meters 0.64 0.24 – 1.04 0.002 0.01 -0.00 – 0.02 0.17 0.31 0.04 – 0.59 0.026 -0.02 -0.13 – 0.10 0.79 

Preserved * 5-meters 0.16 -0.25 – 0.56 0.453 0 -0.01 – 0.01 0.514 0.31 0.04 – 0.59 0.027 -0.15 -0.26 – -0.03 0.011 

Pasture * Nest 0.36 -0.14 – 0.85 0.158 0.01 -0.01 – 0.02 0.36 0.06 -0.28 – 0.40 0.713 -0.21 -0.35 – -0.07 0.003 

Preserved * Nest 0.36 -0.08 – 0.79 0.107 0 -0.01 – 0.01 0.674 0.18 -0.12 – 0.48 0.246 -0.29 -0.41 – -0.17 <0.001 

Pasture * Refuse -0.37 -0.85 – 0.10 0.124 0.01 -0.01 – 0.02 0.279 0.14 -0.18 – 0.47 0.395 0.04 -0.09 – 0.17 0.573 

Preserved * Refuse 0.02 -0.43 – 0.47 0.924 0.01 -0.01 – 0.02 0.344 -0.07 -0.38 – 0.24 0.648 -0.07 -0.19 – 0.06 0.306 

Ac. balzani nests P concentration Zn concentration Fe concentration Mn concentration 

Predictors β CI p β CI p β CI p β CI p 

(Intercept) 1.80 1.44 – 2.17 <0.001 0.06 0.04 – 0.07 <0.001 0.55 0.13 – 0.96 0.010 0.21 -0.01 – 0.43 0.063 

Preserved -0.64 -1.12 – -0.16 0.009 -0.00 -0.01 – 0.01 0.867 0.41 0.11 – 0.71 0.007 0.13 -0.02 – 0.25 0.023 

Nest 0.83 0.35 – 1.30 0.001 0.01 -0.01 – 0.02 0.272 0.67 0.37 – 0.96 <0.001 -0.08 -0.18 – 0.03 0.14 

Refuse 0.64 0.13 – 1.14 0.014 -0.01 -0.02 – 0.01 0.292 -0.02 -0.34 – 0.29 0.886 -0.03 -0.14 – 0.07 0.543 

Rainy  -0.02 -0.51 – 0.48 0.943 0.00 -0.01 – 0.01 0.916 0.26 -0.05 – 0.57 0.105 0.03 -0.07 – 0.13 0.544 

Preserved * Nest -0.68 -1.35 – 0.00 0.051 -0.01 -0.03 – 0.01 0.454 -0.25 -0.67 – 0.17 0.250 0.03 -0.09 – 0.15 0.593 

Preserved * Refuse -0.23 -0.93 – 0.46 0.515 0.01 -0.01 – 0.03 0.275 -0.07 -0.51 – 0.36 0.737 -0.11 -0.23 – 0.01 0.063 
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Preserved * Rainy 0.39 -0.33 – 1.11 0.291 0.01 -0.01 – 0.03 0.354 -0.60 -1.06 – -0.15 0.009 0.06 -0.12 – 0.23 0.524 

Nest * Rainy -0.10 -0.79 – 0.59 0.776 0.00 -0.02 – 0.02 0.779 -0.82 -1.25 – -0.39 <0.001 0.01 -0.11 – 0.13 0.878 

Refuse * Rainy -0.41 -1.11 – 0.30 0.260 0.02 -0.00 – 0.03 0.105 0.27 -0.17 – 0.71 0.234 0.01 -0.12 – 0.13 0.935 

Preserved * Nest * Rainy 0.25 -0.76 – 1.26 0.629 -0.00 -0.03 – 0.03 0.917 0.46 -0.18 – 1.09 0.156 0.18 -0.06 – 0.43 0.147 

Preserved * Refuse * Rainy 0.14 -0.87 – 1.14 0.792 -0.02 -0.04 – 0.01 0.268 -0.17 -0.80 – 0.45 0.589 0.09 -0.15 – 0.33 0.464 
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Figure S3. Effects of land use (agriculture, pasture and conserved) and treatment (10 – and 5 

-meters soils, nest mound soils and refuse soils) on the plant concentration of the trace 

elements (A) iron, (B) manganese, (C) zinc of plants growing soils from nests of the LCA 

species Atta opaciceps; and effects of chronic disturbance, water deficit and treatment 

(control soils, nest mound soils and refuse dump soils) on the plant concentration of (D) 

magnesium, (E) iron, (F) manganese, and (G) calcium of plants growing soils from nests of 

the LCA species Acromyrmex balzani, in the Catimbau National Park, Pernambuco, Brazil. 
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5 CONCLUSÃO 

 

Nossos resultados reconfirmam que as alterações ambientais causadas pelas 

perturbações humanas promovem o aumento das populações de formigas cortadeiras na 

Caatinga. Mas embora aumentem em densidade, as colônias mantêm suas taxas de forrageio 

constantes ao longo de áreas perturbadas e preservadas e secas e chuvosas. De forma similar, 

as mudanças físicas nos solos produzidas pelas colônias, como diminuição da densidade 

aparente do solo, são resultado de um efeito individual dos ninhos, sem influência de 

perturbação nem aridez. Já as mudanças edáficas químicas sofrem forte influência dos efeitos 

da perturbação e da aridez e podem ser muito complexas. No geral, os efeitos da perturbação 

podem potencializar os efeitos das colônias nos solos, aumentando a concentração de alguns 

nutrientes e diminuindo a concentração de outros, como já observado com efeitos de 

perturbação aguda (MOUTINHO, P.; NEPSTAD; DAVIDSON, 2003). A aridez, no entanto, 

parece exercer predominantemente um efeito negativo nas concentrações e nos estoques de 

nutrientes nos solos, com pouca relação com o efeito dos ninhos. A escassez de nutrientes nos 

solos relacionada com aridez é muito aguda o que pode tornar o efeito do ninho muito menos 

relevante em locais áridos. O aumento ou diminuição de nutrientes nos solos dos ninhos 

como um efeito das interações com perturbação, parecem ser resultado da atividade 

acumulada ao longo do tempo pelas colônias, já que a perturbação (ou aridez) não afetam as 

taxas de forrageio e nem a quantidade de nutrientes do material carregado. As mudanças 

edáficas promovidas pelas colônias refletem de forma positiva para as plantas, aumentando 

até duas vezes a biomassa de indivíduos crescendo em solos dos ninhos. Nesse caso, 

perturbação crônica e aridez não determinam as condições do solo para as plantas, mas 

perturbação aguda sim. A perturbação aguda é capaz de tornar o efeito do ninho nulo ou 

negativo para as plantas.  

Em síntese, as colônias de cortadeiras do gênero Acromyrmex mantem as taxas de 

herbivoria de áreas mais conservadas e mais perturbadas. Como as áreas perturbadas tem 

menor disponibilidade de material vegetal para as colônias (SIQUEIRA et al., 2018), isso 

pode representar uma maior pressão sobre a vegetação nessas áreas. O mesmo vale para áreas 

mais áridas onde a escassez de alimento força as colônias a aumentar suas área de 

forrageamento (SIQUEIRA et al., 2018). As colônias não compensam esse potencial efeito 

negativo na vegetação de áreas perturbadas e áridas promovendo efeitos positivos no solo 

dessas áreas. Isso porque embora a quantidade de nutrientes do material carregado para as 



114 

 

 

 

colônias não seja diferente de acordo com a área, esse material pode ser mais recalcitrante em 

áreas perturbadas e áridas (ABRIL; BUCHER, 2004). Dessa forma, (1) o material carregado 

pode ser de qualidade inferior e (2) estar sendo concentrado nas pequenas áreas restritas aos 

ninhos. Esses dois fatores podem contribuir para desacelerar a regeneração florestal 

(KNOECHELMANN et al., 2020). Esses efeitos são mais severos para a vegetação 

crescendo em áreas que sofreram perda de cobertura vegetal, já que a diminuição de 

nutrientes é maior tanto nos solos sem influência do ninho (ARAÚJO-FILHO et al., 2018; 

SANTANA et al., 2019), como em solos sob influência dos ninhos (TADEY; FARJI-

BRENER, 2007) 
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ANEXO A - DECLARAÇÃO SOBRE PLÁGIO 

 

Eu, Pedro Elias Santos Neto, autor da dissertação intitulada "Efeito de perturbações 

antrópicas e níveis de precipitação nas interações entre plantas e insetos herbívoros na 

Caatinga” defendida através do Programa de Pós-Graduação em Biologia Animal da 

Universidade Federal de Pernambuco, declaro que:  

 

1. A pesquisa apresentada nesta dissertação, exceto onde especificado, representa minha 

pesquisa original.  

 

2. Esta dissertação não foi submetida anteriormente para obtenção de nenhum grau em 

nenhuma outra instituição de ensino e pesquisa do país ou do exterior.  

 

3. Esta dissertação não contem dados de terceiros, nem figuras, gráficos ou outras 

informações, a menos que devidamente especificado e devidamente creditado como sendo 

fornecido por outra pessoa.  

 

4. Esta dissertação não contem material escrito por terceiros, a menos que devidamente 

especificado e creditado como sendo fornecido por outros pesquisadores. Onde material 

escrito por terceiros foi usado, eu:  

 

4.1. Re-escrevi o texto, mas a informação passada foi devidamente referenciada.  

 

4.2. Onde palavras exatas escritas por terceiros foram usadas, as mesmas foram marcadas no 

texto em itálico ou entre aspas e devidamente referenciadas.  
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5. Esta dissertação não contem texto, gráficos ou tabelas copiadas e coladas da internet, a 

menos que especificamente creditado, e a fonte original devidamente referenciada e datada na 

sessão de Referências Bibliográficas.  

 

Recife ______ de _______________________ de __________.  
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Pedro Elias Santos Neto 
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ANEXO B – REGRAS DE SUBMISSÃO DA REVISTA “SOIL BIOLOGY AND 

BIOCHEMISTRY” 

 

Introduction 

 

This journal is a forum for research on soil organisms, their biochemical activities and their 

influence on the soil environment and plant growth. It publishes original work on quantitative, 

analytical and experimental aspects of such research. Soil biology and soil biochemistry cover 

many scientific disciplines but a single journal brings together the results and views of 

research workers working in a wide variety of research areas. The scope of this journal is 

wide and embraces accounts of original research on the biology, ecology and biochemical 

activities of all forms of life that exist in the soil environment. Some of the subjects which 

have proved to be prominent are the biological transformations of plant nutrients in soil, 

nitrogen fixation and denitrification, soil-borne phases of plant parasites, the ecological 

control of soil-borne pathogens, the influence of pesticides on soil organisms, the 

biochemistry of pesticide and pollution decomposition in soil, microbial aspects of soil 

pollution, the composition of soil populations, modelling of biological processes in soil 

systems, the biochemical activities of soil organisms, soil enzymes and the interactions of soil 

organisms with plants and the effects of tillage on soil organisms and soil 

biochemistry. Sequence data Papers dealing with amino acid sequences of proteins or with 

nucleotide sequences must carry a statement that the data have been deposited with an 

appropriate data bank, e.g., the European Molecular Biology Laboratory (EMBL) or GenBank 

Data Libraries. The data base accession number must be given at the end of the Materials and 

Methods section of the manuscript under the separate heading 'Accession numbers'. For 

example: Coordinates and structure factors have been deposited in the Protein Data Bank with 

accession number 2XYZ. Lengthy nucleotide sequences will be published only if, in the 

judgement of the Editorial Board, these results are of general interest and importance. 

Types of paper 

 

1. Regular papers. Original full-length research papers which have not been published 

previously, except in a preliminary form, may be submitted as regular papers. 

