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RESUMO

Mudangas no uso da terra (i.e. perturbac6es agudas), remocao de por¢des de biomassa nas areas
remanescentes dos ecossistemas naturais (i.e. perturbacdes cronicas) e mudancas climaticas séo
as principais causas da perda de biodiversidade em todo o globo. Essas perturbac6es antropicas
causam alteracBes nas caracteristicas naturais do ambiente e criam filtros ambientais que atuam
reorganizando e homogeneizando as comunidades ecoldgicas, com perdas de espécies
especialistas e proliferacdo de generalistas (i.e. substituicdo de perdedores por vencedores). O
uso de indicadores ecoldgicos torna-se viavel para monitorar as respostas de diversos grupos
biolégicos as mudangas nas paisagens naturais devido as perturbagdes antrdpicas e para a
selecdo de areas prioritarias para conservacao. Nesta tese, examinei (1) como as comunidades
de borboletas frugivoras, um dos principais indicadores ecoldgicos, sdo afetadas taxondmica e
funcionalmente por distdrbios antrépicos crénicos e aumento de aridez em areas de Caatinga e
(2) como se d& a recuperacdo, também taxonémica e funcional, dessas comunidades ao longo
do processo de sucessdo secundaria em areas previamente usadas como agricultura de corte e
gueima, uma das principais perturbacfes humanas na Caatinga. Adicionalmente, foi examinado
0 papel que distarbios crénicos, riqueza de espécies de arvores e biomassa desempenham na
recuperacdo desses insetos durante a regeneracdo da floresta. No primeiro capitulo da tese
verifiquei que aumentos nos disturbios crénicos e, principalmente, na aridez alteraram 0s
padr@es de distribuicdo de borboletas frugivoras e simplificaram as comunidades taxondmica e
funcionalmente. No segundo capitulo, observei que borboletas frugivoras podem se recuperar
rapidamente em termos taxonémicos ao longo da trajetoria sucessional na Caatinga, mas fatores
como riqueza de &rvores e distarbios crénicos afetaram significativamente os atributos
taxondmicos e funcionais de borboletas frugivoras. Estes resultados sugerem que a as mudancas
ambientais provocadas pelo aumento da aridez e pela intensa exploracdo de recursos naturais
resultam em comunidades de borboletas frugivoras empobrecidas e homogeneizadas em
dimensGes taxonémicas e funcionais. Embora as florestas priméarias continuem sendo vitais
para a manutencdo da biodiversidade, o resultado desta tese indica que alguns grupos de
organismos podem se recuperar destas perturbacdes agudas e cronicas, sugerindo que florestas
secundarias também tém um papel importante para a conservacdo da biodiversidade e de
funcOes e servicos ecossistémicos em paisagens modificadas pelo homem, a menos que 0s

distdrbios croénicos permanegcam constantes nesses habitats.

Palavras-chave: conservagdo; florestas tropicais secas; indicadores ecologicos; Nymphalidae;

perturbacgdo antropica; sucessao secundaria



ABSTRACT

Changes in land use (i.e. acute disturbance), removal of a small portion of biomass in remaining
areas of natural ecosystems (i.e. chronic disturbance), and climate change are the most
important drivers of biodiversity decline worldwide. These anthropogenic disturbances change
the structure of natural habitats and create environmental filters reorganizing and homogenizing
ecological communities, with losses of specialist species and proliferation of generalists (i.e.
winner-loser replacement). The use of ecological indicators becomes feasible to monitor the
response of different biological groups to changes in natural landscapes due to anthropogenic
disturbances and for the selection of priority areas for conservation. In this thesis, | examined
(1) how fruit-feeding butterfly assemblages, one of the main ecological indicators, are affected
taxonomically and functionally by increased chronic disturbances and aridity in Caatinga dry
forest and (2) how these butterflies recover their taxonomic and functional composition during
the secondary succession process after slash and burn agriculture, one of the most common
human activities in the Caatinga. Additionally, the role that chronic disturbances, tree species
richness, and biomass can play in the recovery of these insects during forest regeneration was
examined. In the first chapter of the thesis, | found that increased chronic disturbances and
mainly aridity changed the distribution patterns of fruit-feeding butterflies, simplifying the
taxonomic and functional community properties. In the second chapter, | observed that fruit-
feeding butterflies can recover quickly in terms of taxonomic along the successional trajectory
in the Caatinga, but factors such as tree species richness and chronic disturbances significantly
affected the taxonomic and functional attributes of fruit-feeding butterflies. These results
suggest that the environmental changes promoted by increasing aridity and intense exploitation
of natural resources lead to impoverished and homogenized butterfly communities in taxonomic
and functional dimensions. Although primary forests remain vital for the maintenance of
biodiversity, the results of the thesis indicate that some groups of butterflies can recover from
acute and chronic disturbances, suggesting that secondary forests also play an important role in
the conservation of biodiversity and ecosystem services in human-modified landscapes, unless

chronic disturbances remain constant in these habitats.

Keyword: anthropogenic disturbance; conservation; ecological indicators; Nymphalidae;

seasonally dry tropical forests; secondary succession
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1 INTRODUCAO

Na medida em que as pressdes decorrentes das atividades humanas continuam a ameacar
0s ecossistemas naturais, ecologos e bidlogos da conservacdo tém alertado cada vez mais sobre
os efeitos destrutivos das perturbacdes antropicas a biodiversidade global. Embora ndo sejam
as Unicas forcas que atuam modificando os sistemas naturais, sabe-se que, aliados as mudangas
climéticas, os distarbios antrépicos sdo os principais fatores responsaveis pela perda e
homogeneizacdo da biodiversidade no mundo (SALA et al.,, 2000; FAUSET et al., 2012;
PUTTKER et al., 2020). Apesar da sua grande extensdo em regides tropicais, as florestas secas
também estdo entre 0s ecossistemas mais ameacgados por conta das interferéncias humanas
(OATHAM & BOODRAM, 2006). A Caatinga, por exemplo, tem sido exposta as perturbacdes
antropicas desde a chegada dos Europeus no século XVI (COIMBRA-FILHO & CAMARA,
1996), pois 0 meio de subsisténcia dos que habitam essa regido é fortemente dependente do uso
de recursos naturais extraidos da floresta, em um tipico regime de perturbagéo antrdpica crénica
(ou seja, remocao continua de pequenas porcOes de biomassa florestal) (SILVA et al., 2017;
SOUZA et al., 2019). Em virtude disso, por muito tempo a Caatinga foi considerada um
ecossistema pobre em espécies e endemismo, o que afastou estudos e investimentos
conservacionistas para a regido e todos 0s processos que ameagcam a sua biodiversidade foram
negligenciados (LEAL et al., 2005).

Dada a velocidade com que as florestas tropicais sdo convertidas em areas devotadas a
atividades humanas e diante da importancia de selecionar areas prioritarias para conservacao, €
imprescindivel entender quais sdo (e como atuam) os agentes modificadores da biota, além de
compreender como &reas abandonadas ap0s 0 uso antrépico se recompdem ao longo da
trajetoria sucessional. Contudo, perante essas constantes pressdes sobre a biota, apenas a
inspecdo adequada de organismos, incluindo borboletas (de suas populacdes ou comunidades),
pode fornecer informacdes valiosas na definicdo de areas prioritarias para a conservacao antes
que tais efeitos sejam irreversiveis. Por uma série de motivos, as borboletas podem fornecer, de
maneira rapida e eficiente, um diagnostico sobre a integridade das paisagens naturais,
auxiliando, embasando com informacdes relevantes a criacdo de reservas naturais (FREITAS
etal., 2014, DeVRIES et al., 2016). Em florestas tropicais Umidas, varios estudos tém apontado
para a sensibilidade desses insetos a condi¢des microclimaticas (RIBEIRO & FREITAS, 2010;
CHECA et al., 2014) e a alteragdes no habitat de natureza aguda (por exemplo, perda e
fragmentacdo de habitats, efeito de borda e presenca de trilhas) (UEHARA-PRADO et al.,
2007; RIBEIRO et al., 2012, SANT’ANNA et al., 2014; FILGUEIRAS et al., 2016; MELO et
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al., 2019; GUERATTO et al., 2020). No entanto, pouco se sabe sobre a resposta desses
organismos a perturbag6es antropicas cronicas (por exemplo, exploracdo de produtos florestais
madeireiros e ndo madeireiros, sobrepastoreio de animais domésticos e caca) e fatores abidticos
como o aumento de aridez previsto para varias florestas tropicais secas do Globo (MAGRIN et
al., 2014).

Nesse contexto, torna-se urgente e fundamental saber se (e como) o aumento da aridez
e das perturbacbes antropicas cronicas exerce pressao sobre as comunidades de borboletas
frugivoras e entender como estes insetos se recuperam ao longo do processo de sucessao
secundaria na Caatinga. Sendo assim, esta tese esta estruturada em dois capitulos: no primeiro,
Aridity and chronic anthropogenic disturbance as organizing forces of fruit-feeding butterfly
assemblages in a Caatinga dry forest, investiguei como perturbacdes antropicas crénicas e
aridez (preditor de mudancas climéticas) influenciam os atributos taxonémicos e funcionais das
comunidades de borboletas frugivoras na Caatinga. No segundo, Rapid recovery of fruit-feeding
butterfly assemblages in the regeneration of a Caatinga dry forest submitted to shifting
cultivation, avaliei como se da a recuperacdo taxondmica e funcional das comunidades de
borboletas frugivoras ao longo de um gradiente de regeneracéo na Caatinga. Estudos como este,
que buscam compreender como a biodiversidade responde a mudanga no habitat, podem
fornecer subsidios contundentes para a conservacao das espécies e suas respectivas fungdes

ecologicas, além de propor diretrizes para manejo de areas protegidas.
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2 FUNDAMENTACAO TEORICA

2.1 Disturbios antropicos e mudancas climaticas: efeitos sobre a biota

A rapida expansdo da populacdo humana e o uso crescente dos recursos naturais
continuam ocorrendo em taxas alarmantes, particularmente transformando os habitats naturais
em paisagens antropicas (SALA et al., 2000; LAURANCE et al., 2014). Essas paisagens agora
cobrem grandes areas na maioria das biotas terrestres, existindo poucas florestas
verdadeiramente pristinas (LAURANCE et al., 2014). De fato, é estimado que cerca de 70%
das areas florestadas em todo o mundo ja foram modificadas por atividades humanas (FAO,
2010). Sem duvida, as recorrentes pressdes humanas representam uma ameaca significativa as
paisagens naturais e o fator determinante para o declinio e reorganizacdo da biodiversidade
global (SALA et al., 2000; TABARELLI et al., 2010; FAUSET et al., 2012; PUTTKER et al.,
2020).

Entre os tipos de perturbacdes antropicas conhecidas, as mudangas no uso da terra sdo
as mais evidentes e foram mais estudadas e divulgadas. Esse tipo de perturbacdo ocorre com
frequéncia na escala da paisagem, havendo uma completa descaracterizacdo do habitat original
por meio de corte raso da vegetacdo, por isso é chamada de aguda, resultando principalmente
em perda e fragmentacdo de habitats (SINGH, 1998). Embora a perda de espécies seja 0
principal efeito destrutivo desse distarbio, as consequéncias sdo bem mais amplas e pervasivas.
As perturbacdes agudas alteram fatores abidticos, tais como temperatura, umidade, intensidade
luminosa e disponibilidade de nutrientes do solo dentro dos fragmentos de vegetacéo
remanescentes (SANTOS et al., 2009; DANTAS DE PAULA et al., 2011). Em decorréncia
disso, os padrdes de organizacdo bioldgica podem ser completamente alterados: 1) substituindo
espécies especialistas por espécies adaptadas as novas condi¢des do ambiente (SANTOS et al.,
2008; TABARELLI etal., 2010; DOHM et al., 2011; LEAL et al., 2012), 2) alterando atributos
taxondmicos, funcionais e filogenéticos das comunidades bioldgicas (OLIVEIRA et al., 2004;
TABARELLI et al., 2008; SANTOS et al., 2010; FILGUEIRAS et al., 2011; LEAL et al.,
2012; MELO et al., 2019) e 3) simplificando e homogeneizando a biota (ARROYO-
RODRIGUEZ & MANDUJANO, 2006; TABARELLI et al., 2008; LOBO et al., 2011). De
fato, as perturbacOes agudas sé@o relatadas na literatura como as maiores ameacas atuais que
influenciam a persisténcia da biodiversidade em todo o planeta (CORLETT, 2000;
TABARELLI et al., 2004).
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Embora os efeitos dos disturbios agudos na biodiversidade sejam bastantes difundidos,
as florestas priméarias e os remanescentes florestais secundarios também estdo sujeitos aos
distdrbios antropicos crénicos, 0s quais tambeém possuem efeitos negativos sobre a biota
(LAURANCE & PERES, 2006). Esses disturbios ocorrem dentro das florestas, por meio da
remoc¢do continua de pequenas por¢des de biomassa, sem causar perda e fragmentacdo de
habitats (SINGH, 1998; MARTORELL & PETERS, 2005). Pode-se citar como atividades
tipicas de perturbacdes cronicas: a extracdo seletiva de madeira, as coletas de produtos florestais
ndo madeireiros, a criacdo extensiva de animais domesticos e a caca, gerando um mosaico de
areas com diferentes intensidades de perturbacdo (MARTORELL & PETERS, 2005, MAY -
TOBIN, 2011). Diferentemente da perda e fragmentacdo de habitat, as perturbagdes antrdpicas
crbnicas ndo causam uma completa descaracterizacdo da vegetacdo. Na verdade, esses
distdrbios operam em pequenas escalas e em baixa intensidade, dando a falsa impressdo de que
0 ecossistema ndo esta sendo impactado, mas o impacto das perturbagdes cronicas pode ser,
também, deletério a biota (MARTORELL & PETERS, 2009).