2. Short communications. These should not exceed 1200 words (three printed pages) or their 

equivalent, excluding references and legends. Submissions should include a short abstract not 

exceeding 10% of the length of the communication and which summarizes briefly the main 

findings of the work to be reported. The bulk of the text should be in a continuous form that 

does not require numbered sections such as Introduction, Materials and methods, Results and 

Discussion. However, a Cover page, Abstract and a list of Keywords are required at the 

beginning of the communication and Acknowledgements and References at the end. These 

components are to be prepared in the same format as used for full-length research papers. 

Occasionally authors may use sub-titles of their own choice to highlight sections of the text. 

3. Review articles*. Review articles are welcome but should be topical and involve critique 

and synthesis, and should not just comprise an overview or summary of extant literature. 
Before submission please contact the Review Paper Co-ordinators with an outline of your 

proposed review, via the SBB mailbox  soilbb@elsevier.com 

mailto:%20soilbb@elsevier.com
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4. Perspectives: These are articles that provide an insightful perspective on any subject 

covered by the aims and scope of SBB. They can take the form of comments, views or 

opinions on topics, discussions on material published previously in SBB, or summaries of the 

state-of-the-art in an allied area. They are intended to provide a bridge between letters to the 

editor, research papers and full scientific reviews. The format can be any form that best suits 

the topic, conveys the key points effectively and encourages insightful and creative thinking. 

They can be any length but should be content-rich and concise. They must include an abstract 

and highlights. Such submissions will be subject to editorial and peer-review. 

*Review Articles For Soil Biology And Biochemistry 

Readers of Soil Biology and Biochemistry may submit reviews on any topic that falls within 

the scope of this journal. Authors of Review Articles should aim to provide facts as well as 

qualified ideas and opinions derived from reliable and relevant publications. Then, from such 

material develop reasoned arguments and questions for future evaluation and research. 

Reviewers should provide a list of relevant and appropriate references. They should avoid 

introducing new facts in the form of unpublished data or personal communications. Thus, the 

reader will be able to assess the interpretations and evaluate the methodology employed in the 

publications that are cited in the review. 

The Introduction should outline the scope of the review and set the limits to the field it covers. 

The overall objective of the review may be posed as a question or a series of questions. 

The bulk of the review should aim to present or introduce new ideas to the reader, review the 

literature relevant to these ideas and be specific. The authors of a Review Article might be 

able to provide alternative and reasoned interpretations or opinions to those advanced in the 

articles cited in the review. 

The review might conclude with a set of hypotheses for future work that could be tested either 

using available technology or for which current technology could be improved. 

Submission checklist 

 

You can use this list to carry out a final check of your submission before you send it to the 

journal for review. Please check the relevant section in this Guide for Authors for more 

details. 

Ensure that the following items are present: 

One author has been designated as the corresponding author with contact details: 

• E-mail address 

• Full postal address 

All necessary files have been uploaded: 

Manuscript: 

• Include keywords 

• All figures (include relevant captions) 

• All tables (including titles, description, footnotes) 

• Ensure all figure and table citations in the text match the files provided 

• Indicate clearly if color should be used for any figures in print 
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Graphical Abstracts / Highlights files (where applicable) 

Supplemental files (where applicable) 

Further considerations 

• Manuscript has been 'spell checked' and 'grammar checked' 

• All references mentioned in the Reference List are cited in the text, and vice versa 

• Permission has been obtained for use of copyrighted material from other sources (including 

the Internet) 

• A competing interests statement is provided, even if the authors have no competing interests 

to declare 

• Journal policies detailed in this guide have been reviewed 

• Referee suggestions and contact details provided, based on journal requirements 

For further information, visit our Support Center. 

META-ANALYSES 

Papers submitted to SBB involving meta-analyses must follow best-practice as outlined 

by the PRISMA initiative. 

SBB has a policy of best-practice for reporting of meta-analyses. All submissions involving 

meta-analyses must follow the guidelines established by Prisma. These are clearly outlined on 

their website, http://www.prisma-statement.org, where key documents to assist are available. 

Utilise the Prisma check-list [ http://www.prisma-

statement.org/PRISMAStatement/Checklist.] to aid manuscript preparation, and include a 

copy of the list confirming the practices have been followed as a supplementary file, noting 

this in the submission covering letter. All references involved in the meta-analysis proper (as 

opposed to those screened but not utilised) must be included in the main reference list 

associated with the paper. Those references which fall into this category, but do not have an 

associated citation in the body text or tables, must be marked with a terminal asterisk in 

parentheses (*) at the end of the end of the citation. All references used in the meta-analysis 

proper should also be listed separately in a distinct collated list as an online supplementary 

material file. 

Ethics in publishing 

 

Please see our information on Ethics in publishing. 

Declaration of competing interest 

 

Corresponding authors, on behalf of all the authors of a submission, must disclose any 

financial and personal relationships with other people or organizations that could 

inappropriately influence (bias) their work. Examples of potential conflicts of interest include 

employment, consultancies, stock ownership, honoraria, paid expert testimony, patent 

applications/registrations, and grants or other funding. All authors, including 
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Submission declaration and verification 

 

Submission of an article implies that the work described has not been published previously 

(except in the form of an abstract, a published lecture or academic thesis, see 'Multiple, 

redundant or concurrent publication' for more information), that it is not under consideration 

for publication elsewhere, that its publication is approved by all authors and tacitly or 

explicitly by the responsible authorities where the work was carried out, and that, if accepted, 

it will not be published elsewhere in the same form, in English or in any other language, 

including electronically without the written consent of the copyright-holder. To verify 

originality, your article may be checked by the originality detection service Crossref 

Similarity Check. 

Preprints 

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing 

policy. Sharing your preprints e.g. on a preprint server will not count as prior publication (see 

'Multiple, redundant or concurrent publication' for more information). 

Preprint posting on SSRN 

 

In support of Open Science, this journal offers its authors a free preprint posting service. 

Preprints provide early registration and dissemination of your research, which facilitates early 

citations and collaboration. 

During submission to Editorial Manager, you can choose to release your manuscript publicly 

as a preprint on the preprint server SSRN once it enters peer-review with the journal. Your 

choice will have no effect on the editorial process or outcome with the journal. Please note 

that the corresponding author is expected to seek approval from all co-authors before agreeing 

to release the manuscript publicly on SSRN. 

You will be notified via email when your preprint is posted online and a Digital Object 

Identifier (DOI) is assigned. Your preprint will remain globally available free to read whether 

the journal accepts or rejects your manuscript. 

For more information about posting to SSRN, please consult the SSRN Terms of 

Use and FAQs. 

Use of inclusive language 

 

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to 

differences, and promotes equal opportunities. Content should make no assumptions about the 

beliefs or commitments of any reader; contain nothing which might imply that one individual 

is superior to another on the grounds of age, gender, race, ethnicity, culture, sexual 

orientation, disability or health condition; and use inclusive language throughout. Authors 

should ensure that writing is free from bias, stereotypes, slang, reference to dominant culture 

and/or cultural assumptions. We advise to seek gender neutrality by using plural nouns 

("clinicians, patients/clients") as default/wherever possible to avoid using "he, she," or 

"he/she." We recommend avoiding the use of descriptors that refer to personal attributes such 

as age, gender, race, ethnicity, culture, sexual orientation, disability or health condition unless 

they are relevant and valid. When coding terminology is used, we recommend to avoid 

offensive or exclusionary terms such as "master", "slave", "blacklist" and "whitelist". We 
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suggest using alternatives that are more appropriate and (self-) explanatory such as "primary", 

"secondary", "blocklist" and "allowlist". These guidelines are meant as a point of reference to 

help identify appropriate language but are by no means exhaustive or definitive. 

Changes to authorship 

 

Authors are expected to consider carefully the list and order of authors before submitting 

their manuscript and provide the definitive list of authors at the time of the original 

submission. Any addition, deletion or rearrangement of author names in the authorship list 

should be made only before the manuscript has been accepted and only if approved by the 

journal Editor. To request such a change, the Editor must receive the following from 

the corresponding author: (a) the reason for the change in author list and (b) written 

confirmation (e-mail, letter) from all authors that they agree with the addition, removal or 

rearrangement. In the case of addition or removal of authors, this includes confirmation from 

the author being added or removed. 

Only in exceptional circumstances will the Editor consider the addition, deletion or 

rearrangement of authors after the manuscript has been accepted. While the Editor considers 

the request, publication of the manuscript will be suspended. If the manuscript has already 

been published in an online issue, any requests approved by the Editor will result in a 

corrigendum. 

Article transfer service 

This journal is part of our Article Transfer Service. This means that if the Editor feels your 

article is more suitable in one of our other participating journals, then you may be asked to 

consider transferring the article to one of those. If you agree, your article will be transferred 

automatically on your behalf with no need to reformat. Please note that your article will be 

reviewed again by the new journal. More information. 

Copyright 

 

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing 

Agreement' (see more information on this). An e-mail will be sent to the corresponding author 

confirming receipt of the manuscript together with a 'Journal Publishing Agreement' form or a 

link to the online version of this agreement. 

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for 

internal circulation within their institutions. Permission of the Publisher is required for resale 

or distribution outside the institution and for all other derivative works, including 

compilations and translations. If excerpts from other copyrighted works are included, the 

author(s) must obtain written permission from the copyright owners and credit the source(s) 

in the article. Elsevier has preprinted forms for use by authors in these cases. 

For gold open access articles: Upon acceptance of an article, authors will be asked to 

complete a 'License Agreement' (more information). Permitted third party reuse of gold open 

access articles is determined by the author's choice of user license. 

Author rights 

As an author you (or your employer or institution) have certain rights to reuse your 

work. More information. 
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Elsevier supports responsible sharing 

Find out how you can share your research published in Elsevier journals. 

Role of the funding source 

 

You are requested to identify who provided financial support for the conduct of the research 

and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in 

study design; in the collection, analysis and interpretation of data; in the writing of the report; 

and in the decision to submit the article for publication. If the funding source(s) had no such 

involvement, it is recommended to state this. 

Open access 

 

Please visit our Open Access page for more information. 

Elsevier Researcher Academy 

Researcher Academy is a free e-learning platform designed to support early and mid-career 

researchers throughout their research journey. The "Learn" environment at Researcher 

Academy offers several interactive modules, webinars, downloadable guides and resources to 

guide you through the process of writing for research and going through peer review. Feel 

free to use these free resources to improve your submission and navigate the publication 

process with ease. 

Language (usage and editing services) 

Please write your text in good English (American or British usage is accepted, but not a 

mixture of these). Authors who feel their English language manuscript may require editing to 

eliminate possible grammatical or spelling errors and to conform to correct scientific English 

may wish to use the English Language Editing service available from Elsevier's Author 

Services. 

Submission 

 

Our online submission system guides you stepwise through the process of entering your 

article details and uploading your files. The system converts your article files to a single PDF 

file used in the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset 

your article for final publication. All correspondence, including notification of the Editor's 

decision and requests for revision, is sent by e-mail. 

Submit your article 

Please submit your article via https://www.editorialmanager.com/sbb/default.aspx. 

Referees 

Authors are required to identify four persons who are qualified to serve as reviewers. Authors 

are requested not to suggest reviewers with whom they have a personal or professional 

relationship, especially if that relationship would prevent the reviewer from having an 

unbiased opinion of the work of the authors. A working e-mail address for each reviewer is 

essential for rapid review in the event that reviewer is selected from those that are identified 

by the authors. You may also select reviewers you do not want to review your manuscript, but 

please state your reason for doing so. 
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Queries 

 

For questions about the editorial process (including the status of manuscripts under review) or 

for technical support on submissions, please visit our Support Center. 

Peer review 

 

This journal operates a single anonymized review process. All contributions will be initially 

assessed by the editor for suitability for the journal. Papers deemed suitable are then typically 

sent to a minimum of two independent expert reviewers to assess the scientific quality of the 

paper. The Editor is responsible for the final decision regarding acceptance or rejection of 

articles. The Editor's decision is final. Editors are not involved in decisions about papers 

which they have written themselves or have been written by family members or colleagues or 

which relate to products or services in which the editor has an interest. Any such submission 

is subject to all of the journal's usual procedures, with peer review handled independently of 

the relevant editor and their research groups. More information on types of peer review. 