Os impactos ecologicos resultantes do distarbio crénico sdo menos evidentes que 0s dos
agudos, mas a remocao continua da biomassa florestal pode resultar em habitats florestais mais
abertos, com microclima mais quente e seco (HARDWICK et al., 2015; SILVA et al., 2019),
além de levar ao declinio de espécies mais usadas pelos humanos ou mais sensiveis aos
ambientes mais abertos, afetando a estrutura das comunidades ecoldgicas (LAURANCE &
PERES, 2006). Estudos mostram que as perturbacdes antropicas cronicas exercem forte pressao
sobre a estrutura demogréafica de plantas, favorecendo espécies adaptadas a distdrbios em
detrimento de espécies sensiveis a perturbacdo (RIBEIRO et al., 2015, 2016). Também ja foi
observado perda de diversidade taxonémica, filogenética e funcional de plantas e animais e
aumento na similaridade da biota, indicando homogeneizacdo das comunidades (RIBEIRO-
NETO et al., 2016; OLIVEIRA et al., 2017; RITO et al., 2017, VAZQUEZ-REYES et al.,
2017; ARNAN et al., 2018). Por fim, existem estudos demonstrando, também, que perturbacoes
antropicas cronicas podem reduzir os servigos providos pelas formigas as plantas, tais como a
dispersdo de sementes (LEAL et al., 2014; OLIVEIRA et al., 2019) e protecdo anti-herbivoria
(LEAL et al., 2015; OLIVEIRA et al., 2020).

Ainda que a mudanca no uso da terra continue sendo o principal fator contribuindo para
a extingdo de espécies e perda de habitat (HOFFMANN et al., 2010), ela ndo é a Unica pressao
que atua sobre os sistemas naturais. Projeta-se que as mudancas climéticas se tornem

igualmente ou mais importantes nas proximas décadas (JETZ et al., 2007; PEREIRA et al.,
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2010). O IPCC (2014) prevé que a superficie terrestre enfrentara um aumento na temperatura
média global na ordem de 4.8° C até 2100, o que esta intimamente associado as mudancgas no
regime de precipitacdo e sua compreensao e influéncia € vital para projetar mudancas em muitos
sistemas naturais (KNAPP et al., 2008). Além disso, existe ainda uma preocupacéo crescente
de que as mudancas climéticas intensifiqguem os efeitos das perturbacdes antrdpicas, tornando-
se um filtro ambiental adicional em areas perturbadas (HIROTA etal., 2011; RITO etal., 2017).

Pesquisas de diversos campos de conhecimento revelam que em alguns periodos e
regides as mudancas climaticas passadas eram tdo grandes e rapidas quanto as projetadas para
o futuro (JACKSON & OVERPECK, 2000; HARRISON & SANCHES GONI, 2010).
Atualmente, diversos estudos ja tém documentado uma variedade de impactos bioldgicos
atribuiveis as mudancas climaticas, tais como: mudancas morfoldgicas, comportamentais,
fenolégicas e de distribuicdo de espécies, além de outros atributos da comunidade
(EASTERLING et al., 2000; MCMENAMIN et al., 2008; PHILLIPS et al., 2008; CLARK et
al., 2016; FADRIQUE et al., 2018). Esse fendmeno também é responsavel por varias alteracdes
nos ecossistemas naturais (SALAZAR et al., 2007; HOEGH-GULDBERG et al., 2007;
OHLEMULLER et al., 2008) e pelo seu papel facilitador da propagacéo e estabelecimento de
espécies invasoras (HELLMANN et al., 2008). Por fim, também h& uma preocupacéo crescente
de que as mudangas climéaticas afetem diversas interacbes ecoldgicas essenciais para a
manutencdo da vida (BERTIN, 2008). Por exemplo, evidéncias sugerem que
incompatibilidades nas respostas fenolégicas as mudancas climaticas entre plantas e
polinizadores podem afetar significativamente esses parceiros mutualisticos, o que pode levar

a dissociacdo das interacOes entre flores e polinizadores (GORDO & SANZ, 2005).

2.2 Regeneracdo florestal e resiliéncia

Com o avango das mudangas no uso da terra, vastas extensdes de florestas primarias
acabam convertidas em campos abandonados, onde as florestas secundarias tornam a crescer e
podem contribuir para a persisténcia da biodiversidade florestal (CHAZDON, 2003). De fato,
¢ apontado que a maioria das florestas tropicais do futuro sera constituida por florestas
secundarias em processo de regeneracdo ap6s desmatamento anterior (WRIGHT & MULLER-
LANDAU, 2006). No entanto, sabe-se que a perda da biodiversidade associada a diminuicéo

da qualidade dos ecossistemas naturais compromete o funcionamento e a capacidade das
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florestas fornecerem servicos ecoldgicos (EWERS & DIDHAM, 2006; LAURANCE et al.,
2014). Como mencionado anteriormente, os efeitos negativos das perturbacBes antrdpicas
podem ser exacerbados pelas mudangas climaticas (por exemplo, aumento de temperatura e
escassez de agua) (HIROTA et al., 2011; RITO et al., 2017). Sem duavida, a interacdo dessas
duas pressdes pode comprometer a vitalidade e a capacidade de regeneracdo das florestas, o
que tem aumentado o interesse em sucessdo secundaria entre ecdlogos e bidlogos da
conservacao, embora a extensdo dos habitats florestais continua a diminuir em todo o mundo
(FAO & UNEP, 2020). Nesse sentido, a restauracdo ecoldgica torna-se uma alternativa viavel
para aumentar a cobertura florestal e conectividade entre os locais remanescentes em um prazo
razoavel e o estudo de sucessdo secundaria natural tem exercido uma grande influéncia na

pratica de recuperacdo e manejo da vegetacdo (QUESADA et al., 2009).

Espera-se que o valor de uma floresta secundaria aumente com o tempo, a medida que
as espécies de florestas maduras se movem e se acumulam nesses remanescentes (CHAZDON
et al. 2009). Existem estudos que mostram que ao longo da sucessdo muitas caracteristicas
estruturais da comunidade de plantas se recuperam (por exemplo, densidade de arvores, riqueza
de espécies e area basal) e as caracteristicas ambientais se tornam mais amenas (por exemplo,
nivel de luz e temperatura do ar e do solo) (LEBRIJA-TREJOS et al., 2010, 2011), favorecendo
a recuperacao biotica e consequentemente a sucessdo ecoldgica (CHAZDON et al., 2009).
Nessa perspectiva, as florestas secundarias representam uma alternativa para manter a
biodiversidade em paisagens modificadas pelo homem e a compreensdo de como essas florestas
mudam ao longo da sucessdo € importante ndo apenas para garantir a conservacdo da
biodiversidade, mas também para manter o fornecimento de servigos ecossistémicos em regides
tropicais (BARLOW et al., 2007; CHAZDON et al. 2009). No geral, ha diversas abordagens
propostas para o estudo da sucessdo; porém, o curto tempo disponivel tem sido uma das
principais limitacGes para a nossa compreensdo da sucessao florestal (LEBRIJA-TEJOS et al.,
2010). Desta forma, o uso de cronosequéncia, ou seja, um conjunto de areas que sofreram o
mesmo tipo de perturbacdo, mas com diferentes idades de regeneracgéo, torna-se um caminho
para contornar esse problema (LEBRIJA-TEJOS et al., 2010) e tem sido um dos métodos mais

utilizados para o estudo de sucessao ecoldgica (CHAZDON et al., 2007).

Nos ultimos anos, um namero crescente de estudos tem monitorado a regeneragéo
florestal e os processos de sucessdo ao longo do tempo, combinando cronosequéncias e
abordagens dindmicas (LEBRIJA-TEJOS et al., 2010, MORA et al., 2015, NORDEN et al.,

2011). Vérios trabalhos quantitativos mostram que as florestas secundarias sdo capazes de
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recuperar niveis de riqueza de plantas e animais semelhantes aos das florestas primarias em
poucas décadas apds o abandono (DUNN, 2004; MARTIN et al., 2013). Por exemplo, a partir
de estudos em cronosequéncia, foi verificado que alguns atributos das comunidades arboreas
(e.g. riqueza de espécies) das florestas Umidas podem alcancar valores equivalentes aos das
florestas primérias de forma deterministica e dentro de 20-30 anos (GUARIGUATA &
OSTERTAG, 2001). Esse fato demonstra a resiliéncia de algumas florestas frente as pressdes
externas. Entende-se resiliéncia como a velocidade em que um ecossistema retorna as suas
propriedades fisicas e bioldgicas apos perturbacdes (HOLLING, 1973). Ap6s um periodo de
tempo apropriado, um ecossistema resiliente é capaz de recuperar sua identidade em termos de
estruturas basicas, tais como a densidade de individuos, riqueza, composi¢do taxondmica,
interacdes ecologicas, funcBes ecossistémicas, entre outros atributos (HOLLING, 1973;
WALKER & SALT, 2006). A depender da capacidade de lidar com o grau de mudanca, as
florestas podem responder de diferentes maneiras aos disturbios. Assim, a composi¢ao
taxondmica caracteristica, as funcBes ecoldgicas e estrutura da vegetagdo podem ou nao ser
alteradas (THOMPSON et al.,, 2009). Alguns animais também possuem papéis
importantissimos nos processos que envolvem a organizacdo do ecossistema, por meio da
polinizagdo, dispersdo de sementes e herbivoria, e a perda dessas espécies pode ter efeitos
graves para a resiliéncia do ecossistema (ELMQVIST et al., 2003). De fato, diversos estudos
relatam que a resiliéncia dos ecossistemas esta diretamente relacionada a diversidade biolégica
e a capacidade que ela confere para reter os processos ecossistémicos (WALKER, 1995;
PETERSON et al., 1998; HOOPER et al., 2005; DREVER et al., 2006).

A resiliéncia (ou seja, a velocidade com que os atributos da floresta secundaria se
aproximam das florestas primarias) pode mudar de acordo com vaérios fatores (CHAZDON et
al., 2009). Por exemplo, em paisagens modificadas pelo homem, o sucesso da recuperacdo da
biota é alto onde a perturbacdo antropica ap6s o abandono € baixa, quando florestas antigas
estdo proximas e quando dispersdo de sementes por animais esta presente. Por outro lado, em
paisagens tropicais com alto nivel de perturbacdo antropica, baixa presenca (ou auséncia) de
fauna responsavel pela dispersdo de sementes e distantes de florestas primarias, a taxa de
recuperacdo pode ser baixa ou até ausente (CHAZDON et al., 2009). Assim, é essencial
compreender e prever 0s mecanismos associados a resiliéncia no que se refere as maneiras pelas
quais os ecossistemas florestais respondem a degradacdo, perda de espécies e mudanca
climatica (KINZIG et al., 2001).
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2.3 Florestas tropicais secas
2.3.1 Distribuicé&o e estado de conservagao

As florestas tropicais secas (isto é, Seasonally Dry Tropical Forests, sensu MURPHY
& LUGO, 1986; PENNINGTON et al., 2009) sdo areas de florestas singulares para a
conservacdo da biodiversidade. Elas podem ser definidas como florestas que ocorrem em
regides tropicais caracterizadas por acentuada sazonalidade na distribuicdo de chuvas,
resultando em varios meses de seca (MOONEY et al., 1995). Essas florestas compreendem um
bioma globalmente extenso, representando mais do que 40% das florestas tropicais no mundo,
cobrindo grandes areas na Africa, Australia, América Central e Sul, india e Sul da Asia
(MURPHY & LUGO, 1986). Embora apresentem alto nivel de diversidade e endemismo, as
florestas tropicais secas também estdo sofrendo as consequéncias das perturbacfes impostas
pelo homem (por exemplo, fragmentacdo florestal, conversdo para agricultura e incéndios)
associadas ao crescimento da populacdo humana e das mudancas climéaticas (MILES et al.,
2006). Consequentemente, as florestas tropicais secas estdo entre os biomas mais ameagados
do mundo (MILES et al., 2006; OATHAM & BOODRAM, 2006), perdendo anualmente até
2% de sua cobertura vegetal (MAY & STUMPF, 2000) e entre 14 e 40 mil espécies devido a
destruicdo dos habitats florestais (HUGHES et al., 1997).

Devido a seu clima atrativo e solo adequando para muitos tipos de agricultura e pecuéaria
(TREJO & DIRZO, 2000), as florestas tropicais secas tém historicamente suportado grandes
populacdes humanas fortemente dependentes da exploracdo dos recursos florestais (MEHTA
et al., 2008; SINGH et al., 2010), em um tipico regime de perturbacdo antrdpica crbnica
(SINGH, 1998). Alem disso, estima-se consistentemente um aumento na evaporacdo e na
temperatura e uma reducéo na precipitagdo (ou seja, aumento da aridez) em 2100 em relagéo
ao final do século 20 para as florestas tropicais secas (MAGRIN et al., 2014), resultando em
periodos mais longos e severos de seca que podem ameacar a manutenc¢do da biodiversidade.
De fato, em muitas regides, as florestas tropicais secas tém experimentado os efeitos negativos
das perturbacdes antropicas cronicas e mudancas climaticas (GILLESPIE et al., 2000; ARIAS-
MEDELLIN et al., 2014; ARNAN et al., 2018; OLIVEIRA et al., 2019). Infelizmente, este
cenario atual de mudanca do habitat e aumento da aridez pode reduzir a cobertura vegetal e a
produtividade, podendo levar as florestas tropicais secas a desertificacdo, com impactos
irreversiveis sobre a biodiversidade e, consequentemente, aos Servigcos ecossistémicos
(REYNOLDS et al., 2007).
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2.3.2 Regeneracdo florestal em florestas tropicais secas

Estudos sobre sucessdo secundaria tém sido realizados mais frequentemente em
florestas tropicais Umidas, mas os padrdes resultantes dos processos que conduzem a sucessao
nessas florestas podem ndo ser aplicaveis as florestas tropicais secas. Alguns dos motivos
propostos para essa diferenga sdo estes: (1) limitagcbes sazonais da &gua como um fator
determinante dos processos ecoldgicos em florestas tropicais secas, enquanto que as florestas
tropicais Umidas sdo mais limitadas pela disponibilidade de luz (EWEL, 1977); (2) disperséo
de sementes pela acdo do vento (anemocoria) como 0 modo mais importante em florestas
tropicais secas (JANZEN, 2002; VIEIRA & SCARIOT, 2006); (3) reproducéo vegetativa por
meio da rebrota como um mecanismo de regeneracgao mais relevante em florestas tropicais secas
(EWEL, 1977; VIEIRA & SCARIOT, 2006; MCDONALD et al., 2010); e (4) menor
importancia da dindmica de clareiras, ou seja, a abertura do dossel como fator importante para
a regeneragdo pode ndo se aplicar em florestas tropicais secas (QUESADA et al., 2009;
LEBRIJA-TREJOS et al., 2010; LEVESQUE et al., 2011).

Essas caracteristicas peculiares proporcionam diferentes processos ecoldgicos e
mudancas na estrutura da vegetacdo ao longo da sucessdo em florestas tropicais secas
(QUESADA etal., 2009; LOHBECK et al., 2013). Embora acontegam mudancas consideraveis
nas condi¢des ambientais de estagios iniciais (mais quentes e secos) para estagios tardios (mais
sombreados e imidos) (LEBRIJA-TREJOS et al., 2011), a forca do gradiente de luz € menor
nessas florestas do que em florestas tropicais Umidas, pois as primeiras possuem menores
diferencas nas condi¢des de luz entre estagios iniciais e tardios (EWEL, 1977; LETCHER et
al., 2015). No entanto, os regimes de precipitacdo sdo vistos como fortes influenciadores dos
processos sucessionais em florestas tropicais secas (MASS & BURGOS, 2011). Alguns estudos
ja tém apontado a importéncia da disponibilidade de agua para processos como germinacao de
sementes (DANTAS et al., 2020), aumento de biomassa (BECKNELL et al., 2012) e
crescimento e aptiddo individual da planta (ENGELBRECHT et al., 2007). Por conta do padréo
sazonal no regime de chuvas, o periodo de tempo mais adequado para diversos processos que
envolvem a dinamica de sucessdo em florestas tropicais secas € mais restrito, mas essa
sazonalidade gera condigdes abidticas mais severas e variaveis, tornando os ecossistemas secos

mais tolerantes a maiores condic¢des de estresses (CECCON et al., 2006).

Quanto a capacidade de recuperagdo dessas florestas (ou seja, resiliéncia), os poucos

estudos existentes ndo sdo suficientes para uma afirmagdo mais precisa. Embora existam
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sugestdes de que florestas tropicais secas sdo mais resilientes do que as Umidas (QUESADA et
al., 2009; ALVAREZ-YEPIZ et al., 2018), os poucos trabalhos disponiveis sdo contraditorios.
Enquanto alguns mostram uma alta recuperacao das florestas secundarias em termos de riqueza,
biomassa e composicao de espécies em relacdo as florestas maduras (LEBRIJAS-TREJOS et
al., 2010), sugerindo uma alta resiliéncia, outros ndo observaram uma recuperacéo tao frequente
(QUESADA et al., 2009; BARROS et al., 2021). E importante lembrar que a resisténcia inicial,
a trajetoria e a extensdo em que um sistema retorna as condicdes originais apos uma perturbacéo
vao depender da frequéncia, intensidade, duracdo e extensdo da perturbacdo, bem como das
propriedades inerentes dos sistemas biologicos (MYERS, 1996; WIILLIG & WALKER, 1999).
Além disso, os fortes impactos causados pela pecuéria e extracdo de recursos naturais da
floresta podem ter efeitos permanentes na dinamica de regeneracdo em florestas tropicais secas
(CECCON et al., 2006). Assim, a compreensdo desses fatores de ameacas associados as
caracteristicas inerentes das comunidades bioldgicas pode nos ajudar a entender como se da o
processo de regeneragdo em florestas que ainda ndo tém recebido muita atencdo para pesquisas,
como € o caso das florestas tropicais secas (SANCHEZ-AZOFEIFA et al., 2005; VIEIRA &
SCARIOT, 2006; QUESADA et al., 2009). Entender esses fatores € fundamental para a

recuperacdo da biomassa e para a sustentabilidade de ecossistemas secos em geral.

2.3.3 Caatinga e suas ameacas

A Caatinga brasileira ¢ um mosaico de florestas tropicais sazonalmente secas e de
vegetacdo arbustiva esclerdfila (PENNINGTON et al., 2009) que cobre 912.529 km2 do
Nordeste do Brasil (SILVA et al., 2017). Como em todas as regides semidridas, as principais
caracteristicas climaticas desse ecossistema sdo a curta e concentrada estacao chuvosa, onde de
50 a 70% das chuvas sdo concentradas em trés meses consecutivos, seguidos por longos
periodos de estiagem (NIMER, 1972, KROL et al., 2001, CHIANG & KOUTAVAS, 2004),
além da alta radiacdo solar incidente que causa elevadas temperaturas e déficit hidrico. A
precipitacdo media anual varia entre 240 e 1.000 mm, mas metade da regido recebe menos de
750 mm (SAMPAIOQ, 1995; PRADO, 2003). Essa baixa pluviosidade ainda é acompanhada por
uma alta irregularidade anual em sua distribuicdo (tempo e espaco), o que por vezes resulta em
secas severas (NIMER, 1972). Assim, comparada a outros ecossistemas brasileiros, a Caatinga
apresenta as caracteristicas mais extremas dentre as variaveis climaticas, o que levou a evolugéo

de uma vegetacdo tipicamente xerofila, com adaptacGes em sua morfologia e fisiologia capazes
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de tolerar condigdes climaticas adversas a qual é submetida (LEAL, 2003, 2005; Silva et al.,
2004). Além disso, a Caatinga é apontada como uma das regides brasileiras com maior
probabilidade de ser afetada pelas mudancas climaticas (MARENGO et al., 2017). De fato, em
regibes com clima mais seco e sazonal, os efeitos das mudancas climaticas tendem a ser mais
severos. Os modelos de mudangas climéticas ja apontam uma redugdo de 40-50% na
precipitagdo e um aumento de 3-5°C até o ano 2100 na Caatinga (SOUZA & MANZI, 2014), o

que pode desencadear o processo de desertificacdo desse ecossistema.

Como outras florestas tropicais secas, a Caatinga também se encontra exposta as
perturbacdes antropicas (MARTORELL & PETERS, 2009), onde cerca de 63% de sua
vegetacdo original j& sofreu conversdo extensiva para a agricultura (SILVA & BARBOSA,
2017). Além disso, as areas remanescentes sdo exploradas por densas populacdes humanas (26
habitantes / km?), carentes e altamente dependentes dos recursos florestais para suas
necessidades basicas (ALBUQUERQUER et al., 2017). Atividades como a coleta de lenha,
forragem, exploragéo de produtos florestais madeireiros e ndo-madeireiros, criagdo extensiva
de animais domésticos e a caca sao frequentes, diminuem a produtividade dessas florestas e
contribuem para a modificacdo de toda a paisagem (RIBEIRO et al., 2015; RIBEIRO-NETO et
al., 2016). O aumento dessas atividades tipicas de distdrbio crénico na Caatinga tem
transformado florestas maduras em remanescentes de florestas secundarias dominadas por
arbustos (RIBEIRO et al., 2015), os quais exibem comunidades de plantas e animais
funcionalmente e filogeneticamente empobrecidos (RIBEIRO et al., 2015, 2016; RIBEIRO-
NETO et al., 2016). Adicionalmente, as perturbacbes crbnicas também tém reduzido a
qualidade das funces e servigos fornecidos pelo ecossistema (LEAL et al., 2014, 2015), o que
torna a Caatinga o terceiro ecossistema mais ameagado do Brasil (LEAL et al., 2005).

Embora existam muitas evidéncias sobre os efeitos negativos dos distarbios cronicos e
das mudancas climaticas sobre a biota da Caatinga (ARNAN et al., 2018; CAMARA et al.,
2019; OLIVEIRA et al., 2019; RIBEIRO et al., 2019; ANDRADE et al., 2020; SILVA et al.,
2020), ainda ha muitas lacunas de conhecimento quanto aos aspectos sucessionais nessa regido.
No entanto, como em outras florestas secas, estudos sugerem que a regeneracéo da Caatinga é
mediada principalmente pela disponibilidade de agua, que o recrutamento de plantulas
verdadeiras é baixo e que rebrotas/reproducdo vegetativa sdo o principal mecanismo de
regeneracdo nesse ecossistema (BARROS et al., 2021; TRINDADE et al., 2020). Como a
recuperacdo de uma floresta seca é fortemente controlada pela disponibilidade de 4gua, anos de

seca extrema apds a perturbagdo podem limitar a sua capacidade de recuperagdo. Assim,
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compreender os efeitos dessas duas importantes forgas (distdrbios antrépicos e climéticos)
sobre diferentes grupos ecoldgicos € crucial & medida que aumenta a frequéncia de eventos

extremos.

2.4 Borboletas frugivoras como bioindicadores: resposta & mudanga de habitat e fatores
abidticos

A maneira mais eficiente para atrair esforcos para a conservacdo é saber quais 0s
processos que levam as mudancas das paisagens naturais e como tais modificacfes afetam os
organismos (FREITAS et al., 2003). Como inventariar toda a biodiversidade de uma regido é
praticamente impossivel, devido & escassez de tempo, dinheiro e nimero reduzido de
especialistas, o uso de indicadores biologicos possibilita, de maneira mais rapida, informar as
areas gque possuem maior relevancia para conservacao. Algumas caracteristicas sdo essenciais
para a definicdo ou escolha de bons indicadores bioldgicos (ver BROWN JR., 1991, 1997).
Entre outros insetos, as borboletas tém se destacado com sucesso no monitoramento de areas
naturais, pois respondem bem a praticamente todo tipo e intensidade de alteracdo no ambiente
(FREITAS et al., 2003, 2006).

Dentre os motivos que as tornam 6timos bioindicadores, pode-se citar: a diversidade de
espécies; o fato de serem encontradas o ano inteiro; o ciclo de vida curto; a facilidade de
amostragem, identificacdo e criagdo em laboratério; o bom conhecimento a respeito da histdria
natural e diversos aspectos da biologia; e a taxonomia relativamente bem resolvida (BROWN
JR., 1991; BROWN JR.; FREITAS, 1999). Muitas espécies de borboletas também estdo
intimamente ligadas ao ambiente em que vivem e sdo bastante sensiveis a alteracGes ambientais,
sejam elas naturais ou antropicas (FREITAS & MARINI-FILHO, 2011). Além disso, o colorido
de suas asas e a fécil visualizacdo garantem um forte apreco da populacdo, consequentemente,
sendo muito utilizadas como “espécie bandeira” com éxito em programas de monitoramento
(POLLARD & YATES, 1993; RAIMUNDO et al., 2003). Por esses motivos, as borboletas
estdo entre os grupos mais usados no mundo com fins de monitorar a integridade das paisagens
naturais, tornando-se indicadores bioldgicos eficazes para esse tipo de diagnostico ambiental
(BROWN JR., 1991; BROWN JR. & FREITAS, 2000).

Com cerca de 3.300 espécies ocorrendo no Brasil (BROWN JR. & FREITAS, 2000), as

borboletas podem ser separadas em duas guildas, quando considerada a dieta alimentar dos
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individuos adultos (DeVRIES, 1987): (1) A guilda Nectarivora, composta por espécies que se
alimentam de néctar, compreendendo as familias Papilionidae, Pieridae, Lycaenidae,
Riodinidae, Hesperiidae e alguns grupos de Nymphalidae; (2) A guilda Frugivora, que inclui
as espécies que se alimentam de frutas fermentadas, reunindo as espécies da familia
Nymphalidae, especificamente das subfamilias Biblidinae, Charaxinae, Satyrinae e
Nymphalinae (apenas tribo Coeini) (WAHLBERG et al., 2009). Este grupo também pode se
alimentar de fezes de vertebrados, seiva secretada por algumas espécies de plantas e carne em
decomposicdo (DeVRIES, 1987). As borboletas frugivoras apresentam algumas vantagens
praticas sobre as nectarivoras para o seu estudo. Elas podem ser amostradas facilmente em
armadilhas contendo iscas atrativas, o0 que possibilita uma amostragem simultanea de duas ou
mais areas (ou meses do ano) com o0 mesmo esfor¢o amostral (DeVRIES, 1987). A identificacdo
dos individuos pode ser feita, em sua maioria, no local de captura, sendo marcadas e
posteriormente liberadas, permitindo um estudo ndo destrutivo € com o minimo de
manipulagéo. Por fim, por se tratar de um recurso alimentar, o uso de armadilhas com iscas
atrativas reduz a possibilidade de capturas ao acaso, presentes em outros métodos (UEHARA-
PRADO et al., 2007; FREITAS et al., 2014).

A guilda frugivora tem sido amplamente utilizada em pesquisas que avaliam como
diferentes graus de perturbacdo afetam o padréo de distribuicdo de espécies, principalmente na
América do Sul (BROWN JR., 1991; 1997; BROWN JR. & FREITAS, 2000; UEHARA-
PRADO et al., 2007, MELO et al., 2019). Em florestas tropicais Umidas, estudos mostram que
a perda e fragmentacdo de habitats podem afetar a distribuicdo de borboletas frugivoras de
diversas maneiras ap0s o distarbio, porém, mais importantemente, as perturbacfes antrépicas
podem causar alteracdes significativas na composicdo de espécies (UEHARA-PRADO et al.,
2007, RIBEIRO et al., 2008, NYAFWONO et al., 2014; MELO et al., 2019). A comunidade
de borboletas frugivoras também difere significativamente em areas com diferentes idades de
regeneracdo, mostrando padrdes interessantes de substituicdo de espécies ao longo do tempo
(SANT’ANNA et al., 2014). Além de perturbacGes antropicas, borboletas também possuem
relacdo estreita com fatores abidticos, ou seja, com condi¢gdes microclimaticas (BOGGS &
MURPHY, 1997; RIBEIRO & FREITAS, 2010; CHECA et al., 2014). As mudancas climaticas
também podem alterar uma série de fatores comportamentais, reprodutivos e padrbes de
distribuicédo de borboletas (STEFANESCU et al., 2003; LEE et al., 2020). Por exemplo, eventos
prolongados de seca ou chuva podem reduzir o sucesso reprodutivo e o tamanho das populagdes

de borboletas (OLIVER et al., 2015). Além disso, mudancas no regime de precipitacdo e
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temperatura combinadas com a alteracdo do habitat podem mudar os padrdes de diversidade e
abundancia de borboletas (FORISTER et al., 2010; WEPPRICH et al., 2019). No entanto, a
maioria dos estudos sobre o efeito de perturbacdes antropicas e fatores abioticos sobre
comunidade de borboletas frugivoras foram feitos em florestas Umidas e pouco se sabe ainda
sobre como esta guilda responde a essas variaveis em florestas tropicais secas (mas ver
BEIRAO et al., 2017 e CASAS-PINILLA et al., 2017).