Use of word processing software 

 

Manuscripts should be prepared with numbered lines, with wide margins and double spacing 

throughout, i.e. also for abstracts, footnotes and references. Every page of the manuscript, 

including the title page, references, tables, etc. should be numbered. However, in the text no 

reference should be made to page numbers; if necessary, one may refer to sections. 

It is important that the file be saved in the native format of the wordprocessor used. The text 

should be in single-column format. Keep the layout of the text as simple as possible. Most 

formatting codes will be removed and replaced on processing the article. In particular, do not 

use the wordprocessor's options to justify text or to hyphenate words. However, do use bold 

face, italics, subscripts, superscripts etc. Do not embed "graphically designed" equations or 

tables, but prepare these using the wordprocessor's facility. When preparing tables, if you are 

using a table grid, use only one grid for each individual table and not a grid for each row. If 

no grid is used, use tabs, not spaces, to align columns. The electronic text should be prepared 

in a way very similar to that of conventional manuscripts (see also the Guide to Publishing 

with Elsevier: https://www.elsevier.com/guidepublication). Do not import the figures into the 

text file but, instead, indicate their approximate locations directly in the electronic text and on 

the manuscript. See also the section on Electronic illustrations. 

To avoid unnecessary errors you are strongly advised to use the "spell-check" and "grammar-

check" functions of your wordprocessor. 

Manuscripts should be prepared with numbered lines, with wide margins and double spacing 

throughout, i.e. also for abstracts, footnotes and references. Every page of the manuscript, 

including the title page, references, tables, etc. should be numbered. However, in the text 

no reference should be made to page numbers; if necessary, one may refer to sections. 

LaTeX 

You are recommended to use the latest Elsevier article class to prepare your manuscript 

and BibTeX to generate your bibliography. 

Our Guidelines has full details. 

Article structure 
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Subdivision - numbered sections 

Divide your article into clearly defined and numbered sections. Subsections should be 

numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section 

numbering). Use this numbering also for internal cross-referencing: do not just refer to 'the 

text'. Any subsection may be given a brief heading. Each heading should appear on its own 

separate line. 

Introduction 

State the objectives of the work and provide an adequate background, avoiding a detailed 

literature survey or a summary of the results. 

Material and methods 

Provide sufficient details to allow the work to be reproduced by an independent researcher. 

Methods that are already published should be summarized, and indicated by a reference. If 

quoting directly from a previously published method, use quotation marks and also cite the 

source. Any modifications to existing methods should also be described. 

Results 

 

This need only report results of representative experiments illustrated by Tables and Figures. 

Use well-known statistical tests in preference to obscure ones. Consult a statistician or a 

statistics text for detailed advice. 

Discussion 

 

This section must not recapitulate results but should relate the authors' experiments to other 

work and give their conclusions, which may be given in a subsection headed Conclusions. 

 

We discourage this. It is important that readers be able to clearly distinguish actual results 

from an author’s interpretations of them. Separate Results and Discussion sections is the 

easiest way to ensure this. However, we recognize that there are some few papers where the 

structure of the experiments makes an integrated Results and Discussion section may be the 

most effective way to present and explain the science. In those few cases, we will consider 

allowing this. Should you chose to write a combined Results and Discussion, please explain 

why in the cover letter—explain why separate sections would undermine the overall 

presentation of the science. 

Essential title page information 

 

• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid 

abbreviations and formulae where possible. 

• Author names and affiliations. Please clearly indicate the given name(s) and family 

name(s) of each author and check that all names are accurately spelled. You can add your 

name between parentheses in your own script behind the English transliteration. Present the 

authors' affiliation addresses (where the actual work was done) below the names. Indicate all 

affiliations with a lower-case superscript letter immediately after the author's name and in 

front of the appropriate address. Provide the full postal address of each affiliation, including 

the country name and, if available, the e-mail address of each author. 

• Corresponding author. Clearly indicate who will handle correspondence at all stages of 

refereeing and publication, also post-publication. This responsibility includes answering any 



137 

 

 

 

future queries about Methodology and Materials. Ensure that the e-mail address is given 

and that contact details are kept up to date by the corresponding author. 

• Present/permanent address. If an author has moved since the work described in the article 

was done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be 

indicated as a footnote to that author's name. The address at which the author actually did the 

work must be retained as the main, affiliation address. Superscript Arabic numerals are used 

for such footnotes. 

Highlights 

 

Highlights are mandatory for this journal as they help increase the discoverability of your 

article via search engines. They consist of a short collection of bullet points that capture the 

novel results of your research as well as new methods that were used during the study (if any). 

Please have a look at the examples here: example Highlights. 

Highlights should be submitted in a separate editable file in the online submission system. 

Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 

characters, including spaces, per bullet point). 

Abstract 

 

A concise and factual abstract is required. The abstract should state briefly the purpose of the 

research, the principal results and major conclusions. An abstract is often presented separately 

from the article, so it must be able to stand alone. For this reason, References should be 

avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommon 

abbreviations should be avoided, but if essential they must be defined at their first mention in 

the abstract itself. 

Graphical abstract 

Although a graphical abstract is optional, its use is encouraged as it draws more attention to 

the online article. The graphical abstract should summarize the contents of the article in a 

concise, pictorial form designed to capture the attention of a wide readership. Graphical 

abstracts should be submitted as a separate file in the online submission system. Image size: 

Please provide an image with a minimum of 531 × 1328 pixels (h × w) or proportionally 

more. The image should be readable at a size of 5 × 13 cm using a regular screen resolution of 

96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. You can view Example 

Graphical Abstracts on our information site. 

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of 

their images and in accordance with all technical requirements. 

Keywords 

 

Keywords are index terms or descriptions for information retrieval systems, normally 4-6 

items. Words selected should reflect the essential topics of the article and may be taken from 

both the title and the text. Do not select "soil". 

Abbreviations 

 

Abbreviations may be used for unwieldy names which occur frequently and such 
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https://www.elsevier.com/authors/journal-authors/graphical-abstract
https://www.elsevier.com/authors/journal-authors/graphical-abstract
https://webshop.elsevier.com/illustration-services/
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abbreviations must be defined the first time they occur in the text. Conventional 

abbreviations, e.g. EDTA, ATP, 2,4-D should be used in preference to freshly coined ones. 

Acknowledgements 

 

Collate acknowledgements in a separate section at the end of the article before the references 

and do not, therefore, include them on the title page, as a footnote to the title or otherwise. 

List here those individuals who provided help during the research (e.g., providing language 

help, writing assistance or proof-reading the article, etc.). Sponsors can be acknowledged 

and grant numbers included in the section 

Formatting of funding sources 

List funding sources in this standard way to facilitate compliance to funder's requirements: 

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, 

yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the 

United States Institutes of Peace [grant number aaaa]. 

It is not necessary to include detailed descriptions on the program or type of grants and 

awards. When funding is from a block grant or other resources available to a university, 

college, or other research institution, submit the name of the institute or organization that 

provided the funding. 

If no funding has been provided for the research, it is recommended to include the following 

sentence: 

This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

Math formulae 

 

Present simple formulae in the line of normal text where possible. In principle, variables are 

to be presented in italics. 

Number consecutively any equations that have to be displayed separate from the text (if 

referred to explicitly in the text). 

Subscripts and superscripts should be clear. 

Greek letters and other non-Roman or handwritten symbols should be explained in the margin 

where they are first used. Take special care to show clearly the difference between zero (0) 

and the letter O, and between one (1) and the letter l. 

Give the meaning of all symbols immediately after the equation in which they are first used. 

For simple fractions use the solidus (/) instead of a horizontal line. 

Equations should be numbered serially at the right-hand side in parentheses. In general only 

equations explicitly referred to in the text need be numbered. 

The use of fractional powers instead of root signs is recommended. Also powers of e are often 

more conveniently denoted by exp. 

Levels of statistical significance which can be mentioned without further explanation are: *P 

<0.05, **P <0.01 and ***P <0.001. 

In chemical formulae, valence of ions should be given as, e.g., Ca2+, not as Ca++. 

Isotope numbers should precede the symbols, e.g., 18O. 
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Footnotes 

 

Footnotes should only be used to provide addresses of authors or to provide explanations 

essential to the understanding of Tables. 

Artwork 

Electronic artwork 

General points 

• Make sure you use uniform lettering and sizing of your original artwork. 

• Embed the used fonts if the application provides that option. 

• Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, 

Symbol, or use fonts that look similar. 

• Number the illustrations according to their sequence in the text. 

• Use a logical naming convention for your artwork files. 

• Provide captions to illustrations separately. 

• Size the illustrations close to the desired dimensions of the published version. 

• Submit each illustration as a separate file. 

• Ensure that color images are accessible to all, including those with impaired color vision. 

A detailed guide on electronic artwork is available. 

You are urged to visit this site; some excerpts from the detailed information are given 

here. 

Formats 

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, 

Excel) then please supply 'as is' in the native document format. 

Regardless of the application used other than Microsoft Office, when your electronic artwork 

is finalized, please 'Save as' or convert the images to one of the following formats (note the 

resolution requirements for line drawings, halftones, and line/halftone combinations given 

below): 

EPS (or PDF): Vector drawings, embed all used fonts. 

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi. 

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 

1000 dpi. 

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a 

minimum of 500 dpi. 

Please do not: 

• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically 

have a low number of pixels and limited set of colors; 

• Supply files that are too low in resolution; 

• Submit graphics that are disproportionately large for the content. 

Color artwork 

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or 

PDF), or MS Office files) and with the correct resolution. If, together with your accepted 

article, you submit usable color figures then Elsevier will ensure, at no additional charge, that 

these figures will appear in color online (e.g., ScienceDirect and other sites) regardless of 

whether or not these illustrations are reproduced in color in the printed version. For color 

reproduction in print, you will receive information regarding the costs from Elsevier 

https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
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after receipt of your accepted article. Please indicate your preference for color: in print or 

online only. Further information on the preparation of electronic artwork. 

Figure captions 

Ensure that each illustration has a caption. Supply captions separately, not attached to the 

figure. A caption should comprise a brief title (not on the figure itself) and a description of 

the illustration. Keep text in the illustrations themselves to a minimum but explain all symbols 

and abbreviations used. 

Tables 

 

Please submit tables as editable text and not as images. Tables can be placed either next to the 

relevant text in the article, or on separate page(s) at the end. Number tables consecutively in 

accordance with their appearance in the text and place any table notes below the table body. 

Be sparing in the use of tables and ensure that the data presented in them do not duplicate 

results described elsewhere in the article. Please avoid using vertical rules and shading in 

table cells. 

References 

Citation in text 

Please ensure that every reference cited in the text is also present in the reference list (and 

vice versa). Any references cited in the abstract must be given in full. Unpublished results and 

personal communications are not recommended in the reference list, but may be mentioned in 

the text. If these references are included in the reference list they should follow the standard 

reference style of the journal and should include a substitution of the publication date with 

either 'Unpublished results' or 'Personal communication'. Citation of a reference as 'in press' 

implies that the item has been accepted for publication. 

Web references 

As a minimum, the full URL should be given and the date when the reference was last 

accessed. Any further information, if known (DOI, author names, dates, reference to a source 

publication, etc.), should also be given. Web references can be listed separately (e.g., after the 

reference list) under a different heading if desired, or can be included in the reference list. 

Data references 

This journal encourages you to cite underlying or relevant datasets in your manuscript by 

citing them in your text and including a data reference in your Reference List. Data references 

should include the following elements: author name(s), dataset title, data repository, version 

(where available), year, and global persistent identifier. Add [dataset] immediately before the 

reference so we can properly identify it as a data reference. The [dataset] identifier will not 

appear in your published article. 