Como paisagens dominadas por atividades humanas tendem a continuamente perder
espécies e simplificar sua estrutura, em um processo conhecido como “sucessdo ecologica
retrogressiva” (sensu TABARELLI et al., 2008), avaliar como perturbac@es antropicas agudas
e cronicas e 0 aumento no nivel de aridez afetam a comunidade de borboletas frugivoras, bem
como compreender como essa guilda se recompde ao longo da sucessdo secundaria sdo

fundamentais para subsidiar legislacGes e diretrizes para conservacdo da Caatinga.
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Abstract

1. Anthropogenic disturbances and climate change are expected to reorganize biodiversity on
multiple ecological levels from populations to ecosystems, especially in arid and semiarid
regions due to environmental filtering imposed by water stress.

2. This paper examines the individual and combined effects of chronic anthropogenic
disturbance and increased aridity on the structure of fruit-feeding butterfly assemblages in
a human-modified landscape of Caatinga dry forest, in the northeast of Brazil. Butterflies
were recorded monthly across nine old-growth forest stands and their assemblages were
described in terms of taxonomic and functional community-level attributes confronted to
different levels of chronic disturbance and aridity.

3. Attotal of 12,694 butterflies from 21 species were recorded, with a small number of species
adapted to arid environments dominating the assemblages. Butterfly assemblages were
species-poor but had high species replacement (turnover) along both the chronic disturbance
and aridity gradients. We observed a negative effect of aridity on alpha and beta (species
turnover) diversity of butterfly assemblages. Butterfly assemblages across forest stands
exposed to high levels of chronic disturbance and aridity had a nested structure. Functional
diversity (Rao’s Q) and the community-weighted means (CWM) of ocellus-bearing species
and monocot-feeding larvae were negatively and positively affected by increased aridity
and chronic disturbance, respectively. On the other hand, the CWM of wing size and
canopy-inhabitant butterfly were positively and negatively affected by aridity and chronic
disturbance, respectively.

4. Our findings suggest that aridity and its combination with chronic disturbance, have a
drastic effect on the structure of butterfly assemblages in the Caatinga dry forest. These

findings highlight that rainfall and chronic disturbances as major drivers of biological
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reorganization in human-modified landscapes. As aridity increases, Caatinga tends to
support taxonomically and functionally impoverished and highly distorted assemblages.
Keywords: bioindicators, climate change, conservation, human disturbances, Nymphalidae,

seasonally dry forest
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Introduction

Community assembly at multiple spatial scales and its drivers are key topics in ecology,
and have gained increased attention as levels of human disturbance have increased in natural
habitats, particularly in tropical forests (Morris, 2010). Although much attention has been
devoted to habitat loss and fragmentation, remnant forests in human-modified landscapes
(sensu Tabarelli et al., 2012) are also exposed to chronic anthropogenic disturbances; i.e.
frequent removal of small portions of biomass such as the collection of firewood, fodder, timber
and medicinal plants, as well as grazing by livestock (Singh, 1998; Martorell & Peters, 2005;
Arnan, Leal et al., 2018). Additionally, human-modified landscapes are exposed to shifts in
climatic variables (e.g. precipitation and drought events) associated with climate change,
especially those in Seasonally Dry Tropical Forests (sensu Murphy & Lugo, 1986; Pennington
et al., 2009) (Miles et al., 2006; Rito, Arroyo-Rodriguez et al., 2017; Arnan, Arcoverde et al.,
2018). In this perspective, human disturbance and climate change have been argued to
reorganize biodiversity from population to ecosystem level (Filgueiras et al., 2021).

Chronic disturbances have been associated to impoverished and functionally distorted
assemblages at the community level (Santos et al., 2011; Ribeiro et al., 2015; Ribeiro-Neto et
al., 2016), with negative effects on the taxonomic, phylogenetic and functional diversity of plant
and animal assemblages (Ribeiro et al., 2015, 2016, 2019; Ribeiro-Neto, et al., 2016). These
changes partially result from the dominance of a few species more adapted to disturbance in
contrast to the decline of sensitive species abundance, including those involved in key
ecosystem functions and ecological services, such as pollination and seed dispersal provided
by insects (Memmott et al., 2007; Tylianakis et al., 2008; Leal et al., 2014). However, research
on chronic disturbance has been focused mainly on plants, for which direct effects on the

exploited populations or indirect effects from reduced forest biomass and associated
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microclimate changes may be imposed (Rito, Arroyo-Rodriguez et al., 2017; Souza et al.,
2019).

There is an increasing concern that climate change may exacerbate the effects of chronic
disturbance through the strengthening of environmental filters such as those associated with
higher temperatures, habitat desiccation, and aridity (Hirota et al., 2011; Rito, Arroyo-
Rodriguez et al., 2017). In addition to long-lasting changes in temperature and precipitation
regimes, climate change is increasing the frequency of severe droughts (e.g. ENSO effects) and
CO:q fertilization, which have drastic effects on community-level organization (Phillips et al.,
2010). One example is the proliferation of common and dominant plant species accompanied
by the decline of the rare ones across drier habitats, where the adverse microclimatic conditions
negatively alter the plant recruitment of species restricted to wet areas (Trindade et al., 2020).
Climate change can also impact animal behavior, fecundity, phenology (i.e. reproductive
timing) and distribution patterns (i.e. migration rates) (Stefanescu et al., 2003; Todd et al., 2011;
Mathewson et al., 2016; Lee et al., 2020). Moreover, chronic disturbance and climate change
can synergically affect native assemblages (Rito, Arroyo-Rodriguez et al., 2017; Arnan,
Arcoverde et al., 2018). Thus, understanding the isolated and synergic impacts of human land
use (i.e. chronic disturbance) and climatic changes (aridity) on the structure and diversity of
biological communities is a key topic for community assembly, with implications for
biodiversity persistence, ecosystem functioning and the provision of ecosystem services in
human-modified landscapes (Filgueiras et al., 2021).

Fruit-feeding butterflies have long been used as bioindicator of human impacts (e.g.
habitat loss and fragmentation, edge effects, selective logging, presence of trails and fires),
mainly across tropical rainforests (Leidner et al., 2010; Ribeiro et al., 2012; Ribeiro & Freitas,
2012; Filgueiras et al., 2016; Andrade et al., 2017; Melo et al., 2019; Gueratto et al., 2020).

Prolonged drought or rainfall can reduce breeding success and reduce population sizes of
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butterflies, which can have implications for the maintenance of metapopulations across human-
modified landscapes, leading to population collapse (Oliver et al., 2015). Additionally, changes
in precipitation and temperature combined with habitat alteration (i.e. land-use—climate
interactions) can shift patterns of butterfly diversity (Forister et al., 2010) and abundance
(Wepprich et al., 2019), with potential effects on key ecosystem services (e.g. pollination).
However, studies on the response of fruit-feeding butterflies to chronic disturbance and climate
change are rare for dry forests (but see Beirdo et al., 2017 and Casas-Pinilla et al., 2017).

The Brazilian Caatinga, the largest block of dry forest globally, has been converted into
human-modified landscapes since the European arrival in the 16" century (Silva et al., 2017).
The Caatinga region is dominated by vegetation mosaics consisting of crop fields (i.e. mostly
shifting cultivation) as well as regenerating and old-growth forest stands — which are
distributed along a precipitation gradient (400-900 mm) and exposed to intensive exploitation
for forest products such as firewood, as well as from browsing by livestock, particularly by
free-ranging goats, and timber exploitation (Silva et al., 2017; Souza et al., 2019). Both changes
in precipitation levels and chronic disturbances have been associated with community-level
changes in plants, particularly species richness and taxonomic and functional composition
(Ribeiro et al., 2015, 2019; Ribeiro-Neto, et al., 2016; Rito, Arroyo-Rodriguez et al., 2017; Sfair
et al., 2018), with cascading effects on ecosystem functioning and services (Leal et al., 2014;
Schulz et al., 2016; Camara et al., 2019; Oliveira et al., 2019), suggesting that plant-dependent
species, such as butterflies, may also respond to these drivers.

This paper examines both the individual and combined effects of chronic disturbance
and aridity on a large set of community-level attributes of fruit-feeding butterflies in a human-
modified landscape of the Caatinga dry forest in northeastern Brazil. We refer to attributes
covering (i) abundance and dominance patterns, (ii) alpha and beta taxonomic diversity, (iii)

functional diversity and (iv) taxonomic and functional composition and their responses to both
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gradients in rainfall and chronic disturbance. Given that both chronic disturbance and rainfall
reductions alter plant assemblages, negatively affecting water-demanding plant species and
favoring disturbance-adapted species (Rito, Arroyo-Rodriguez et al., 2017), we expect to find
(i) impoverished and nested fruit-feeding butterfly assemblages as chronic disturbance and
aridity increase, (ii) reductions in alpha, beta and functional diversity in areas that are both
highly disturbed and arid, and (iii) abundance increasing of species and/or groups of species
with higher flight capacity, resistance to desiccation and those that feed on non-monocots as
chronic disturbance and aridity increase. We discuss the patterns we uncover in the light of both
taxonomic and functional reorganization of biological communities inhabiting human-modified

landscapes.

Methods
Study area

The study was carried out in the Catimbau National Park (8°24°00°” and 8°36°35” S;
37°09°30°° and 37°14°40°> W), in the State of Pernambuco, northeast Brazil (Fig. 1). The Park
covers a total area of 607 km?2 with approximately 70% covered by quartzite sandy soils, but
planosols and lithosols are also present (15% each; Siqueira et al., 2017). The climate is
predominantly of semi-arid Bsh type, with a transition to the rainy tropical As type, according
to the Kdppen scale. Annual rainfall is between 480 and 1100 mm, with about 60% to 75% of
the rainfall occurring in the period from March/April to June/July (Rito, Arroyo-Rodriguez et
al., 2017). Annual average temperature is ca. 23°C, with July being the month with the lowest
average temperature, of around 21°C, while December is the hottest month, with an average of
ca. 25°C (Rito, Arroyo-Rodriguez et al., 2017). The predominant vegetation type is a small-
statured seasonally dry tropical forest, dominated by woody plant species from the

Leguminosae, Euphorbiaceae, Boraginaceae and Burseraceae families (Rito, Arroyo-
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Rodriguez et al., 2017). This protected area is still home to over 400 families whose livelihoods
rely on slash-and-burn agriculture, goat farming and the collection of forest products, such as
firewood, timber and fodder (Souza et al., 2019). Accordingly, the Caatinga dry forest in our
focal landscape has been converted into a successional mosaic, with both old growth and

regenerating forest stands exploited for forest products (Souza et al., 2019).

Chronic anthropogenic disturbance and aridity gradients

Nine 0.1-ha permanent forest plots distributed along independent chronic disturbance
and rainfall gradients in our focal landscape were established (Rito, Arroyo-Rodriguez et al.,
2017) (Fig. 1, Table S1). 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 100 years
(Rito, Arroyo-Rodriguez et al., 2017). Plots were separated by a minimum of 2 km and occurred
within an area of 214.3 km? (Rito, Arroyo-Rodriguez et al., 2017).

As described by Arnan, Leal et al. (2018), chronic disturbance intensity was estimated
through indices combining several sources of disturbance, as follows: (1) a livestock pressure
index (consumption of vegetation, trampling, and other physical damage caused by goats and
cattle); (2) a wood extraction index (the extraction of dead and live wood for fuel, fence
construction and artisanal use); and (3) extraction of non-timber forest products index
(medicinal plants, food items for humans, hunting and livestock fodder). For the livestock
pressure index (LPI) and woody extraction index (WEI), we conducted field assessments of
goat trail length, goat dung, cattle dung, live wood extraction (stem cuts) and coarse woody
debris extraction (litter) within each plot (see Arnan, Leal et al., 2018 for more details). For the
extraction of non-timber forest products index (NTFPI), we used two approaches: (1)
geographic distances based on remote sensing (i.e. proximity to the nearest house and proximity

to the nearest road, using satellite imagery and ArcGIS 10.1 software). Since the distance is
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inversely related to level of disturbance, we used the inverse of distance as our metric; and (2)
interviews with inhabitants of the nearest village to each plot applying informal and semi
structured questionnaires to assess the number of people living in each village (see Arnan, Leal

et al., 2018 for more details). Index values were calculated using the following formula:

— ?:1 (yi - Ymin)/(ymax - ymin) %
n

I 100

where | is disturbance intensity; 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. The values of the three individual
indices were standardized between 0 and 1 to make them comparable and to allow them to be
integrated into a single chronic disturbance multimetric index (i.e. global chronic disturbance
index; GI) (see Arnan, Leal et al., 2018 for methodological details).

To estimate aridity, data on mean annual rainfall were acquired from the WorldClim
database (Hijmans et al., 2005). We downloaded the dataset at a resolution of 30 arc seconds
(equivalent to 1 km, http://www.worldclim.org), and the mean annual rainfall for each plot was
extracted using the maptools package (Bivand & Lewin-Koh, 2015) in the R software (R
Development Core Team, 2017). We then calculated the mean annual climatic water deficit,
which is the difference between potential evapotranspiration (PET) and actual
evapotranspiration (AET; based on biologically usable energy and water) (Lutz et al., 2010).
For each plot, the calculated difference between annual PET and AET was defined as the
climatic water deficit value, which we adopted as our aridity index (see Arnan, Leal et al., 2018

for more details). All calculations were performed using ArcGIS 10.1 software.

Fruit-feeding butterfly surveys
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Sampling of fruit-feeding butterflies was carried out monthly from May 2018 to April
2019. Each plot had one sampling unit composed of five portable bait traps, totaling 45 traps
across our study landscape. The traps were arranged a distance of at least 30 m from each other
and suspended at a height of between 1 and 1.5 m above the ground. The traps remained open
during seven consecutive days per month and were checked every 48 hours, when baits were
replaced. The number of trap-days was considered the sampling effort, i.e., the total number of
traps used in the field (45 traps) multiplied by the number of days sampling lasted (84 days),
which result in 3,780 trap-days.

The traps used were of the Van Someren-Rydon type (following DeVries, 1997), which
consist of cylindrical tubes made with netting (110 cm high x 35 cm in diameter) and an internal
cone (30 cm high and 22 cm wide at the opening) at the bottom to prevent butterflies from
escaping. The lower part was open and attached to a plywood platform with a distance of 4 cm
to allow butterflies to enter the trap. A mixture of banana and sugar cane juice fermented for 48
h was used as bait. Baits were placed inside traps in plastic pots with a perforated cover to
prevent butterflies from drowning in the liquid, to avoid feeding by other insects and to reduce
evaporation (Hughes et al., 1998; Freitas et al., 2014).

During each visit, all captured individuals were identified, marked and then released.
Voucher specimens of all recorded species (up to 10 vouchers per species — about 1% of the
number of individuals total sampled) were deposited in the entomological collections of the
Universidade Federal de Pernambuco, Recife, PE, Brazil. All butterflies were identified to the

specific level and the classification followed Lamas (2004), modified by Wahlberg et al. (2009).

Functional traits
Butterfly species were classified into functional groups based on morphological and

ecological attributes (Table S2) (see Iserhard et al., 2019 for more details). We selected four
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attributes mainly related to flight capacity, mobility, larval diet and habitat requirements
(Iserhard et al., 2019). Size of the anterior wing (hereafter wing size) was measured by the
length of the costal margin from the joint with the thorax to its apex (for an average of up to
five individuals per species). This trait is directly linked to flight capacity and resistance to
desiccation (i.e. bigger butterflies are more tolerant to desiccation and can move further through
the landscape). Similarly, the use of the canopy by butterfly species (hereafter Canopy), which
is also related to tolerance of high temperatures and desiccation, was attributed. The feeding of
larvae on monocotyledon plants (hereafter larval monocots) was also included, whose species
are generally associated with shaded humid environments where grasses are more likely to grow
and persists during long dry periods. Finally, the presence of ocellus (hereafter ocellus), a trait
related to deflection of predator attacks and which is partially linked to the use of

monocotyledon plants by larvae, was also adopted.

Data analysis

The coverage estimator recommended by Chao & Jost (2012) was adopted to estimate
the accuracy of diversity inventories, using INEXT (Hsieh et al., 2016). To assess changes in
fruit-feeding butterfly alpha diversity, we adopted the effective numbers of species (so-called
Hill numbers, 9D) of orders 0 (°D, species richness), 1 (*D, exponential Shannon entropy) and
2 (2D, inverse Simpson concentration) (Jost, 2007). The °D order is not sensitive to abundances
and so gives disproportionate weight to rare species, while 1D weights each species according
to its abundance in the community, without favoring rare or abundant species (i.e. common
species) (Jost, 2007). Finally, 2D can be interpreted as the number of very abundant or dominant
species in the community (Jost, 2006). To examine patterns of species turnover and nestedness
we adopted a species partitioning method, employing a multiple-site dissimilarity metrics

(Baselga, 2010). The total Sgrensen dissimilarity (beta diversity, Bsgr) allow the separation of
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beta diversity into components of dissimilarity due to species replacements (i.e. turnover; Bsim)
and dissimilarity due to nestedness (Bsne). Functional diversity was defined using Rao’s
quadratic entropy (Rao’s Q), while functional community composition was calculated using
community-weighted means (CWM). Rao’s Q reveals patterns of trait convergence or
divergence compared to a random expectation (reviewed in Ricotta & Moretti, 2011), while the
CWM summarizes shifts in mean trait values within communities due to environmental
selection (supporting in accordance with the mass-ratio hypothesis; Grime, 1998). Since
different types of traits were combined (i.e. categorical and continuous), the Gower approach
was adopted to calculate a species-dissimilarity matrix (de Bello et al., 2013). Rao’s Q and
CWM were computed using the FD package (Laliberté et al., 2015) in R (R Development Core
Team, 2017).

Generalized Linear Models (GLMs) were used to assess the effects of chronic
disturbance (CAD), aridity and their combined effect (CAD + aridity) on the following
community-level attributes of fruit-feeding butterfly assemblages: (i) abundance, (ii) taxonomic
diversity (alpha — Hill numbers of order 0, 1 and 2; beta diversity — species turnover and
nestedness), (iii) functional diversity (Rao’s Q) and (iv) functional community composition
(CWM_Size, CWM_Canopy, CWM _Larval monocots and CWM_Ocelus). The residuals of all
GLMs were examined to evaluate the adequacy of the error distribution and the minimally
significant model was selected. Collinearity among predictor variables was assessed with the
variance inflation factor (VIF) using the car package (Fox & Weisberg, 2011) for R (R
Development Core Team, 2017). All VIF values were <2 (ranging from 1.04 to 1.48),
suggesting independence (i.e. no collinearity) among predictors (Chatterjee et al., 2000). The
performance of GLMs was assessed using Akaike’s Information Criterion (AIC). To obtain
model-averaged parameter estimates we used Akaike weights (wi). We considered an

explanatory variable as important when: (i) the variable exhibited a high sum of Akaike weights
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(i.e. considering each candidate model in which it appeared); and (ii) the model-averaged
parameter estimates did not include zero (i.e. the model-averaged unconditional variance was
lower than the model averaged parameter estimate) (Burnham & Anderson, 2002). We
considered models with a difference in AICc < 2 as compared to the best model (i.e. the one
with lowest AICc value; Burnham & Anderson, 2002) as plausible. All models were
constructed using the glmulti package (Calcagno & Mazancourt, 2010) for R version 3.0.1. The
goodness-of-fit of each model was defined as the explained deviance by the complete model /
explained deviance by the null model x 100 (Crawley, 2013).

Finally, the correlation between our explanatory variables (chronic disturbance and
aridity) and the species composition was examined using a distance-based redundancy analysis
(dbRDA) (Legendre & Gallegher, 2001). Scores of fruit-feeding butterfly abundance were
square-root transformed to minimize the effect of a few high abundant species, while all species
with fewer than 5 individuals were removed before calculating the Bray-Curtis distance among
butterfly assemblages. The significance of the relation between explanatory variables and
butterfly composition was assessed with permutation tests, using 9999 random permutations.

All analyses were performed using R (R Development Core Team, 2017).

Results
Community overview

Bait traps captured a total of 12,694 fruit-feeding butterflies across our nine forest plots,
totaling 21 species from four subfamilies: Biblidinae, Charaxinae, Satyrinae and Nymphalinae
(tribe Coeini) (Table S3). Biblidinae was the most species-rich subfamily (nine species),
followed by Charaxinae (six species), Satyrinae (three species) and Nymphalinae (two species).
The most abundant butterfly species were Hamadryas februa februa (41% of all individuals),

Fountainea halice moretta (19%), Fountainea glycerium cratais (17%) and Pharneuptychia sp.
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(11%). Seven species were considered to be rare in the focal landscape (i.e. <5 individuals),
two of which were represented by only one individual: Historis odius dious Lamas, 1995

(Nymphalinae) and Paryphthimoides poltys (Prittwitz, 1865) (Satyrinae) (Table S3).

Abundance and alpha- and beta-diversity across chronic disturbance and aridity
gradients

The abundance of fruit-feeding butterflies was positively related to chronic disturbance
(Fig. 2e) and negatively related to aridity (Fig. 2a) and the combined effect of chronic
disturbance with aridity (Fig. 2, Table 1). In general, aridity was the most important predictor
negatively affecting o diversity measures, especially the total number of species and the number
of common species (°D and D, respectively), although the combined effect of chronic
disturbance with aridity was also negatively related to fruit-feeding butterfly diversity (e.g. the
total number of species — °D) (Fig. 2, Table 1). From this perspective, the effect of chronic
disturbance on the total number of species (°D) was most explicit at drier sites (Fig. 3).

Along the whole gradient of chronic disturbance and aridity, total Sgrensen dissimilarity
was 55% due to species replacement (turnover) and 45% due to nestedness. As expected, in
terms of B diversity, aridity was negatively associated with species turnover (Bsiv) (Fig. S1,
Table S4). The combined effect of chronic disturbance and aridity was positively related to
nestedness (Bsne) (Fig. S1, Table S4). Thus, drier forests with high levels of chronic disturbance

exhibited nested fruit-feeding butterfly assemblages.

Taxonomic and functional composition across chronic disturbance and aridity gradients
Regarding taxonomic composition, the first doRDA axis explained 66% of the variation
in species composition. This axis was significantly and negatively associated with chronic

disturbance, but positively associated with aridity (y>=2.73; p=0.01) (Fig. 4). That is, some
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species (e.g. F. halice moretta, F. glycerium cratais and H. februa februa) with high abundance
were positively related to chronic disturbance and mainly to aridity (Fig. 4 and 5), while other
species such as Opsiphanes invirae remoliatus and Pharneuptychia sp. (Satyrinae), were
negatively affected by aridity increasing (Fig. 5). Chronic disturbance and aridity significantly
affected both functional diversity and composition of fruit-feeding butterfly assemblages.
Functional diversity (Rao’s Q) and the community-weighted means (CWM) of ocellus-bearing
species and those with monocot-feeding larvae were negatively and positively affected by
increasing aridity and chronic disturbance, respectively (Fig. 6, Table S5). On the other hand,
the CWM of wing size and canopy-inhabitant butterfly species were positively and negatively

affected by aridity and chronic disturbance, respectively (Fig. 6, Table S5).

Discussion

Our results suggest that while human-modified landscapes of the Caatinga dry forest
support abundant, but species-poor butterfly assemblages at both local and landscape scales,
they do exhibit high levels of species turnover among some groups. We found that both chronic
disturbance and aridity represent strong drivers of butterfly assemblage structure. Aridity is the
most important driver of changes in butterfly assemblages, whereby increased aridity
drastically reduces fruit-feeding butterfly abundance along with alpha (°D — species richness
and !D — common species), beta (Bsim - species turnover) and functional diversity, but the
combined effect of aridity and chronic disturbance also play a decisive and negative role in
terms of alpha and beta diversity. Moreover, we found that butterfly assemblages were nested
in forest stands with high levels of chronic disturbance and aridity, with assemblages in the
most arid and disturbed plots being nested subsets of those in less arid and disturbed sites.
Finally, our results indicate the Caatinga dry forest is undergoing taxonomic and functional

reorganization of its fruit-feeding butterfly assemblages, with species and functional groups
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with traits that confer increased sensitivity to aridity (i.e. ocellus-bearing species and monocot-
feeding larvae) decreasing in abundance and more desiccation tolerant species and functional
groups (i.e. larger and canopy-inhabitant butterflies) increasing in abundance.

Our findings corroborate previous studies that have demonstrated the adverse effects of
chronic disturbance and aridity on butterflies across dry forests. For instance, it was found in a
Colombian dry forest that wood extraction have a strong and negative impact on butterfly
assemblages, resulting in a loss of diversity as disturbance increases (Casas-Pinillaetal., 2017).
The reorganization of butterfly assemblages we report here has also been observed in other
ecological groups — especially plants, where increasing rainfall has a conspicuous and positive
effect on plant diversity (especially rare species) (e.g. Rito, Arroyo-Rodriguez et al., 2017
Ribeiro et al., 2019). Moreover, disturbance and aridity have been shown to limit the
distribution of plant species that are sensitive to human use (Ribeiro et al., 2019) or changes in
water availability (Rito, Arroyo-Rodriguez et al. 2017), while other species exhibiting
morphological and physiological adaptations to open and dry conditions are benefited (Rito,
Arroyo-Rodriguez et al., 2017; Sfair et al., 2018; Pinho et al., 2019; Ribeiro et al., 2019). For
instance, some plant species are restricted to wetter areas with a nested pattern along water
deficit gradients (dry tolerance hypothesis; Esquivel-Muelbert et al., 2017). Moreover, there is
clear evidence that increasing aridity intensifies the negative effects of chronic disturbance on
butterflies as previously observed for plants (Rito, Arroyo-Rodriguez et al., 2017) and ants
(Arnan, Arcoverde et al., 2018).

The strong negative effect of aridity increasing on butterfly assemblages in the present
study corroborated our expectation for a dry forest. Water deficit is considered a strong
environmental filter in dry forests, influencing species distribution and community organization
(Engelbrecht et al., 2007; Mora et al., 2015; Rito, Arroyo-Rodriguez et al., 2017; Arnan,

Arcoverde et al., 2018; Souza et al., 2019). Drier forests may provide limited food sources for
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both larva (leaf) and adult (fleshy fruits) butterflies, which can be further intensified by a large
water-deficit, leading to dehydration of host plants and butterflies (especially for low mobility
immature stages). In fact, we recorded many dominant and generalist species (e.g. F. halice
moretta, F. glycerium cratais and H. februa februa) adapted to arid environments, while very
few of the species were dependent on forest or forest edge habitats (e.g. O. invirae remoliatus
and Pharneuptychia sp.), which were negatively impacted by increasing aridity. This may be
related to the higher density of pioneer/colonizer species (e.g. Euphorbiaceae) that are more
tolerant to disturbance and dryer climatic conditions (Rito, Tabarelli et al., 2017), contributing
to a nested pattern due to the proliferation of some fruit-feeding butterflies that use these plants
as larval food. In Caatinga dry forests, there is a positive relationship between tree density and
butterfly abundance (Beiréo et al., 2017), indicating a potential ecological release due to the
proliferation of some butterfly species (e.g. H. februa februa) and their host plants. Thus, the
distribution of fruit-feeding butterflies may be a response to the distribution of their food plants,
which are thus constraining the persistence of each butterfly species throughout the chronic
disturbance and aridity gradients. Therefore, our results extend the dry tolerance hypothesis to
insects, with those fruit-feeding butterfly species most dependent on water-demanding plant
species showing restricted distributions in the Caatinga dry forest.