 

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese 

oak wilt disease and surrounding forest compositions. Mendeley Data, 

v1. http://dx.doi.org/10.17632/xwj98nb39r.1 

Preprint references 

Where a preprint has subsequently become available as a peer-reviewed publication, the 

formal publication should be used as the reference. If there are preprints that are central to 

https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
http://dx.doi.org/10.17632/xwj98nb39r.1
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your work or that cover crucial developments in the topic, but are not yet formally published, 

these may be referenced. Preprints should be clearly marked as such, for example by 

including the word preprint, or the name of the preprint server, as part of the reference. The 

preprint DOI should also be provided. 

References in a special issue 

Please ensure that the words 'this issue' are added to any references in the list (and any 

citations in the text) to other articles in the same Special Issue. 

Reference management software 

Most Elsevier journals have their reference template available in many of the most popular 

reference management software products. These include all products that support Citation 

Style Language styles, such as Mendeley. Using citation plug-ins from these products, authors 

only need to select the appropriate journal template when preparing their article, after which 

citations and bibliographies will be automatically formatted in the journal's style. If no 

template is yet available for this journal, please follow the format of the sample references 

and citations as shown in this Guide. If you use reference management software, please 

ensure that you remove all field codes before submitting the electronic manuscript. More 

information on how to remove field codes from different reference management software. 

Year and name system 

Text: All citations in the text should refer to: 

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of 

publication; 

2. Two authors: both authors' names and the year of publication; 

3. Three or more authors: first author's name followed by 'et al.' and the year of publication. 

Citations may be made directly (or parenthetically). Groups of references should be listed first 

chronologically, then alphabetically. 

 

Examples: “as demonstrated (Allan, 1999, Allan and Jones, 1999, Allan 2000a, Allan 2000b). 

Kramer et al. (2010) have recently shown ....” 

List: References should be arranged first alphabetically and then further sorted 

chronologically if necessary. More than one reference from the same author(s) in the same 

year must be identified by the letters 'a', 'b', 'c', etc., placed after the year of publication. 

 

Examples: 

Reference to a journal publication: 

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. 

Journal of Scientific Communication 163, 51–59. 

 

Reference to a book: 

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York. 

 

Reference to a chapter in an edited book: 

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article. In: 

Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New 

York, pp. 281–304. 

Journal abbreviations source 

Journal titles must be written in full. 

https://citationstyles.org/
https://citationstyles.org/
https://www.mendeley.com/reference-management/reference-manager/
https://service.elsevier.com/app/answers/detail/a_id/26093/
https://service.elsevier.com/app/answers/detail/a_id/26093/
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Video 

 

Elsevier accepts video material and animation sequences to support and enhance your 

scientific research. Authors who have video or animation files that they wish to submit with 

their article are strongly encouraged to include links to these within the body of the article. 

This can be done in the same way as a figure or table by referring to the video or animation 

content and noting in the body text where it should be placed. All submitted files should be 

properly labeled so that they directly relate to the video file's content. In order to ensure that 

your video or animation material is directly usable, please provide the file in one of our 

recommended file formats with a preferred maximum size of 150 MB per file, 1 GB in total. 

Video and animation files supplied will be published online in the electronic version of your 

article in Elsevier Web products, including ScienceDirect. Please supply 'stills' with your 

files: you can choose any frame from the video or animation or make a separate image. These 

will be used instead of standard icons and will personalize the link to your video data. For 

more detailed instructions please visit our video instruction pages. Note: since video and 

animation cannot be embedded in the print version of the journal, please provide text for both 

the electronic and the print version for the portions of the article that refer to this content. 

Data visualization 

 

Include interactive data visualizations in your publication and let your readers interact and 

engage more closely with your research. Follow the instructions here to find out about 

available data visualization options and how to include them with your article. 

Supplementary material 

 

Supplementary material such as applications, images and sound clips, can be published with 

your article to enhance it. Submitted supplementary items are published exactly as they are 

received (Excel or PowerPoint files will appear as such online). Please submit your material 

together with the article and supply a concise, descriptive caption for each supplementary file. 

If you wish to make changes to supplementary material during any stage of the process, 

please make sure to provide an updated file. Do not annotate any corrections on a previous 

version. Please switch off the 'Track Changes' option in Microsoft Office files as these will 

appear in the published version. 

Research data 

 

This journal requires and enables you to share data that supports your research publication 

where appropriate, and enables you to interlink the data with your published articles. Research 

data refers to the results of observations or experimentation that validate research findings. To 

facilitate reproducibility and data reuse, this journal also encourages you to share your 

software, code, models, algorithms, protocols, methods and other useful materials related to 

the project. 

Below are a number of ways in which you can associate data with your article or make a 

statement about the availability of your data when submitting your manuscript. When sharing 

data in one of these ways, you are expected to cite the data in your manuscript and reference 

list. Please refer to the "References" section for more information about data citation. For 

more information on depositing, sharing and using research data and other relevant research 

materials, visit the research data page. 

https://www.sciencedirect.com/
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
https://www.elsevier.com/authors/tools-and-resources/data-visualization
https://www.elsevier.com/authors/tools-and-resources/research-data
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Data linking 

If you have made your research data available in a data repository, you can link your article 

directly to the dataset. Elsevier collaborates with a number of repositories to link articles on 

ScienceDirect with relevant repositories, giving readers access to underlying data that gives 

them a better understanding of the research described. 

There are different ways to link your datasets to your article. When available, you can directly 

link your dataset to your article by providing the relevant information in the submission 

system. For more information, visit the database linking page. 

For supported data repositories a repository banner will automatically appear next to your 

published article on ScienceDirect. 

In addition, you can link to relevant data or entities through identifiers within the text of your 

manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 

734053; PDB: 1XFN). 

Data in Brief 

You have the option of converting any or all parts of your supplementary or additional raw 

data into a data article published in Data in Brief. A data article is a new kind of article that 

ensures that your data are actively reviewed, curated, formatted, indexed, given a DOI and 

made publicly available to all upon publication (watch this video describing the benefits of 

publishing your data in Data in Brief). You are encouraged to submit your data article 

for Data in Brief as an additional item directly alongside the revised version of your 

manuscript. If your research article is accepted, your data article will automatically be 

transferred over to Data in Brief where it will be editorially reviewed, published open access 

and linked to your research article on ScienceDirect. Please note an open access fee is payable 

for publication in Data in Brief. Full details can be found on the Data in Brief website. Please 

use this template to write your Data in Brief data article. 

MethodsX 

You have the option of converting relevant protocols and methods into one or 

multiple MethodsX articles, a new kind of article that describes the details of customized 

research methods. Many researchers spend a significant amount of time on developing 

methods to fit their specific needs or setting, but often without getting credit for this part of 

their work. MethodsX, an open access journal, now publishes this information in order to 

make it searchable, peer reviewed, citable and reproducible. Authors are encouraged to submit 

their MethodsX article as an additional item directly alongside the revised version of their 

manuscript. If your research article is accepted, your methods article will automatically be 

transferred over to MethodsX where it will be editorially reviewed. Please note an open access 

fee is payable for publication in MethodsX. Full details can be found on 

the MethodsX website. Please use the methods template or protocol template to prepare 

your MethodsX article. 

Data statement 

To foster transparency, we require you to state the availability of your data in your submission 

if your data is unavailable to access or unsuitable to post. This may also be a requirement of 

your funding body or institution. You will have the opportunity to provide a data statement 

during the submission process. The statement will appear with your published article on 

ScienceDirect. For more information, visit the Data Statement page.. 

https://www.elsevier.com/authors/tools-and-resources/research-data/data-base-linking
https://www.elsevier.com/authors/tools-and-resources/research-data/data-base-linking#repositories
https://www.journals.elsevier.com/data-in-brief/about-data-in-brief/video-discover-the-benefits-of-publishing-your-research-data
https://www.elsevier.com/journals/data-in-brief/2352-3409/open-access-journal
https://www.journals.elsevier.com/data-in-brief
https://www.elsevier.com/dib-template
https://www.journals.elsevier.com/methodsx
https://www.elsevier.com/__data/promis_misc/MethodsX-Article-Template_2019.docx
https://www.elsevier.com/__data/promis_misc/Protocol-template-for-MethodsX_2019.docx
https://www.elsevier.com/authors/tools-and-resources/research-data/data-statement
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Online proof correction 

 

To ensure a fast publication process of the article, we kindly ask authors to provide us with 

their proof corrections within two days. Corresponding authors will receive an e-mail with a 

link to our online proofing system, allowing annotation and correction of proofs online. The 

environment is similar to MS Word: in addition to editing text, you can also comment on 

figures/tables and answer questions from the Copy Editor. Web-based proofing provides a 

faster and less error-prone process by allowing you to directly type your corrections, 

eliminating the potential introduction of errors. 

If preferred, you can still choose to annotate and upload your edits on the PDF version. All 

instructions for proofing will be given in the e-mail we send to authors, including alternative 

methods to the online version and PDF. 

We will do everything possible to get your article published quickly and accurately. Please 

use this proof only for checking the typesetting, editing, completeness and correctness of the 

text, tables and figures. Significant changes to the article as accepted for publication will only 

be considered at this stage with permission from the Editor. It is important to ensure that all 

corrections are sent back to us in one communication. Please check carefully before replying, 

as inclusion of any subsequent corrections cannot be guaranteed. Proofreading is solely your 

responsibility. 

Offprints 

 

The corresponding author will, at no cost, receive a customized Share Link providing 50 days 

free access to the final published version of the article on ScienceDirect. The Share Link can 

be used for sharing the article via any communication channel, including email and social 

media. For an extra charge, paper offprints can be ordered via the offprint order form which is 

sent once the article is accepted for publication. Both corresponding and co-authors may order 

offprints at any time via Elsevier's Author Services. Corresponding authors who have 

published their article gold open access do not receive a Share Link as their final published 

version of the article is available open access on ScienceDirect and can be shared through the 

article DOI link. 

 

 

Visit the Elsevier Support Center to find the answers you need. Here you will find everything 

from Frequently Asked Questions to ways to get in touch. 

You can also check the status of your submitted article or find out when your accepted article 

will be published. 

 

 

 

 

 

 

https://www.elsevier.com/authors/journal-authors/submit-your-paper/sharing-and-promoting-your-article/share-link
https://www.sciencedirect.com/
https://webshop.elsevier.com/article-services/article-offprints/
https://service.elsevier.com/app/home/supporthub/publishing
https://service.elsevier.com/app/answers/detail/a_id/29155/supporthub/publishing/kw/status+submitted+article/
https://service.elsevier.com/app/answers/detail/a_id/5981/kw/5981/p/13783/supporthub/publishing
https://service.elsevier.com/app/answers/detail/a_id/5981/kw/5981/p/13783/supporthub/publishing
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ANEXO C – REGRAS DE SUBMISSÃO DA REVISTA “PLANT AND SOIL” 

 

Instructions for authors 

Manuscript Submission 

Manuscript Submission 

Submission of a manuscript implies: that the work described has not been published before; 

that it is not under consideration for publication anywhere else; that its publication has been 

approved by all co-authors, if any, as well as by the responsible authorities – tacitly or 

explicitly – at the institute where the work has been carried out. The publisher will not be held 

legally responsible should there be any claims for compensation. 

Permissions 

Authors wishing to include figures, tables, or text passages that have already been published 

elsewhere are required to obtain permission from the copyright owner(s) for both the print and 

online format and to include evidence that such permission has been granted when submitting 

their papers. Any material received without such evidence will be assumed to originate from 

the authors. 

Online Submission 

Please follow the hyperlink “Submit manuscript” and upload all of your manuscript files 

following the instructions given on the screen. 

Source Files 

Please ensure you provide all relevant editable source files at every submission and revision. 

Failing to submit a complete set of editable source files will result in your article not being 

considered for review. For your manuscript text please always submit in common word 

processing formats such as .docx or LaTeX. 

Figures & Tables 

All figures and tables must be embedded in the manuscript text. 