In this perspective, Climate change is driving changes in the functional composition of
butterfly assemblages across Caatinga dry forests via environmental filtering, whereby large-
bodied and canopy-inhabitant butterflies are dominant and generalist in highly arid areas. In
contrast, some species are probably more climate-sensitive, such as some Satyrinae (e.g. O.
invirae remoliatus, Pharneuptychia sp. and Paryphthimoides poltys). In fact, several shade-
tolerant ecological groups that are typical of closed-canopy tropical rainforests, such as
Satyrinae, are underrepresented in the Caatinga. Regarding this functional composition, all

sampled Satyrinae presented wing ocelli and their larvae feeds on monocotyledon plants,
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especially grasses, whose low tolerance to desiccation may contribute to explaining the negative
effect of aridity on these butterfly traits. Accordingly, these species can persist in some areas
of the landscape where a water deficit is less detrimental to survival for their herbaceous host
plants.

In contrast, chronic disturbance in the Caatinga dry forest appears to pose different
impacts on butterflies, as it negatively affected large-wing and canopy-inhabitant butterflies
and positively affected ocellus-bearing species and monocot-feeding larvae in our focal
landscape. Large-bodied insects tend to be more sensitive to unpredictable changes relative to
both habitat structure and quality, particularly the seasonal large butterflies (Ribeiro & Freitas,
2011). In addition, disturbances can alter forest structure and reduce canopy cover (Singh, 1998)
and favor herbs and grasses, especially if of interest to some livestock (Pereira-Filho et al.,
2013), in the Caatinga dry forest. Collectively, canopy collapse or discontinuity and dense herb
assemblages could explain both the decline of large-bodied butterflies and the increment of
Satyrini (e.g. ocellus-bearing species and monocot-feeding larvae) in the most disturbed areas

as documented in our focal landscape.

5. Conclusions

In summary, chronic disturbance and water deficit operate as important drivers of the
spatial organization of fruit-feeding butterfly assemblages across human-modified landscapes
of the Caatinga dry forest by affecting a large set of community-level attributes. More
specifically, we found that abundance, alpha diversity and species turnover of fruit-feeding
butterfly assemblages were all highest in wetter areas. Additionally, the chronic disturbances
also have a negative effect on the total number of species (°D) of fruit-feeding butterflies.
Additionally, we found that fruit-feeding butterfly assemblages exhibited a nested pattern

(Bsne), which was greatest in drier areas with high levels of chronic disturbance, indicating the
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synergistic negative effects of these two factors. In fact, we have shown the effect of increasing
aridity is more pronounced in forested areas with high levels of chronic disturbance. In this
way, even though aridity has a stronger negative influence on the diversity of fruit-feeding
butterflies, chronic disturbance can act as an additional negative factor with the potential to
reduce the resilience of Caatinga dry forests. Thus, the potential connections between chronic
disturbance, aridity, desiccation, proliferating plant species and their insect attendants as
community assembly forces deserves further investigation as both chronic human disturbances
and climate change are expected to gain momentum across tropical regions, including arid
regions (e.g. the Caatinga and other dry forests). We refer to winner trophic cascades (sensu
Filgueiras et al., 2021) induced by environmental filtering, which are able to reorganize
assemblages taxonomically and functionally (e.g. large-bodied and canopy-inhabitant
butterflies), thus redefining the spectrum of biodiversity able to persist in human-modified
landscapes and the ecosystem functions and services it is able to provide, as land use and climate

change proceed.
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Legend for figures

Figure 1. Map of Catimbau National Park, in Pernambuco state, northeastern Brazil (A-B)
showing the sampling sites (C). White bars correspond to the global chronic disturbance index
across old-growth forests (OF).

Figure 2. Responses of abundance, total species richness (°D), common species (!D) and
dominant species (°D) of fruit-feeding butterfly assemblages to aridity and chronic disturbance
(CAD) in Catimbau National Park, Pernambuco state, northeastern Brazil. The shaded areas
indicate the ranges of 95% confidence intervals.

Figure 3. Contour plots exhibiting the combined effect of aridity and chronic anthropogenic
disturbance on fruit-feeding butterfly diversity (°D) in Catimbau National Park, Pernambuco
state, northeastern Brazil.

Figure 4. Distance-based redundancy analysis (dbRDA) showing the relationship between
fruit-feeding butterfly composition, aridity, and chronic disturbance (CAD) across old-growth
forests (OF) in the Catimbau National Park, in Pernambuco state, northeastern Brazil. Butterfly
species: Caso (Callicore sorana sorana), Fogl (Fountainea glycerium cratais), Foha
(Fountainea halice moretta), Hafb (Hamadryas februa februa), Hyc (Hypna clytemnestra
forbesi), Phap (Pharneuptychia sp.).

Figure 5. Abundance of fruit feeding-butterfly species along an aridity (A) and chronic
disturbance (CAD) (B) gradients in Catimbau National Park, Pernambuco state, northeastern
Brazil. Rare species (< 2 individuals) were not included due to low abundance.

Figure 6. Responses of community-weighted mean of butterfly traits to aridity and chronic
disturbance (CAD) in Catimbau National Park, Pernambuco state, northeastern Brazil. The
shaded areas indicate the ranges of 95% confidence intervals. Size (size of the anterior wing),
Ocellus (ocellus-bearing species), Canopy (canopy-inhabitant butterflies) and Larval monocots

(monocot-feeding larvae).
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Table 1. Results of Generalized Linear Models (GLMs), showing the effects of aridity, chronic
disturbance (CAD) and their combined effect (aridity + chronic disturbance) on abundance,
total species richness (°D), common species (*D) and dominant species (°D) of fruit-feeding
butterflies in Catimbau National Park, Pernambuco state, northeastern Brazil. We show the
values of model-averaged parameter estimates (), unconditional variance (UV), the
importance of variables and the goodness-of-fit of each complete model (R?) (i.e. the percentage
of deviance explained by each complete model). The sign (+/—) of parameter estimates
represents a positive or negative effect of the predictor on the response variable. Our models

indicate the parameters that were most accurate, i.e., those higher than the unconditional

variance.
Response variable  Predictors p uv Importance R?
Aridity -1.87x10° 1.46x10° 0.45
CAD 8.71x10° 4.45x10° 0.84
Abundance 81%
Aridity:CAD -1.09x10° 7.71x10° 0.48
Intercept 3.04 1.03x 10! 1.0
Aridity -3.81x 102 8.06 x 10 0.55
CAD -752x10° 1.91x103 0.61
°D 64%
Aridity:CAD -3.06 x 10* 3.53x 107 0.79
Intercept 13.13 5.54 1.0
Aridity -2.64x 102 1.53x10% 0.93
CAD 1.1x10°% 236x10* 0.3
1D 65%
Aridity:CAD  -9.23x10°% 3.95x 108 0.29
Intercept 6.76 1.03 1.0
Aridity -1.59x 102 1.71x10%* 0.77 63%
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Additional Supporting Information for
Aridity and chronic anthropogenic disturbance as organizing forces of fruit-feeding

butterfly assemblages in a Caatinga dry forest

Douglas H. A. Melo, André V. L. Freitas, Marcelo Tabarelli, Bruno K. C. Filgueiras, Inara R.

Leal

Table S1. Aridity level and chronic disturbance (CAD) of old-growth forests in Catimbau
National Park, Pernambuco state, northeastern Brazil. OF1 to OF9 correspond to the nine study
plots of old-growth forest.

Table S2. Functional traits of fruit-feeding butterfly sampled in Catimbau National Park,
Pernambuco state, northeastern Brazil. Wing size (average of up to five individuals per species).
The sign (+/-) represents the present or absent/reduced traits, respectively. Larval plant (D —
dicot-feeding larvae; M — monocot-feeding larvae).

Table S3. Abundance of fruit-feeding butterflies sampled in Catimbau National Park,
Pernambuco state, northeastern Brazil. OF1 to OF9 correspond to the nine study plots of old-
growth forest.

Table S4. Results of Generalized Linear Models (GLMs) showing the effects of aridity, chronic
disturbance (CAD) and their combined effect (aridity + chronic disturbance) on species
turnover (Bsim) and nestedness (Bsne) of fruit-feeding butterflies in Catimbau National Park,
Pernambuco state, northeastern Brazil. We show the values of model-averaged parameter
estimates (), unconditional variance (UV), the importance of variables and the goodness-of-fit
of each complete model (R?) (i.e. the percentage of deviance explained by each complete

model). The sign (+/—) of parameter estimates represents a positive or negative effect of the
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predictor on the response variable. Our models indicate the parameters that were most accurate,
.., those higher than the unconditional variance.

Table S5. Results of Generalized Linear Models (GLMs) showing the effects of aridity, chronic
disturbance (CAD) and the combined effect (aridity + chronic disturbance) on functional
diversity (Rao’s Q) and community-weighted means (CWM) of butterfly traits in Catimbau
National Park, Pernambuco state, northeastern Brazil. We show the values of model-averaged
parameter estimates (f), unconditional variance (UV), the importance of variables and the
goodness-of-fit of each complete model (R?) (i.e. the percentage of deviance explained by each
complete model). The sign (+/—) of parameter estimates represents a positive or negative effect
of the predictor on the response variable. Our models indicate the parameters that were most

accurate, i.e., those higher than the unconditional variance.
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Table S1. Aridity level and chronic disturbance (CAD) of old-growth forests in Catimbau

National Park, Pernambuco state, northeastern Brazil. OF1 to OF9 correspond to the nine study

plots of old-growth forest.

Plot  Aridity CAD Coordinates

OF1 66 53.0 8°31'52.837"" Sand37°11'48.615"™ W
OF2 99 22.3  8°30'26.070"™ S and 37° 21' 18.212"" W
OF3 84 16.8  8°26'58.516™ S and 37° 17' 57.634™" W
OF4 94 11.0  8°25'40.012" Sand 37° 18' 16.689"" W
OF5 69 36.3  8°27'56.877"" S and 37° 19' 33.380"" W
OF6 84 9.07 8°29'7.368"" Sand 37° 19' 19.942"" W
OF7 84 224  8°31'15.089" S and 37° 17' 46.703"" W
OF8 91 9.14  8°28'58.984"" S and 37° 20' 34.127"" W
OF9 89 58.06  8°30'59.883"" Sand 37° 14'41.796"" W
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Table S2. Functional traits of fruit-feeding butterflies sampled in Catimbau National Park,
Pernambuco state, northeastern Brazil. Wing size (average of up to five individuals per
species). The sign (+/-) represents the present or absent/reduced traits, respectively. Larval

plant (D — dicot-feeding larvae; M — monocot-feeding larvae).

Taxon Size Ocellus Canopy Larval plant
Subfamily Biblidinae
Biblis hyperia nectanabis (Fruhstorfer, 1909) 3,15 - - D
Callicore sorana sorana (Godart, [1824]) 2,57 + + D
Eunica macris macris (Godart, [1824]) 2,54 + + D
Eunica tatila bellaria Fruhstorfer, 1908 2,32 + + D
Hamadryas amphinome amphinome (Linnaeus, 1767) 3,74 + - D
Hamadryas epinome (C. Felder & R. Felder, 1867) 3,22 + - D
Hamadryas februa februa (Hubner, [1823]) 3,42 + - D
Hamadryas feronia feronia (Linnaeus, 1758) 3,51 + - D
Temenis laothoe (Cramer, [1777]) 2,49 - + D

Subfamily Charaxinae

Fountainea glycerium cratais (Hewitson, 1874) 3,07 - + D
Fountainea halice moretta (Druce, 1877) 2,58 - + D
Fountainea ryphea phidile (Geyer, 1837) 2,89 - + D
Hypna clytemnestra forbesi Godman & Salvin, [1884] 3,55 - - D
Prepona laertes laertes (Hibner, [1811]) 4,71 + + D
Zaretis strigosus (Gmelin, 1790) 2,86 - + D

Subfamily Nymphalinae
Historis acheronta (Fabricius, 1775) 4,19 - + D

Historis odius dious Lamas, 1995 7,24 - + D



Smyrna blomfildia blomfildia (Fabricius, 1781)
Subfamily Satyrinae
Tribe Brassolini

Opsiphanes invirae remoliatus Fruhstorfer, 1907
Tribe Satyrini

Paryphthimoides poltys (Prittwitz, 1865)

Pharneuptychia sp.

4,43

3,62

1,70

1,75

74
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Table S3. Abundance of fruit-feeding butterflies sampled in Catimbau National Park, Pernambuco state, northeastern Brazil. OF1 to OF9

correspond to the nine study plots of old-growth forest.

Taxon

Old-growth forests

OF1 OF2 OF3 OF4 OF5 OF6 OF7 OF8 OF9

Total

Subfamily Biblidinae (9)
Biblis hyperia nectanabis (Fruhstorfer, 1909)
Callicore sorana sorana (Godart, [1824])
Eunica macris macris (Godart, [1824])

Eunica tatila bellaria Fruhstorfer, 1908

Hamadryas amphinome amphinome (Linnaeus, 1767)

Hamadryas epinome (C. Felder & R. Felder, 1867)
Hamadryas februa februa (Hubner, [1823])
Hamadryas feronia feronia (Linnaeus, 1758)
Temenis laothoe (Cramer, [1777])

Subfamily Charaxinae (6)

Fountainea glycerium cratais (Hewitson, 1874)

870 835 494 553 478 380 732 538 1265
23 22 23 15 1r 17 16 27 26
71 36 30 11 21 19 75 20 135

0 2 0 0 0 1 0 0 0

51 18 283 23 19 16 23 10 52

1086 623 391 371 523 359 473 504 823

373 276 175 144 241 151 211 246 300

6145

186

418

235

22

5251

19

5153

2117



Fountainea halice moretta (Druce, 1877)
Fountainea ryphea phidile (Geyer, 1837)
Hypna clytemnestra forbesi Godman & Salvin, [1884]
Prepona laertes laertes (Hubner, [1811])
Zaretis strigosus (Gmelin, 1790)
Subfamily Nymphalinae (3)
Historis acheronta (Fabricius, 1775)
Historis odius dious Lamas, 1995
Smyrna blomfildia blomfildia (Fabricius, 1781)
Subfamily Satyrinae (3)
Tribe Brassolini
Opsiphanes invirae remoliatus Fruhstorfer, 1907
Tribe Satyrini
Paryphthimoides poltys (Prittwitz, 1865)
Pharneuptychia sp.

Grand Total

5719 274
2 0
131 70
0 2
1 1
4 1
3 1
1 0
0 0
401 37
6 1
0 1
395 35

2361 1496

180

36

71

71

959

153 232
0 0
74 50
0 0
0 0
2 1
2 1
0 0
0 0
35 40
0 0
0 0
35 40
961 1042

172 200
2 0
33 61
1 1
0 0
2 5
2 5
0 0
0 0
23 192
0 9
0 0
23 183

764 1402 1064 2645

228

28

20

19

361

162

555

547

2379

645

22

20

1374

25

1

1348

12694

76
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Table S4. Results of Generalized Linear Models (GLMs) showing the effects of aridity, chronic
disturbance (CAD) and their combined effect (aridity + chronic disturbance) on species
turnover (Bsim) and nestedness (Bsne) of fruit-feeding butterflies in Catimbau National Park,
Pernambuco state, northeastern Brazil. We show the values of model-averaged parameter
estimates (), unconditional variance (UV), the importance of variables and the goodness-of-fit
of each complete model (R?) (i.e. the percentage of deviance explained by each complete
model). The sign (+/—) of parameter estimates represents a positive or negative effect of the
predictor on the response variable. Our models indicate the parameters that were most accurate,

.., those higher than the unconditional variance.

Response variable  Predictors p uv Importance R?

Aridity -1.56 x 10* 2.67 x 10° 0.3
CAD 1.11x10° 7.48x10° 0.48

Bsim 29%
Aridity:CAD  2.99x 10®% 1.27x10° 0.39
Intercept 0.146 0.02 1.0
Avridity 1.01x10* 5.07 x 10° 0.33
CAD 1.32x10° 2.30x10° 0.45

BsNE 44%
Aridity:CAD  4.08x 10° 4.64 x 10° 0.6
Intercept 0.08 0.04 1.0
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Table S5. Results of Generalized Linear Models (GLMs) showing the effects of aridity, chronic
disturbance (CAD) and the combined effect (aridity + chronic disturbance) on functional
diversity (Rao’s Q) and community-weighted means (CWM) of butterfly traits in Catimbau
National Park, Pernambuco state, northeastern Brazil. We show the values of model-averaged
parameter estimates (f), unconditional variance (UV), the importance of variables and the
goodness-of-fit of each complete model (R?) (i.e. the percentage of deviance explained by each
complete model). The sign (+/—) of parameter estimates represents a positive or negative effect
of the predictor on the response variable. Our models indicate the parameters that were most

accurate, i.e., those higher than the unconditional variance.

Response variable  Predictors p uv Importance R?

Aridity -1.39x 10-4 3.62x10-8 0.59
CAD 2.22x10-5 9.27 x10-8 0.62

Rao's Q 66%
Aridity:CAD 236 x10-6 1.58 x 10-11 0.61
Intercept 7.32x10-2 2.45x10-4 1.0
Aridity -3.19x 10-3 6.51 x 10-6 0.75
CAD 2.41x10-3 1.99x10-5 0.47

CWM_Ocellus 68%
Aridity:CAD -3.55x10-5 3.61x10-9 0.49
Intercept 0.81 0.04 1.0
Aridity 1.26 x 10-3  5.85x 10-6 0.54
CAD -3.05x10-3 2.22x10-5 0.54

CWM_Canopy 52%
Aridity:CAD 4.41x10-5 4.19x10-9 0.55
Intercept 0.31 0.04 1.0
CWM_Larval Aridity -3.21x10-3 2.92x10-6 0.58

87%
monocots CAD 1.66 x 10-3 6.9 x 10-6 0.63
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Aridity:CAD 6.38x10-6 1.15x10-9 0.9
Intercept 0.27 0.02 1.0
Aridity 3.01x10-3 9.72x10-6 0.69
CAD -2.25x10-3 2.08 x 10-5 0.62
CWM_Size 80%
Aridity:CAD -2.79x10-5 3.48 x10-9 0.59
Intercept 2.89 0.06 1.0
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Figure S1. Responses of species turnover (Bsim) and nestedness (PBsne) of fruit-feeding

butterfly assemblages to aridity and chronic disturbance (CAD) in Catimbau National Park,

Pernambuco state, northeastern Brazil. The shaded areas indicate the ranges of 95% confidence

intervals.
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Abstract

Interest on forest regeneration has increased as secondary forests in regeneration process are
cited as the forests of the future. However, the remaining forests are also subject to chronic
anthropogenic disturbances, which may reorganize tropical biodiversity. This paper
investigates the recovery of fruit-feeding butterfly assemblages after slash-and-burn agriculture
in the Caatinga dry forest, including the role that chronic disturbances, tree species richness and
biomass can play in their taxonomic and functional recovery during secondary succession
across regenerating (4 to 50-yr old) and old-growth forest stands. A total of 20,252 butterflies
from 22 species were recorded. There was a high similarity for community-level attributes (e.g.
abundance and alpha diversity measures) in different levels of forest regeneration, which
indicates a rapid recovery of butterflies along the successional trajectory in the Caatinga dry
forest. However, secondary and old-growth forests support relatively distinct assemblages
taxonomically and functionally. As expected, chronic disturbance, forest biomass and trees
species richness were excellent predictors affecting taxonomic and functional changes.
Specifically, large-bodied and canopy-inhabitant butterflies and achieve higher abundance in
more disturbed habitats (i.e. higher chronic disturbance), while those ocellus-bearing species
that flying in understory and monocot-feeding larvae respond negatively to disturbance, but
benefit from increased forest biomass and tree species richness. Our findings suggest that
although regenerating secondary forests can recover values of community-level attributes of
the fruit-feeding butterflies similar to those of old-growth forests, the presence of chronic
disturbance across the landscape can be selecting only some ecological groups more tolerant to
adverse conditions. When land used for slash-and-burn agriculture is abandoned, chronic
disturbances can delay succession processes, preventing the structure of old-growth forests is

reached.
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Introduction

Tropical forests home significant portions of global biodiversity and are responsible for
providing essential ecosystem services for human well-being, such as climate regulation and
the provision of forest products (Ferraz et al. 2014). However, human disturbances are
reorganizing tropical biodiversity across all levels of ecological organization from population
to ecosystem level with tangible impacts on the provision of ecosystem services (Filgueiras et
al. 2021). Local disturbances are completely related to the conversion of old-growth forests into
human-modified landscapes, through which a myriad of small forest remnants and secondary
forest stands of varying ages (regenerating forests) remain embedded within open-habitat
matrix as agricultural lands are constantly abandoned (Melo et al. 2013). This is particularly
the case of human-modified landscapes devoted to subsistence agriculture via slash-and-burn
practices, the predominant land use across several tropical regions (Singh 1998; Laurance and
Peres 2006). In this context, secondary forests have been frequently referred as potential source
of ecosystem services, including biodiversity (Chazdon et al. 2009), which has led to renewed

interest on forest regeneration and its drivers (see Arroyo-Rodriguez et al. 2015).

Whatever the role played by secondary forests in terms of biodiversity retention and
provision of ecosystem services, these two targets depend on the speed that secondary forest
stands approach the scores supported by the old-growth stands; i.e. recovery rate (Norden et al.
2009). The role of secondary-forest also depends on the successional trajectory or the patterns
of species replacement as regeneration proceeds (Poorter et al. 2016). This is an intuitive
connection since low recovery rates and successional trajectory marked by the presence of
species typical of late successional stages reduce the contribution of early or intermediate
secondary forests (see Guarigata and Ostertag, 2001). In this perspective, forest resilience and
successional trajectory have been proposed to respond to a myriad of forces operating at

multiple scales; from local (e.g. soil degradation) to regional scale such as the available pool of
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species (Arroyo-Rodriguez et al. 2015). Overall, in the absence of severe degradation imposed
by intensive land use (e.g. commercial agriculture and pastures), forest can recovery relatively
fast (Dunn 2004; Martin et al. 2013; Guariguata and Ostertag 2001), with the regeneration
marked by directional species replacements, from acquisitive towards plant conservative
strategies or vice-versa (Lohbeck et al. 2013). This is true for plants, as well as for amphibian
and reptile assemblages (Hernandez-Ordofiez et al. 2015) and bats (Avila-Cabadilla et al.

2009), but for insect communities changes are less predictable (but see Neves et al. 2010).

Dry forests exposed to slash-and-burn agriculture and chronic disturbances (collection
of forest products) during regeneration may exhibit more simple or complex regeneration
patterns, including site-dependent resilience and lack of directional species replacement as
chronic disturbance favor resprouting species (Barros et al. 2021; Ceccon et al. 2006). Such a
resprouting-based resilience (Quesada et al. 2009; Alvarez-Yépiz et al. 2018) probably leads to
the occurrence of a common set of host plants across forest regeneration with impacts on the
organization of herbivore assemblages. Additionally, the continuous extraction of forest
resources (e.g. firewood, fodder, browsing by livestock) during forest regeneration may result
in more disturbed forest stands (i.e. light exposure and desiccated stands) and thus benefit
disturbance-adapted or generalist plant and insect species (Ribeiro-Neto et al. 2016). Both the
presence of resprouting species and chronic disturbances may interfere on patterns of forest
resilience and successional trajectory as already documented for plants (Barros et al. 2021).
Butterflies constitute a candidate group to examine how insect assemblages recovery or change
along forest regeneration, since they comprise ecologically responsive insects (Freitas et al.

2003, 2006) with a diverse fauna depending on plants for larval development and adult feeding.

The Caatinga dry forest in northeast Brazil has been converted into human-modified
landscapes by a combination of slash-and-burn agriculture and free-ranging livestock

production (Silva et al. 2017). Vegetation mosaics consisting of old-growth and regenerating
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forest stands of varying age plus agricultural fields comprise the predominant landscapes,
through which rural population achieve livelihood by exploiting forest products (Specht et al.
2019). Recent findings have described the Caatinga forest regeneration and dynamics as largely
influenced by resprouting species (Barros et al. 2021) with plant assemblages dominated by

disturbance-adapted plant species (Ribeiro et al. 2015; Rito et al. 2017a).

Here, we address the recovery rate and the successional trajectory exhibited by fruit-
feeding butterfly assemblages as forest regenerate in the context of slash-and-burn agriculture
in the Caatinga dry forest. Additionally, the role that chronic disturbances, tree species richness
and biomass can play in the recovery of these insects during forest regeneration was examined.
We address and contrast a large set of community-level attributes, including ecological
composition relative to microhabitat use, predation avoidance and feeding behaviour.
Butterflies were recorded across regenerating (i.e. 4-50-yr old) and old-growth forest stands,
which covered a small gradient of both precipitation and human-chronic disturbance imposed
by locals (e.g. firewood collection and browsing by livestock). Our findings are examined in
the light of both patterns and drivers of forest regeneration/resilience in human-modified

landscapes marked by intensive use of forest resources.

Material and methods
Study area

The study was carried out in Parque Nacional do Catimbau (Catimbau National Park),
a protected area of 607 km?2 located in the central region of the State of Pernambuco,
northeastern Brazil (8°24°00°” and 8°36°35°” S; 37°09°30°” and 37°14°40°> W) (Fig. 1). The
predominant climate in the region is the semi-arid Bsh type, with transition to the rainy tropical
As type, according to the Képpen scale. The annual rainfall varies from 480 to 1100 mm, with

great irregularity in the interannual regime (Rito et al. 2017b). Generally, about 60% to 75% of
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rainfall occurs in the period from March/April to June/July (Rito et al. 2017b). The annual
average temperature is about 23°C, with July as the coldest month (average temperature of
21°C), and December (average temperature of 25°C) as the hottest month (Rito et al. 2017D).
The vegetation consists of a mosaic of arboreal and shrub Caatinga (data obtained from

Sociedade Nordestina de Ecologia 2002).

Habitats and fruit-feeding butterfly surveys

We carried out the research in 10 0.1-ha plots already established in areas previously
used for slash-and-burn agriculture, which have different regeneration ages since their
abandonment (from four to 50 years, defining a chronosequence). In addition, five 0.1-ha plots
of old-growth forests with low level of anthropogenic disturbance were selected to serve as
control to the regeneration plots (Fig. 1). In order to maintain spatial independence, all plots
were selected so that the minimum distance between them was of 1 km. The age of forest stands
was established by interviews with local residents. In this way, plots without record of shift
cultivation by locals for the last 100 years were considered as old growth forest and arbitrarily
set as being 150 years old. Successional stands were previously used for small crops, such as
corn, beans and cassava, and were abandoned after lack of financial return and soil nutrient
depletion (Souza et al. 2019). All plots were established in areas sharing the same soil type
(sandy soils) and similar slope (flat terrain), which indicates a similar history of land use across

the landscape.

Each plot received one sampling unit composed of five portable VVan Someren-Rydon
traps (following DeVries 1997), totaling 75 traps at the study site. These traps consisted of
cylindrical tubes made with netting (110 cm of high x 35 cm in diameter) and an internal cone
(30 cm high and 22 cm wide at the opening) at the bottom to prevent butterflies from escaping.

The lower part was open and attached to a plywood platform with a distance of 4 cm to allow
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butterflies to enter the trap. A mixture of banana and sugar cane juice fermented for 48 h was
used as attractive bait. Baits were placed inside traps in plastic pots with a perforated cover to
prevent butterflies from drowning into the liquid, to avoid feeding by other insects, and to

reduce evaporation (Hughes et al. 1998; Freitas et al. 2014).

Samplings were carried out monthly from May 2018 to April 2019 and during each visit,
all captured individuals were identified, marked and then released. The traps were suspended
at a height between 1 — 1.5 m above soil and separated from each other by a distance of 30 m.
Monthly traps remained open for seven consecutive days and were revised every 48 hours,
when baits were replaced. We used as sampling effort the number of traps-days, i.e., the total
number of traps used in the field (75 traps) multiplied by the total days studied (35 days),
totaling 6300 traps-days. Voucher specimens of all recorded species (up to 10 vouchers by
species — about 1% of the total sampled) were deposited in the entomological collections of the
Universidade Federal de Pernambuco, Recife, PE, Brazil. The identification of the butterflies
was carried out at the specific level and the classification follows Lamas (2004) modified after

Wahlberg et al. (2009).