The need to avoid inappropriate terminology 

Authors should avoid the following when preparing their manuscript for submission to Plant 

and Soil: 

1. avoid use of inappropriate terminology (e.g., P2O5, K2O; ‘bases’ instead of ‘cations’) and 

non-SI units (e.g., miles, acres) – for more information, please refer to the Editorial “P2O5, 

K2O, CaO, MgO, and basic cations: pervasive use of references to molecules that do not exist 

in soil” (https://doi.org/10.1007/s11104-020-04593-2). 
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2. avoid fresh-weight root measurements when reporting the effect of plant growth-promoting 

(rhizo)bacteria on growth promotion of plants. 

Preprint 

Plant and Soil will consider manuscripts that have been posted in part or in full on a preprint 

server, such as but not limited to bioRxiv, PeerJ Preprints, OSF Preprints. Plant and Soil 

strongly recommends citing the most recent version of the article. If the article uploaded in 

the preprint server has been published in a scientific journal include the reference to the 

published article. 

Time of publication 

The Editor-in-Chief assigns manuscripts to a Section Editor, who makes the final editorial 

decision based on the advice of at least two independent reviewers. Manuscripts will be 

reviewed within 2 months of submission and published within 4 months of final acceptance. 

When papers are accepted subject to revision, usually only a single revised version will be 

considered, and the revised manuscript must be submitted within 8 weeks of the acceptance in 

principle. 

International standards for authors 

Plant and Soil endorses the following position statement on international standards for 

authors, developed at the 2nd World Conference on Research Integrity in Singapore in July 

2010 and published on the website of the Committee on Publication Ethics 

COPE 

Wager E & Kleinert S (2011) Responsible research publication: international standards for 

authors. A position statement developed at the 2nd World Conference on Research Integrity, 

Singapore, July 22-24, 2010. Chapter 50 in: Mayer T & Steneck N (eds) Promoting Research 

Integrity in a Global Environment. Imperial College Press / World Scientific Publishing, 

Singapore (pp 309-16). (ISBN 978-981-4340-97-7) 

• Authors should read this position statement and adhere to the publication requirements 

outlined in the document. Manuscripts who do not comply with requirements will be 

rejected. 

Pre-Submission Review 

Plant and Soil requires all manuscripts to be ‘internally reviewed’ prior to submission by a 

third party from the authors’ own institution or from another institution (please note that this 

excludes co-authors and English language editors). During online submission of their 

manuscript, the authors will be asked to name this third party. Any manuscript that does not 

meet this requirement will not be considered for publication and returned to the author. 

Cover letter 

https://urldefense.proofpoint.com/v2/url?u=https-3A__publicationethics.org_resources_resources-2Dand-2Dfurther-2Dreading_international-2Dstandards-2Deditors-2Dand-2Dauthors&d=DwMFAw&c=vh6FgFnduejNhPPD0fl_yRaSfZy8CWbWnIf4XJhSqx8&r=bUq3VSRuhmFYPe70whaT_z1AmxyVQo2uDeqCEgHEz3s&m=LyMXpPCC0pEDQJKph5q5-QE7vpzg81XOezjsdl6nIK0&s=S6_ZH2IDKewGogiKmCTW6EDhhFl3m37R-tvhk-g8IOA&e=
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Authors should submit a cover letter with their manuscript, outlining how the submitted 

manuscript falls within the scope of Plant and Soil and in particular how the study enhances 

our mechanistic understanding of plant-soil interactions. Any other information from the 

authors to the Editor-in-Chief should also be included in this letter. 

Cover Photograph 

Upon acceptance of the manuscript, we strongly advise the author to supply the journal with a 

high-resolution colour photograph to accompany the article title in the online journal contents. 

The best photograph amongst the papers of each volume will be featured on the cover and in 

the article of the printed version of Plant and Soil free of charge. Ideally, digital photographs 

should have a minimum resolution of 300 dpi, an image size of 15 cm x 10 cm, and saved as 

either tiff or jpeg file. 

Suggesting reviewers 

Authors are required to suggest 5 suitable reviewers. Reviewers suggestions should be a mix 

from different countries and different institutions, and should include at least 3 reviewers 

from outside the authors' country. Please read more information under the section “Ethical 

Responsibilities of Authors”. 

Article Categories 

Original Articles should be divided into the following sections: 

- Keywords 

- Abstract 

- Abbreviations 

- Introduction 

- Materials and Methods 

- Results 

- Discussion 

- Acknowledgements 

- References 

Marschner Reviews and Commentaries: Reviews and commentaries are usually solicited 

by members of the Editorial Board. However, individuals who wish to prepare a full-length 
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review or commentary are encouraged to contact the Editor-in-Chief 

(hans.lambers@uwa.edu.au) prior to submitting a manuscript. 

Mini-Reviews: Mini-Reviews are short and timely reviews on recent advances in plant and 

soil research. Individuals who wish to prepare a mini-review are encouraged to contact the 

Editor-in-Chief (hans.lambers@uwa.edu.au) prior to submitting a manuscript. Mini-reviews 

should be less than 2500 words, 50 references and 4 figures or tables. 

Methods Papers: Plant and Soil accepts Methods Papers; Methods Papers should follow the 

same format as Original Articles. 

Opinion Papers: These should present a personal and original perspective on an important 

research-related topic of interest to the readers of Plant and Soil, rather than a balanced review 

of this topic. They should aim to stimulate debate or new research, cover controversial topics, 

or provide a new framework for, or interpretation of, an old problem or current issue, or 

speculate on the implications of some recent research. 

Individuals who wish to prepare an Opinion paper are encouraged to contact the Editor-in-

Chief (hans.lambers@uwa.edu.au) prior to submitting a manuscript. 

Opinion Paper Submission Guidelines (PDF 51KB)  

 

Title Page 

Title Page 

Please make sure your title page contains the following information. 

Title 

The title should be concise and informative. 

Author information 

• The name(s) of the author(s) 

• The affiliation(s) of the author(s), i.e. institution, (department), city, (state), country 

• A clear indication and an active e-mail address of the corresponding author 

• If available, the 16-digit ORCID of the author(s) 

If address information is provided with the affiliation(s) it will also be published. 

For authors that are (temporarily) unaffiliated we will only capture their city and country of 

residence, not their e-mail address unless specifically requested. 

Abstract 

https://media.springer.com/full/springer-instructions-for-authors-assets/pdf/PLSO%20Opinion%20Papers%20-%20Author%20guidelines.pdf
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Please provide a structured abstract of 150 to 250 words which should be divided into the 

following sections: 

• Purpose (stating the main purposes and research question) 

• Methods 

• Results 

• Conclusion 

For life science journals only (when applicable) 

• Trial registration number and date of registration for prospectively registered trials 

• Trial registration number and date of registration followed by “retrospectively 

registered”, for retrospectively registered trials 

Keywords 

Please provide 4 to 6 keywords which can be used for indexing purposes. 

Text 

Text Formatting 

Manuscripts should be submitted in Word. 

• Use a normal, plain font (e.g., 10-point Times Roman) for text. 

• Use italics for emphasis. 

• Use the automatic page numbering function to number the pages. 

• Do not use field functions. 

• Use tab stops or other commands for indents, not the space bar. 

• Use the table function, not spreadsheets, to make tables. 

• Use the equation editor or MathType for equations. 

• Save your file in docx format (Word 2007 or higher) or doc format (older Word 

versions). 

Manuscripts with mathematical content can also be submitted in LaTeX. We recommend 

using Springer Nature’s LaTeX template. 

Headings 

Please use no more than three levels of displayed headings. 

Abbreviations 

Abbreviations should be defined at first mention and used consistently thereafter. 

Footnotes 

https://www.springernature.com/gp/authors/campaigns/latex-author-support
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Footnotes can be used to give additional information, which may include the citation of a 

reference included in the reference list. They should not consist solely of a reference citation, 

and they should never include the bibliographic details of a reference. They should also not 

contain any figures or tables. 

Footnotes to the text are numbered consecutively; those to tables should be indicated by 

superscript lower-case letters (or asterisks for significance values and other statistical data). 

Footnotes to the title or the authors of the article are not given reference symbols. 

Always use footnotes instead of endnotes. 

Acknowledgments 

Acknowledgments of people, grants, funds, etc. should be placed in a separate section on the 

title page. The names of funding organizations should be written in full. 

Line numbering 

Line numbering should be used throughout the manuscript. 

Scientific names, Units and Symbols 

• The Latin name(s) as well as authority (and, where appropriate, cultivar preceded by 

cv.) of investigated species must be mentioned both in the Abstract and in the 

Materials and Methods. Latin genus and species names should be italicised. Only SI 

units should be used. 

• For mineral contents, the elements (P, N, K, etc.) should be used. 

• Isotopes should be indicated as 14C, 32P, etc. 

• Ions should be mentioned as H+, Mg2+, etc. 

• For molar concentration italic M should be used. 

 

References 

Citation 

Cite references in the text in alphabetical order first, and chronological order second. Some 

examples: 

1. Negotiation research spans many disciplines (Thompson 1990). 

2. This result was later contradicted by Becker and Seligman (1996). 

3. This effect has been widely studied (Abbott 2002; Barakat et al. 1995a, b; Kelso and Smith 

1990; Medvec et al. 1999, 2000). 

Reference list 
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The list of references should only include works that are cited in the text and that have been 

published or accepted for publication. Personal communications and unpublished works 

should only be mentioned in the text. 

Reference list entries should be alphabetized by the last names of the first author of each 

work. Please alphabetize according to the following rules: 1) For one author, by name of 

author, then chronologically; 2) For two authors, by name of author, then name of coauthor, 

then chronologically; 3) For more than two authors, by name of first author, then 

chronologically. 

If available, please always include DOIs as full DOI links in your reference list (e.g. 

“https://doi.org/abc”). 

• Journal article 

Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L 

(2009) Effect of high intensity intermittent training on heart rate variability in 

prepubescent children. Eur J Appl Physiol 105:731-738. 

https://doi.org/10.1007/s00421-008-0955-8 

Ideally, the names of all authors should be provided, but the usage of “et al” in long 

author lists will also be accepted: 

Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl J 

Med 965:325–329 

• Article by DOI 

Slifka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine 

production. J Mol Med. https://doi.org/10.1007/s001090000086 

• Book 

South J, Blass B (2001) The future of modern genomics. Blackwell, London 

• Book chapter 

Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of modern 

genomics, 3rd edn. Wiley, New York, pp 230-257 

• Online document 

Doe J (1999) Title of subordinate document. In: The dictionary of substances and their 

effects. Royal Society of Chemistry. Available via DIALOG. 

http://www.rsc.org/dose/title of subordinate document. 

Accessed 15 Jan 1999 
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Always use the standard abbreviation of a journal’s name according to the ISSN List of Title 

Word Abbreviations, see 

ISSN.org LTWA 

If you are unsure, please use the full journal title. 

Important Note: 

• The Reference list should use the heading 'References' with a line spacing before and 

after the heading. 

 

Statements & Declarations 

The following statements must be included in your submitted manuscript under the heading 

'Statements and Declarations'. This should be placed after the References section. Please note 

that submissions that do not include required statements will be returned as incomplete. 

Funding 

Please describe any sources of funding that have supported the work. The statement should 

include details of any grants received (please give the name of the funding agency and grant 

number). 

Example statements: 

“This work was supported by […] (Grant numbers […] and […]). Author A.B. has received 

research support from Company A.” 

“The authors declare that no funds, grants, or other support were received during the 

preparation of this manuscript.” 

Competing Interests 

Authors are required to disclose financial or non-financial interests that are directly or 

indirectly related to the work submitted for publication. Interests within the last 3 years of 

beginning the work (conducting the research and preparing the work for submission) should 

be reported. Interests outside the 3-year time frame must be disclosed if they could reasonably 

be perceived as influencing the submitted work. 

Example statements: 

“Financial interests: Author A and B declare they have no financial interests. Author C has 

received speaker and consultant honoraria from Company M. Dr. C has received speaker 

honorarium and research funding from Company M and Company N. Author D has received 

http://www.issn.org/services/online-services/access-to-the-ltwa/
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travel support from Company O. Non-financial interests: Author D has served on advisory 

boards for Company M and Company N.” 

“The authors have no relevant financial or non-financial interests to disclose.” 

Please refer to the “Competing Interests” section below for more information on how to 

complete these sections. 

Author Contributions 

Authors are encouraged to include a statement that specifies the contribution of every author 

to the research and preparation of the manuscript. 

Example statement: 

“All authors contributed to the study conception and design. Material preparation, data 

collection and analysis were performed by [full name], [full name] and [full name]. The first 

draft of the manuscript was written by [full name] and all authors commented on previous 

versions of the manuscript. All authors read and approved the final manuscript.” 

Please refer to the “Authorship Principles ” section below for more information on how to 

complete this section. 

Data Availability 

This journal encourages authors to provide an optional statement of data availability in their 

article. Data Availability Statements should include information on where data supporting the 

results reported in the article can be found, including, where applicable, hyperlinks to publicly 

archived datasets analysed or generated during the study. Data availability statements can also 

indicate whether data are available on request from the authors and where no data are 

available, if appropriate. 

Example statements: 

“The datasets generated during and/or analysed during the current study are available in the 

[NAME] repository, [PERSISTENT LINK TO DATASETS]” 

“The datasets generated during and/or analysed during the current study are available from 

the corresponding author on reasonable request.” 

Please refer to the “Research Data Policy and Data Availability” section below for more 

information on how to complete this section. 

Tables 

• All tables are to be numbered using Arabic numerals. 
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• Tables should always be cited in text in consecutive numerical order. 

• For each table, please supply a table caption (title) explaining the components of the 

table. 

• Identify any previously published material by giving the original source in the form of 

a reference at the end of the table caption. 

• Footnotes to tables should be indicated by superscript lower-case letters (or asterisks 

for significance values and other statistical data) and included beneath the table body. 

 

Supplementary Information (SI) 

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other 

supplementary files to be published online along with an article or a book chapter. This 

feature can add dimension to the author's article, as certain information cannot be printed or is 

more convenient in electronic form. 

Before submitting research datasets as Supplementary Information, authors should read the 

journal’s Research data policy. We encourage research data to be archived in data repositories 

wherever possible. 

Submission 

• Supply all supplementary material in standard file formats. 

• Please include in each file the following information: article title, journal name, author 

names; affiliation and e-mail address of the corresponding author. 

• To accommodate user downloads, please keep in mind that larger-sized files may 

require very long download times and that some users may experience other problems 

during downloading. 

• High resolution (streamable quality) videos can be submitted up to a maximum of 

25GB; low resolution videos should not be larger than 5GB. 

Audio, Video, and Animations 

• Aspect ratio: 16:9 or 4:3 

• Maximum file size: 25 GB for high resolution files; 5 GB for low resolution files 

• Minimum video duration: 1 sec 

• Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, mts, 

m4v, 3gp 

Text and Presentations 

• Submit your material in PDF format; .doc or .ppt files are not suitable for long-term 

viability. 

• A collection of figures may also be combined in a PDF file. 

Spreadsheets 

• Spreadsheets should be submitted as .csv or .xlsx files (MS Excel). 
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Specialized Formats 

• Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica 

notebook), and .tex can also be supplied. 

Collecting Multiple Files 

• It is possible to collect multiple files in a .zip or .gz file. 

Numbering 

• If supplying any supplementary material, the text must make specific mention of the 

material as a citation, similar to that of figures and tables. 

• Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the 

animation (Online Resource 3)", “... additional data are given in Online Resource 4”. 

• Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”. 

Captions 

• For each supplementary material, please supply a concise caption describing the 

content of the file. 

Processing of supplementary files 

• Supplementary Information (SI) will be published as received from the author without 

any conversion, editing, or reformatting. 

Accessibility 

In order to give people of all abilities and disabilities access to the content of your 

supplementary files, please make sure that 

• The manuscript contains a descriptive caption for each supplementary material 

• Video files do not contain anything that flashes more than three times per second (so 

that users prone to seizures caused by such effects are not put at risk) 

 

Artwork and Illustrations Guidelines 

Electronic Figure Submission 

• Supply all figures electronically. 

• Indicate what graphics program was used to create the artwork. 

• For vector graphics, the preferred format is EPS; for halftones, please use TIFF 

format. MSOffice files are also acceptable. 

• Vector graphics containing fonts must have the fonts embedded in the files. 

• Name your figure files with "Fig" and the figure number, e.g., Fig1.eps. 

Line Art 
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• Definition: Black and white graphic with no shading. 

• Do not use faint lines and/or lettering and check that all lines and lettering within the 

figures are legible at final size. 

• All lines should be at least 0.1 mm (0.3 pt) wide. 

• Scanned line drawings and line drawings in bitmap format should have a minimum 

resolution of 1200 dpi. 

• Vector graphics containing fonts must have the fonts embedded in the files. 

Halftone Art 

 

• Definition: Photographs, drawings, or paintings with fine shading, etc. 
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• If any magnification is used in the photographs, indicate this by using scale bars 

within the figures themselves. 

• Halftones should have a minimum resolution of 300 dpi. 

Combination Art 

 

• Definition: a combination of halftone and line art, e.g., halftones containing line 

drawing, extensive lettering, color diagrams, etc. 

• Combination artwork should have a minimum resolution of 600 dpi. 

Color Art 

• Color art is free of charge for online publication. 

• If black and white will be shown in the print version, make sure that the main 

information will still be visible. Many colors are not distinguishable from one another 

when converted to black and white. A simple way to check this is to make a 

xerographic copy to see if the necessary distinctions between the different colors are 

still apparent. 

• If the figures will be printed in black and white, do not refer to color in the captions. 

• Color illustrations should be submitted as RGB (8 bits per channel). 

Figure Lettering 

• To add lettering, it is best to use Helvetica or Arial (sans serif fonts). 

• Keep lettering consistently sized throughout your final-sized artwork, usually about 2–

3 mm (8–12 pt). 

• Variance of type size within an illustration should be minimal, e.g., do not use 8-pt 

type on an axis and 20-pt type for the axis label. 

• Avoid effects such as shading, outline letters, etc. 

• Do not include titles or captions within your illustrations. 
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Figure Numbering 

• All figures are to be numbered using Arabic numerals. 

• Figures should always be cited in text in consecutive numerical order. 

• Figure parts should be denoted by lowercase letters (a, b, c, etc.). 

• If an appendix appears in your article and it contains one or more figures, continue the 

consecutive numbering of the main text. Do not number the appendix figures,"A1, A2, 

A3, etc." Figures in online appendices [Supplementary Information (SI)] should, 

however, be numbered separately. 

Figure Captions 

• Each figure should have a concise caption describing accurately what the figure 

depicts. Include the captions in the text file of the manuscript, not in the figure file. 

• Figure captions begin with the term Fig. in bold type, followed by the figure number, 

also in bold type. 

• No punctuation is to be included after the number, nor is any punctuation to be placed 

at the end of the caption. 

• Identify all elements found in the figure in the figure caption; and use boxes, circles, 

etc., as coordinate points in graphs. 

• Identify previously published material by giving the original source in the form of a 

reference citation at the end of the figure caption. 

Figure Placement and Size 

• Figures should be submitted within the body of the text. Only if the file size of the 

manuscript causes problems in uploading it, the large figures should be submitted 

separately from the text. 

• When preparing your figures, size figures to fit in the column width. 

• For large-sized journals the figures should be 84 mm (for double-column text areas), 

or 174 mm (for single-column text areas) wide and not higher than 234 mm. 

• For small-sized journals, the figures should be 119 mm wide and not higher than 195 

mm. 

Permissions 

If you include figures that have already been published elsewhere, you must obtain 

permission from the copyright owner(s) for both the print and online format. Please be aware 

that some publishers do not grant electronic rights for free and that Springer will not be able 

to refund any costs that may have occurred to receive these permissions. In such cases, 

material from other sources should be used. 

Accessibility 

In order to give people of all abilities and disabilities access to the content of your figures, 

please make sure that 

• All figures have descriptive captions (blind users could then use a text-to-speech 

software or a text-to-Braille hardware) 
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• Patterns are used instead of or in addition to colors for conveying information 

(colorblind users would then be able to distinguish the visual elements) 

• Any figure lettering has a contrast ratio of at least 4.5:1 

Back to top  

English Language Editing 

For editors and reviewers to accurately assess the work presented in your manuscript you 

need to ensure the English language is of sufficient quality to be understood. If you need help 

with writing in English you should consider: 

• Getting a fast, free online grammar check. 

• Asking a colleague who is proficient in English to review your manuscript for clarity. 

• Visiting the English language tutorial which covers the common mistakes when 

writing in English. 

• Using a professional language editing service where editors will improve the English 

to ensure that your meaning is clear and identify problems that require your review. 

Two such services are provided by our affiliates Nature Research Editing Service and 

American Journal Experts. Springer authors are entitled to a 10% discount on their 

first submission to either of these services, simply follow the links below. 

Free online grammar check 

English language tutorial 

Nature Research Editing Service 

American Journal Experts 

Please note that the use of a language editing service is not a requirement for publication in 

this journal and does not imply or guarantee that the article will be selected for peer review or 

accepted. 

If your manuscript is accepted it will be checked by our copyeditors for spelling and formal 

style before publication. 

Ethical Responsibilities of Authors 

This journal is committed to upholding the integrity of the scientific record. As a member of 

the Committee on Publication Ethics (COPE) the journal will follow the COPE guidelines on 

how to deal with potential acts of misconduct. 

Authors should refrain from misrepresenting research results which could damage the trust in 

the journal, the professionalism of scientific authorship, and ultimately the entire scientific 

endeavour. Maintaining integrity of the research and its presentation is helped by following 

the rules of good scientific practice, which include*: 

https://www.springer.com/journal/11104/submission-guidelines#contents
https://www.aje.com/grammar-check/
http://www.springer.com/gp/authors-editors/authorandreviewertutorials/writinginenglish
https://secure.authorservices.springernature.com/c/10springer/
http://www.aje.com/c/springer
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• The manuscript should not be submitted to more than one journal for simultaneous 

consideration. 

• The submitted work should be original and should not have been published elsewhere 

in any form or language (partially or in full), unless the new work concerns an 

expansion of previous work. (Please provide transparency on the re-use of material to 

avoid the concerns about text-recycling (‘self-plagiarism’). 

• A single study should not be split up into several parts to increase the quantity of 

submissions and submitted to various journals or to one journal over time (i.e. ‘salami-

slicing/publishing’). 

• Concurrent or secondary publication is sometimes justifiable, provided certain 

conditions are met. Examples include: translations or a manuscript that is intended for 

a different group of readers. 

• Results should be presented clearly, honestly, and without fabrication, falsification or 

inappropriate data manipulation (including image based manipulation). Authors 

should adhere to discipline-specific rules for acquiring, selecting and processing data. 

• No data, text, or theories by others are presented as if they were the author’s own 

(‘plagiarism’). Proper acknowledgements to other works must be given (this includes 

material that is closely copied (near verbatim), summarized and/or paraphrased), 

quotation marks (to indicate words taken from another source) are used for verbatim 

copying of material, and permissions secured for material that is copyrighted. 

Important note: the journal may use software to screen for plagiarism. 

• Authors should make sure they have permissions for the use of software, 

questionnaires/(web) surveys and scales in their studies (if appropriate). 

• Research articles and non-research articles (e.g. Opinion, Review, and Commentary 

articles) must cite appropriate and relevant literature in support of the claims made. 

Excessive and inappropriate self-citation or coordinated efforts among several authors 

to collectively self-cite is strongly discouraged. 

• Authors should avoid untrue statements about an entity (who can be an individual 

person or a company) or descriptions of their behavior or actions that could potentially 

be seen as personal attacks or allegations about that person. 

• Research that may be misapplied to pose a threat to public health or national security 

should be clearly identified in the manuscript (e.g. dual use of research). Examples 

include creation of harmful consequences of biological agents or toxins, disruption of 

immunity of vaccines, unusual hazards in the use of chemicals, weaponization of 

research/technology (amongst others). 

• Authors are strongly advised to ensure the author group, the Corresponding Author, 

and the order of authors are all correct at submission. Adding and/or deleting authors 

during the revision stages is generally not permitted, but in some cases may be 

warranted. Reasons for changes in authorship should be explained in detail. Please 

note that changes to authorship cannot be made after acceptance of a manuscript. 

*All of the above are guidelines and authors need to make sure to respect third parties rights 

such as copyright and/or moral rights. 

Upon request authors should be prepared to send relevant documentation or data in order to 

verify the validity of the results presented. This could be in the form of raw data, samples, 

records, etc. Sensitive information in the form of confidential or proprietary data is excluded. 
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If there is suspicion of misbehavior or alleged fraud the Journal and/or Publisher will carry 

out an investigation following COPE guidelines. If, after investigation, there are valid 

concerns, the author(s) concerned will be contacted under their given e-mail address and 

given an opportunity to address the issue. Depending on the situation, this may result in the 

Journal’s and/or Publisher’s implementation of the following measures, including, but not 

limited to: 

• If the manuscript is still under consideration, it may be rejected and returned to the 

author. 

• If the article has already been published online, depending on the nature and severity 

of the infraction: 

- an erratum/correction may be placed with the article 

- an expression of concern may be placed with the article 

- or in severe cases retraction of the article may occur. 

The reason will be given in the published erratum/correction, expression of concern or 

retraction note. Please note that retraction means that the article is maintained on the 

platform, watermarked “retracted” and the explanation for the retraction is provided in a note 

linked to the watermarked article. 

• The author’s institution may be informed 

• A notice of suspected transgression of ethical standards in the peer review system may 

be included as part of the author’s and article’s bibliographic record. 

Fundamental errors 

Authors have an obligation to correct mistakes once they discover a significant error or 

inaccuracy in their published article. The author(s) is/are requested to contact the journal and 

explain in what sense the error is impacting the article. A decision on how to correct the 

literature will depend on the nature of the error. This may be a correction or retraction. The 

retraction note should provide transparency which parts of the article are impacted by the 

error. 

Suggesting / excluding reviewers 

Authors are welcome to suggest suitable reviewers and/or request the exclusion of certain 

individuals when they submit their manuscripts. When suggesting reviewers, authors should 

make sure they are totally independent and not connected to the work in any way. It is 

strongly recommended to suggest a mix of reviewers from different countries and different 

institutions. When suggesting reviewers, the Corresponding Author must provide an 

institutional email address for each suggested reviewer, or, if this is not possible to include 

other means of verifying the identity such as a link to a personal homepage, a link to the 

publication record or a researcher or author ID in the submission letter. Please note that the 

Journal may not use the suggestions, but suggestions are appreciated and may help facilitate 

the peer review process. 
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Authorship principles 

These guidelines describe authorship principles and good authorship practices to which 

prospective authors should adhere to. 

Authorship clarified 

The Journal and Publisher assume all authors agreed with the content and that all gave explicit 

consent to submit and that they obtained consent from the responsible authorities at the 

institute/organization where the work has been carried out, before the work is submitted. 

The Publisher does not prescribe the kinds of contributions that warrant authorship. It is 

recommended that authors adhere to the guidelines for authorship that are applicable in their 

specific research field. In absence of specific guidelines it is recommended to adhere to the 

following guidelines*: 

All authors whose names appear on the submission 

1) made substantial contributions to the conception or design of the work; or the acquisition, 

analysis, or interpretation of data; or the creation of new software used in the work; 

2) drafted the work or revised it critically for important intellectual content; 

3) approved the version to be published; and 

4) agree to be accountable for all aspects of the work in ensuring that questions related to the 

accuracy or integrity of any part of the work are appropriately investigated and resolved. 

* Based on/adapted from: 

ICMJE, Defining the Role of Authors and Contributors, 

Transparency in authors’ contributions and responsibilities to promote integrity in scientific 

publication, McNutt at all, PNAS February 27, 2018 

Disclosures and declarations 

All authors are requested to include information regarding sources of funding, financial or 

non-financial interests, study-specific approval by the appropriate ethics committee for 

research involving humans and/or animals, informed consent if the research involved human 

participants, and a statement on welfare of animals if the research involved animals (as 

appropriate). 

The decision whether such information should be included is not only dependent on the scope 

of the journal, but also the scope of the article. Work submitted for publication may have 

implications for public health or general welfare and in those cases it is the responsibility of 

all authors to include the appropriate disclosures and declarations. 

http://www.icmje.org/recommendations/browse/roles-and-responsibilities/defining-the-role-of-authors-and-contributors.html
https://doi.org/10.1073/pnas.1715374115
https://doi.org/10.1073/pnas.1715374115
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Data transparency 

All authors are requested to make sure that all data and materials as well as software 

application or custom code support their published claims and comply with field standards. 

Please note that journals may have individual policies on (sharing) research data in 

concordance with disciplinary norms and expectations. 

Role of the Corresponding Author 

One author is assigned as Corresponding Author and acts on behalf of all co-authors and 

ensures that questions related to the accuracy or integrity of any part of the work are 

appropriately addressed. 

The Corresponding Author is responsible for the following requirements: 

• ensuring that all listed authors have approved the manuscript before submission, 

including the names and order of authors; 

• managing all communication between the Journal and all co-authors, before and after 

publication;* 

• providing transparency on re-use of material and mention any unpublished material 

(for example manuscripts in press) included in the manuscript in a cover letter to the 

Editor; 

• making sure disclosures, declarations and transparency on data statements from all 

authors are included in the manuscript as appropriate (see above). 

* The requirement of managing all communication between the journal and all co-authors 

during submission and proofing may be delegated to a Contact or Submitting Author. In this 

case please make sure the Corresponding Author is clearly indicated in the manuscript. 

Author contributions 

In absence of specific instructions and in research fields where it is possible to describe 

discrete efforts, the Publisher recommends authors to include contribution statements in the 

work that specifies the contribution of every author in order to promote transparency. These 

contributions should be listed at the separate title page. 

Examples of such statement(s) are shown below: 

• Free text: 

All authors contributed to the study conception and design. Material preparation, data 

collection and analysis were performed by [full name], [full name] and [full name]. The first 

draft of the manuscript was written by [full name] and all authors commented on previous 

versions of the manuscript. All authors read and approved the final manuscript. 

Example: CRediT taxonomy: 

http://credit.niso.org/
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• Conceptualization: [full name], …; Methodology: [full name], …; Formal analysis and 

investigation: [full name], …; Writing - original draft preparation: [full name, …]; Writing - 

review and editing: [full name], …; Funding acquisition: [full name], …; Resources: [full 

name], …; Supervision: [full name],…. 

For review articles where discrete statements are less applicable a statement should be 

included who had the idea for the article, who performed the literature search and data 

analysis, and who drafted and/or critically revised the work. 

For articles that are based primarily on the student’s dissertation or thesis, it is 

recommended that the student is usually listed as principal author: 

A Graduate Student’s Guide to Determining Authorship Credit and Authorship Order, APA 

Science Student Council 2006 

Affiliation 

The primary affiliation for each author should be the institution where the majority of their 

work was done. If an author has subsequently moved, the current address may additionally be 

stated. Addresses will not be updated or changed after publication of the article. 

Changes to authorship 

Authors are strongly advised to ensure the correct author group, the Corresponding Author, 

and the order of authors at submission. Changes of authorship by adding or deleting authors, 

and/or changes in Corresponding Author, and/or changes in the sequence of authors 

are not accepted after acceptance of a manuscript. 

• Please note that author names will be published exactly as they appear on the 

accepted submission! 

Please make sure that the names of all authors are present and correctly spelled, and that 

addresses and affiliations are current. 

Adding and/or deleting authors at revision stage are generally not permitted, but in some cases 

it may be warranted. Reasons for these changes in authorship should be explained. Approval 

of the change during revision is at the discretion of the Editor-in-Chief. Please note that 

journals may have individual policies on adding and/or deleting authors during revision stage. 

Author identification 

Authors are recommended to use their ORCID ID when submitting an article for 

consideration or acquire an ORCID ID via the submission process. 

Deceased or incapacitated authors 

https://www.apa.org/science/leadership/students/authorship-paper.pdf
https://www.apa.org/science/leadership/students/authorship-paper.pdf
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For cases in which a co-author dies or is incapacitated during the writing, submission, or peer-

review process, and the co-authors feel it is appropriate to include the author, co-authors 

should obtain approval from a (legal) representative which could be a direct relative. 

Authorship issues or disputes 

In the case of an authorship dispute during peer review or after acceptance and publication, 

the Journal will not be in a position to investigate or adjudicate. Authors will be asked to 

resolve the dispute themselves. If they are unable the Journal reserves the right to withdraw a 

manuscript from the editorial process or in case of a published paper raise the issue with the 

authors’ institution(s) and abide by its guidelines. 

Confidentiality 

Authors should treat all communication with the Journal as confidential which includes 

correspondence with direct representatives from the Journal such as Editors-in-Chief and/or 

Handling Editors and reviewers’ reports unless explicit consent has been received to share 

information. 

Compliance with Ethical Standards 

To ensure objectivity and transparency in research and to ensure that accepted principles of 

ethical and professional conduct have been followed, authors should include information 

regarding sources of funding, potential conflicts of interest (financial or non-financial), 

informed consent if the research involved human participants, and a statement on welfare of 

animals if the research involved animals. 

Authors should include the following statements (if applicable) in a separate section entitled 

“Compliance with Ethical Standards” when submitting a paper: 

• Disclosure of potential conflicts of interest 

• Research involving Human Participants and/or Animals 

• Informed consent 

Please note that standards could vary slightly per journal dependent on their peer review 

policies (i.e. single or double blind peer review) as well as per journal subject discipline. 

Before submitting your article check the instructions following this section carefully. 

The corresponding author should be prepared to collect documentation of compliance with 

ethical standards and send if requested during peer review or after publication. 

The Editors reserve the right to reject manuscripts that do not comply with the above-

mentioned guidelines. The author will be held responsible for false statements or failure to 

fulfill the above-mentioned guidelines. 

Competing Interests 
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Authors are requested to disclose interests that are directly or indirectly related to the work 

submitted for publication. Interests within the last 3 years of beginning the work (conducting 

the research and preparing the work for submission) should be reported. Interests outside the 

3-year time frame must be disclosed if they could reasonably be perceived as influencing the 

submitted work. Disclosure of interests provides a complete and transparent process and helps 

readers form their own judgments of potential bias. This is not meant to imply that a financial 

relationship with an organization that sponsored the research or compensation received for 

consultancy work is inappropriate. 

Editorial Board Members and Editors are required to declare any competing interests and 

may be excluded from the peer review process if a competing interest exists. In addition, they 

should exclude themselves from handling manuscripts in cases where there is a competing 

interest. This may include – but is not limited to – having previously published with one or 

more of the authors, and sharing the same institution as one or more of the authors. Where an 

Editor or Editorial Board Member is on the author list they must declare this in the competing 

interests section on the submitted manuscript. If they are an author or have any other 

competing interest regarding a specific manuscript, another Editor or member of the Editorial 

Board will be assigned to assume responsibility for overseeing peer review. These 

submissions are subject to the exact same review process as any other manuscript. Editorial 

Board Members are welcome to submit papers to the journal. These submissions are not given 

any priority over other manuscripts, and Editorial Board Member status has no bearing on 

editorial consideration. 

Interests that should be considered and disclosed but are not limited to the following: 

Funding: Research grants from funding agencies (please give the research funder and the 

grant number) and/or research support (including salaries, equipment, supplies, 

reimbursement for attending symposia, and other expenses) by organizations that may gain or 

lose financially through publication of this manuscript. 

Employment: Recent (while engaged in the research project), present or anticipated 

employment by any organization that may gain or lose financially through publication of this 

manuscript. This includes multiple affiliations (if applicable). 

Financial interests: Stocks or shares in companies (including holdings of spouse and/or 

children) that may gain or lose financially through publication of this manuscript; consultation 

fees or other forms of remuneration from organizations that may gain or lose financially; 

patents or patent applications whose value may be affected by publication of this manuscript. 

It is difficult to specify a threshold at which a financial interest becomes significant, any such 

figure is necessarily arbitrary, so one possible practical guideline is the following: "Any 

undeclared financial interest that could embarrass the author were it to become publicly 

known after the work was published." 

Non-financial interests: In addition, authors are requested to disclose interests that go 

beyond financial interests that could impart bias on the work submitted for publication such as 

professional interests, personal relationships or personal beliefs (amongst others). Examples 

include, but are not limited to: position on editorial board, advisory board or board of 
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directors or other type of management relationships; writing and/or consulting for educational 

purposes; expert witness; mentoring relations; and so forth. 

Primary research articles require a disclosure statement. Review articles present an expert 

synthesis of evidence and may be treated as an authoritative work on a subject. Review 

articles therefore require a disclosure statement.Other article types such as editorials, book 

reviews, comments (amongst others) may, dependent on their content, require a disclosure 

statement. If you are unclear whether your article type requires a disclosure statement, please 

contact the Editor-in-Chief. 

Please note that, in addition to the above requirements, funding information (given that 

funding is a potential competing interest (as mentioned above)) needs to be disclosed upon 

submission of the manuscript in the peer review system. This information will automatically 

be added to the Record of CrossMark, however it is not added to the manuscript itself. Under 

‘summary of requirements’ (see below) funding information should be included in the 

‘Declarations’ section. 

Summary of requirements 

The above should be summarized in a statement and placed in a ‘Declarations’ section before 

the reference list under a heading of ‘Funding’ and/or ‘Competing interests’. Other 

declarations include Ethics approval, Consent, Data, Material and/or Code availability and 

Authors’ contribution statements. 

Please see the various examples of wording below and revise/customize the sample 

statements according to your own needs. 

When all authors have the same (or no) conflicts and/or funding it is sufficient to use one 

blanket statement. 

Examples of statements to be used when funding has been received: 

• Partial financial support was received from [...] 

• The research leading to these results received funding from […] under Grant 

Agreement No[…]. 

• This study was funded by […] 

• This work was supported by […] (Grant numbers […] and […] 

Examples of statements to be used when there is no funding: 

• The authors did not receive support from any organization for the submitted work. 

• No funding was received to assist with the preparation of this manuscript. 

• No funding was received for conducting this study. 

• No funds, grants, or other support was received. 

Examples of statements to be used when there are interests to declare: 
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• Financial interests: Author A has received research support from Company A. 

Author B has received a speaker honorarium from Company Wand owns stock in 

Company X. Author C is consultant to company Y. 

Non-financial interests: Author C is an unpaid member of committee Z. 

• Financial interests: The authors declare they have no financial interests. 

Non-financial interests: Author A is on the board of directors of Y and receives no 

compensation as member of the board of directors. 

• Financial interests: Author A received a speaking fee from Y for Z. Author B 

receives a salary from association X. X where s/he is the Executive Director. 

Non-financial interests: none. 

• Financial interests: Author A and B declare they have no financial interests. Author 

C has received speaker and consultant honoraria from Company M and Company N. 

Dr. C has received speaker honorarium and research funding from Company M and 

Company O. Author D has received travel support from Company O. 

Non-financial interests: Author D has served on advisory boards for Company M, 

Company N and Company O. 

Examples of statements to be used when authors have nothing to declare: 

• The authors have no relevant financial or non-financial interests to disclose. 

• The authors have no competing interests to declare that are relevant to the content of 

this article. 

• All authors certify that they have no affiliations with or involvement in any 

organization or entity with any financial interest or non-financial interest in the subject 

matter or materials discussed in this manuscript. 

• The authors have no financial or proprietary interests in any material discussed in this 

article. 

Authors are responsible for correctness of the statements provided in the manuscript. See also 

Authorship Principles. The Editor-in-Chief reserves the right to reject submissions that do not 

meet the guidelines described in this section. 

Utilization of plants, algae, fungi 

This journal values stewardship, transparency, and adhering to governance with regards to 

collecting and utilizing specimens and conducting experiments and/or field studies. Therefore 

the journal sets out the following guidelines: 

Field studies involving genetically engineered plants must be conducted in accordance with 

national or local legislation and, if applicable, the manuscript needs to include a statement 

specifying the appropriate permissions and/or licences. 



169 

 

 

 

Authors utilizing genetic plant resources received via local suppliers/collectors, such as 

species collected from protected areas or endangered species with medical importance, must 

conduct their experiments following the Nagoya Protocol (as part of the Convention on 

Biological Diversity). 

Authors whose research is focusing on quarantine organisms (i.e. harmful or pest organisms, 

including plant pathogens) should adhere to national legislation and notify the relevant 

National Plant Protection Organization of new findings before publication. More information 

can be found via the International Plant Protection Convention. 

In principle, it is recommended that authors comply with: 

• The International Union for Conservation of Nature (IUCN) Policy Statement on 

Research Involving Species at Risk of Extinction and consult the IUCN red list index 

of threatened species 

• Convention on the Trade in Endangered Species of Wild Fauna and Flora 

Voucher specimens ensure that the identity of organisms studied in the field or in laboratory 

experiments can be verified, and ensure that new species concepts can be applied to past 

research. Voucher specimens documenting all investigated accessions (for population samples 

at least one specimen per population) are to be deposited in a public herbarium, for 

example: Index Herbariorum, or other public collection providing access to deposited 

material. Information on the voucher specimen and who identified it must be included in the 

manuscript such as Genus name, species name, author, and year of publication. 

Names of plants, algae and fungi 

Manuscripts containing new taxon names or other nomenclatural acts must follow the 

guidelines set by the International Code of Nomenclature for algae, fungi, and plants. 

Authors describing new fungal taxa should register the names with a recognized repository, 

such as Mycobank, and request a unique digital identifier which should be included in the 

published article. 

Research Data Policy and Data Availability Statements 

This journal operates a type 2 research data policy (life sciences). A submission to the journal 

implies that materials described in the manuscript, including all relevant raw data, will be 

freely available to any researcher wishing to use them for non-commercial purposes, without 

breaching participant confidentiality. 

The journal strongly encourages that all datasets on which the conclusions of the paper rely 

should be available to readers. We encourage authors to ensure that their datasets are either 

deposited in publicly available repositories (where available and appropriate) or presented in 

the main manuscript or additional supporting files whenever possible. Please see Springer 

Nature’s information on recommended repositories. 

List of Repositories 

https://www.cbd.int/abs/text/default.shtml
https://www.ippc.int/en/
https://portals.iucn.org/library/efiles/documents/PP-003-En.pdf
https://portals.iucn.org/library/efiles/documents/PP-003-En.pdf
https://www.iucnredlist.org/search
https://www.iucnredlist.org/search
https://www.cites.org/eng/disc/text.php
http://sweetgum.nybg.org/science/ih/
https://www.iapt-taxon.org/nomen/main.php
https://www.mycobank.org/
https://www.springernature.com/gp/authors/research-data-policy/research-data-policy-types
https://www.springernature.com/gp/authors/research-data-policy/recommended-repositories
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Research Data Policy 

General repositories - for all types of research data - such as figshare and Dryad may be used 

where appropriate. 

Datasets that are assigned digital object identifiers (DOIs) by a data repository may be cited in 

the reference list. Data citations should include the minimum information recommended by 

DataCite: authors, title, publisher (repository name), identifier. 

DataCite 

Where a widely established research community expectation for data archiving in public 

repositories exists, submission to a community-endorsed, public repository is mandatory. 

Persistent identifiers (such as DOIs and accession numbers) for relevant datasets must be 

provided in the paper. 

If the journal that you’re submitting to uses double-blind peer review and you are providing 

reviewers with access to your data (for example via a repository link, supplementary 

information or data on request), it is strongly suggested that the authorship in the data is also 

blinded. There are data repositories that can assist with this and/or will create a link to mask 

the authorship of your data. 

For the following types of data set, submission to a community-endorsed, public repository is 

mandatory: 

Mandatory deposition Suitable repositories 

Protein sequences Uniprot 

DNA and RNA sequences Genbank 

DNA DataBank of Japan (DDBJ) 

EMBL Nucleotide Sequence Database (ENA) 

DNA and RNA sequencing data NCBI Trace Archive 

NCBI Sequence Read Archive (SRA) 

Genetic polymorphisms dbSNP 

dbVar 

European Variation Archive (EVA) 

Linked genotype and phenotype data dbGAP 

The European Genome-phenome Archive 

(EGA) 

Macromolecular structure Worldwide Protein Data Bank (wwPDB) 

Biological Magnetic Resonance Data Bank 
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(BMRB) 

Electron Microscopy Data Bank (EMDB) 

Microarray data (must be MIAME 

compliant) 

Gene Expression Omnibus (GEO) 

ArrayExpress 

Crystallographic data for small molecules Cambridge Structural Database 

For more information: 

Research Data Policy Frequently Asked Questions 

Data availability 

The journal encourages authors to provide a statement of Data availability in their article. 

Data availability statements should include information on where data supporting the results 

reported in the article can be found, including, where applicable, hyperlinks to publicly 

archived datasets analysed or generated during the study. Data availability statements can also 

indicate whether data are available on request from the authors and where no data are 

available, if appropriate. 

Data Availability statements can take one of the following forms (or a combination of more 

than one if required for multiple datasets): 

• 1. The datasets generated during and/or analysed during the current study are available 

in the [NAME] repository, [PERSISTENT WEB LINK TO DATASETS] 

• 2. The datasets generated during and/or analysed during the current study are not 

publicly available due [REASON WHY DATA ARE NOT PUBLIC] but are available 

from the corresponding author on reasonable request. 

• 3. The datasets generated during and/or analysed during the current study are available 

from the corresponding author on reasonable request. 

• 4. Data sharing not applicable to this article as no datasets were generated or analysed 

during the current study. 

• 5. All data generated or analysed during this study are included in this published 

article [and its supplementary information files]. 

More examples of template data availability statements, which include examples of openly 

available and restricted access datasets, are available: 

Data availability statements 

Authors who need help understanding our data sharing policies, help finding a suitable data 

repository, or help organising and sharing research data can access our Author Support 

portal for additional guidance. 

After acceptance 
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Upon acceptance, your article will be exported to Production to undergo typesetting. Once 

typesetting is complete, you will receive a link asking you to confirm your affiliation, choose 

the publishing model for your article as well as arrange rights and payment of any associated 

publication cost. 

Once you have completed this, your article will be processed and you will receive the proofs. 
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Depending on the ownership of the journal and its policies, you will either grant the Publisher 

an exclusive licence to publish the article or will be asked to transfer copyright of the article 
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Offprints can be ordered by the corresponding author. 
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Online publication of color illustrations is free of charge. For color in the print version, 

authors will be expected to make a contribution towards the extra costs. 

Proof reading 

The purpose of the proof is to check for typesetting or conversion errors and the completeness 

and accuracy of the text, tables and figures. Substantial changes in content, e.g., new results, 

corrected values, title and authorship, are not allowed without the approval of the Editor. 

After online publication, further changes can only be made in the form of an Erratum, which 
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The article will be published online after receipt of the corrected proofs. This is the official 

first publication citable with the DOI. After release of the printed version, the paper can also 
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Open Choice 
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making your research more visible and accessible immediately on publication. 

Article processing charges (APCs) vary by journal – view the full list 
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• Increased researcher engagement: Open Choice enables access by anyone with an 

internet connection, immediately on publication. 

• Higher visibility and impact: In Springer hybrid journals, OA articles are accessed 4 

times more often on average, and cited 1.7 more times on average*. 

• Easy compliance with funder and institutional mandates: Many funders require open 

access publishing, and some take compliance into account when assessing future grant 

applications. 

It is easy to find funding to support open access – please see our funding and support pages 

for more information. 

*) Within the first three years of publication. Springer Nature hybrid journal OA impact 

analysis, 2018. 
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