Functional traits

Fruit-feeding butterflies were characterized into four functional groups based on
morphological and ecological attributes correlated to microhabitat, predator avoidance and
feeding behavior as follow: wing size and use of the canopy, presence of ocellus and larval host
plant (Table S1). Size of the anterior wing (hereafter Size) was measured by the length of the
costal margin, from the joint with the thorax to its apex (average of up to five individuals by
species). Butterfly wing size is directly linked to flight capacity and resistance to desiccation
(i.e. bigger butterflies are more tolerant to desiccation and can move longer through the

landscape). Similarly, the use of the canopy by butterfly species (hereafter Canopy) was
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attributed, which is also related to species tolerance to high temperatures and desiccation.
Butterflies were also assigned to the presence of ocellus (hereafter Ocellus), a trait related to
deflection of predator attacks and partially linked to the use of monocotyledon plants by larvae.
Finally, in terms of larval host plants, the use of larval feeding on monocotyledon plants
(hereafter Larval monocots) was also adopted, whose species are basically associated to shaded
humid environments where grasses are more likely to grow and persists during the long dry
periods. Therefore, in addition to other factors, these attributes are mainly related to flight
capacity, mobility, larval diet and habitat requirements (see Iserhard et al. 2019 for more

details).

Explanatory variables

We computed the chronic anthropogenic disturbance (hereafter chronic disturbance)
considering the three most important sources of these disturbance: (1) descriptors correlated
with the disturbance by livestock (Livestock Pressure Index - LPI): animal dung density (goats,
sheep, horses and cattle), consumption of vegetation and trampling caused by goats and cattle,
(2) descriptors related to firewood and timber collection (Wood Extraction Index - WEI): the
extraction of dead and live wood for fuel, fence construction, and artisanal production, and (3)
descriptors associated with exploitation of non-timber forest products (i.e. medicinal plants,
food items for humans, hunting and livestock fodder) (Non-timber forest products index -
NTFPI). For NTFPI, we used geographic distances based on remote sensing (e.g. distance to
the farms’ headquarters, distance to paved roads (BR-232 or PE-270, two highways at the
region), distance to vicinal unpaved roads that give access to the farms and distance to the
nearest town) (Ribeiro et al. 2015). These metrics were used as a single chronic disturbance

index (i.e. global chronic disturbance index- GI) using a principal component analysis (PCA)
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in which first axis explained 60 % of data variance (Table S2). For more details about Gl please
see Arnan et al. (2018).

Finally, we used tree species richness, tree density and biomass (proxy of forest age) as
vegetation attributes (Table S2). Data on aboveground biomass were obtained for each plot
from previous studies (Souza et al. 2019). The tree database available to compute biomass refers
to all trees with diameter at soil height (DAS) > 3 cm and total height > 1 m. For more details

about tree database please see Rito et al. (20173, b).

Data analysis

To estimate sample sufficiency, we computed diversity estimates for rarefied and
extrapolated samples with sample completeness (as measured by sample coverage) using
INEXT (Hsieh et al. 2016).

To assess changes in fruit-feeding butterfly alpha diversity we used the effective
numbers of species (so-called Hill numbers, 9D) of orders 0 (°D, species richness), 1 (*D,
exponential Shannon entropy) and 2 (%D, inverse Simpson concentration) (Jost 2007). The °D
order is not sensitive to abundances and so gives a disproportionate weight to rare species, while
1D weights each species according to its abundance in the community, without favoring rare or
abundant species (i.e. common species) (Jost 2007). Finally, 2D can be interpreted as the
number of ‘very abundant’ or ‘dominant’ species in the community (Jost 2006). Rank-
abundance distribution plots were examined to compare the most abundant species of fruit-
feeding butterflies. In terms of beta diversity, a species partitioning method [i.e. multiple-site
dissimilarity metrics; Baselga (2010)] was used to separate total Sgrensen dissimilarity (beta
diversity, Bsgr) into components of dissimilarity due to species replacements (i.e. turnover;

Bsim) and dissimilarity due to nestedness (Bsne). We used analysis of variance (ANOVA) with
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Tukey’s post-hoc tests to compare abundance, and taxonomic diversity of fruit-feeding
butterfly assemblages in regenerating and old-growth forest stands.

Functional community composition was calculated using community-weighted means
(CWM), which summarizes shifts in mean trait values within communities due to
environmental selection for certain traits (supporting the mass-ratio hypothesis; Grime 1998).
Since different types of traits were combined (i.e. categorical and continuous), the “Gower
approach” was adopted to calculate a species-dissimilarity matrix (de Bello et al. 2016). CWMs
were computed using the FD package (Laliberté et al. 2015) performed in the R software

package (R Development Core Team 2017).

To analyze changes in species and functional composition regarding both regenerating
and old-growth forests, a non-metric multidimensional scaling (NMDS) ordination was
performed, based on a Bray-Curtis dissimilarity matrix of abundance (Clarke and Gorley 2006).
We use ANOSIM (Clarke and Gorley 2006) to test the significance of the relationships between
habitat types and species/functional groups similarity. We used SIMPER (PRIMER version 6,
Clarke and Gorley 2006) to determine the contribution that individual species and functional
groups made toward distinguishing differences in community structure between habitats.
NMDS, ANOSIM and SIMPER were done using PRIMER software, version 6 (Clarke and

Gorley 2006).

Finally, Generalized Linear Models (GLMSs) were employed to analyze the effects of
forest vegetation structure (tree density, tree species richness and biomass) and chronic
disturbance on abundance, taxonomic diversity (alpha — Hill numbers of order 0, 1 and 2; beta
diversity — species turnover and nestedness) and functional community composition
(CWM_Ocelus, CWM_Canopy, CWM _Larval monocots and CWM _Size) of fruit-feeding
butterfly assemblages. Gaussian error distributions was assumed for all data (Crawley 2013).

The residuals of all GLMs were analyzed to evaluate the adequacy of the error distribution and
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the minimally significant model was selected. A test of the correlation between pairs of
predictor variables showed that tree species richness and tree density were significantly
correlated (r =0.7; p <0.001). Consequently, we removed the tree density from our models. In
addition, collinearity among predictor variables in our models were assesses using the variance
inflation factor (VIF) in the “car” package (Fox and Weisberg 2011) for R software (R Core
Team 2017). All VIF values were lower than 1.2 (ranging from 1.17 to 1.89), therefore
suggesting independence (i.e. no collinearity) among predictors (Chatterjee et al. 2000). We
constructed 7 models, which represent all combinations of explanatory variables and the null

model (which includes only the intercept).

The relative effect of each predictor variable was assessed using an information-
theoretic approach and multi model inference (Burnham and Anderson 2002). For each model,
we calculated Akaike's information criterion corrected for small samples (AICc). It was
considered that the models with a difference in AlCc < 2 when compared to the best model (i.e.
the one with lowest AICc value) have similar plausibility (Burnham and Anderson 2002).
Akaike weights (wi) were used to obtain model-averaged parameter estimates. A given spatial
and/or forest attribute was considered an important explanatory variable for a given response
variable if: (i) it showed a high sum of Akaike weights (i.e. considering each candidate model
in which it appeared); and (ii) the model-averaged parameter estimates did not include zero (i.e.
the model-averaged unconditional variance was lower than the model averaged parameter
estimate) (Burnham and Anderson 2002; Grueber et al. 2011). All models were built using the
package “glmulti” for R version 3.0.1 (Calcagno and Mazancourt 2010). The goodness-of-fit
of each model was defined as: (explained deviance by the complete model / explained deviance
by the null model) x 100 (Crawley, 2013). All analyses were run using the R software (R Core

Team 2017).
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Results

A total of 20,252 individuals of fruit-feeding butterflies from 22 species within four
subfamilies of Nymphalidae was recorded across the 15 forest stands (Table S3). Biblidinae
was the most species-rich and abundant subfamily (nine species and 10,613 individuals),
followed by Charaxinae (seven species and 7447 individuals), Satyrinae (four species and 2175
individuals) and Nymphalinae (two species and 17 individuals) (Table S3). Butterfly
assemblages were dominated by few species, with three of them, Hamadryas februa februa
(8971 individuals), Fountainea halice moretta (3316 individuals) and Fountainea glycerium
cratais (2964 individuals) accounting for ca. 75% of all captured individuals (Fig. S1). 15,008
individuals from 19 species were recorded across regenerating forest stands, while 5244

individuals from 19 species were recorded in the old-growth forest (Table S3).

As expected, most butterfly species exhibited higher abundance in late-successional
forest stands (Fig. 2). Observed species richness in both regenerating and old-growth forests
comprised about 89% and 95% of the estimated richness, but coverage-based sampling curves
detected no differences between regenerating and old-growth forest stands (Fig. S2). Butterfly
abundances in the local assemblages were very high, but diversity was low and varied little
between regenerating and old-growth forest habitats. For instance, regenerating forest stands
achieved 1500.8 + 153.93 butterflies per stands (Mean + SE), while °D achieved only 10.05 +
0.26 species (Fig. 3). The fruit-feeding butterfly beta diversity was low with most of the
variation (74 %) due to species replacement rather than variation on species richness.
Interestingly, the early-regenerating stands exhibited the highest values of species turnover
(Fig. S3), although old-growth and regenerating forests did not differ relative to either
nestedness (ANOVA F = 2.15; p = 0.16) or species turnover (ANOVA F=0.02; p = 0.82) (Fig.

S3).
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Forest habitats were slightly different relative to both taxonomic and functional
composition (Fig. 4) as confirmed by ANOSIM tests (R = 0.55, p=0.001; R =0.34, p =0.02;
respectively) and suggested by abundance changes across particular species along forest
regeneration (see Fig. 2). Precisely, average cross-habitat dissimilarity (via SIMPER analysis)
indicated a taxonomic and functional segregation of 14% and 12% between regenerating and
old-growth forest stands (Table S4, S5). Opsiphanes invirae remoliatus (12 %) and
Pharneuptychia sp. 1 (9 %) were the species that most contributed to habitat taxonomic
differentiation (Table S4), while small-bodied butterfly species presenting ocellus and
monocot-feeding larvae (26 %) as well as large-bodied and canopy-inhabitant butterflies (17
%) were the functional groups that most contributed to habitat functional differentiation (Table

S5).

In addition to forest successional status (i.e. regenerating vs. old-growth forest) chronic

disturbance, biomass and tree species richness also affected butterfly assemblages by exhibiting
high scores of Y i and parameter estimators differing from zero Fig. 5; Fig. S4, Table 1). As

expected, biomass and tree species richness (positively) and chronic disturbance (negatively)
were excellent predictors affecting abundance, and o diversity scores, particularly the total
number of species and common species (°D and D, respectively; Fig. 5; Fig. S4; Table 1).
Moreover, chronic disturbance was the most important predictor by positively affecting the
community-weighted means (CWM) for microhabitat (i.e. canopy-inhabitant butterflies), while
CWM for feeding behavior monocot-feeding butterflies were negatively affected (Fig. 6 and
S5, Table S6). On the other hand, tree species richness was the predictor that most positively

explained the CWM for the ocellus-bearing species (Fig. 6 and S5, Table S6).

Discussion
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Our results suggest that fruit-feeding butterfly assemblages can be abundant, but
impoverished in human-modified landscapes of the Caatinga dry forest, with a few butterfly
species dominating local assemblages and the whole landscape. We refer to impoverished
butterfly faunas at multiple spatial scales. Moreover, regenerating and old-growth forest stands
support assemblages that are very similar relative to several attributes; i.e. high resilience
relative to abundance, species richness and diversity. However, secondary and old-growth
forests support relatively distinct assemblages taxonomically and functionally in a great extent
due to changes on species abundance along forest regeneration process rather than the
replacement of entire taxonomic/ecological groups. Apparently two major groups control
assemblage functional profile: large-wing and canopy-inhabitant butterflies that achieve higher
abundance in more disturbed habitats (i.e. higher chronic disturbance), while those ocellus-
bearing species that fly in understorey and the larvae feed on monocot-plants respond
negatively to disturbance, but benefit from increased forest biomass and tree species richness.
Therefore, chronic disturbance, forest biomass, trees species richness and forest successional
status emerge as key drivers of species assembly and community organization at landscape
spatial level including taxonomic and functional directional changes. It implies a successional

trajectory marked by predictable changes.

Although the pattern of species richness was not initially considered as our aim, the
occurrence of relatively abundant but species-poor assemblages in our focal landscape deserve
attention as it probably helps to explain our uncovered patterns relative to assemblage
resilience, successional trajectory and community organization. Twenty two species within
20,252 individuals can be considered a higher score as compared to a previous study in the
same region (14 species, Nobre et al. 2012), but lower compared to a dry tropical forests in
Venezuela (40 species) (Sharabuddin and Terborgh 1999) and other tropical forest ecosystems

such as the Atlantic Forest (Uehara-Prado et al. 2007; Santos et al. 2011, 2017; Melo et al.
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2019; Gueratto et al. 2020), Amazon (DeVries et al. 1997; DeVries and Walla 2001; Barlow et
al. 2007; Ribeiro and Freitas 2012), Pampas (Paz et al. 2014) and Cerrado (Silva et al. 2012;
Beiréo et al. 2017). Obviously, these comparisons must be considered with caution due to
differences in sampling efforts, but 22 species through a year of sampling at landscape-spatial

scale do suggest a species-poor fauna.

In terms of recovery/resilience of fruit-feeding butterfly assemblages, some studies
indicate high similarity of community-level attributes between secondary/regenerating forests
and old-growth forests indicating high resilience (Safian et al. 2011; Nyafwono et al. 2014;
Sant’ Anna et al. 2014). Others refers to contrasting scores, including lower (Barlow et al. 2007)
or higher species richness in secondary as compared to old-growth forest (Bobo et al. 2006).
Overall, fruit-feeding butterfly assemblages can recover elapsed more than 50 years of land
abandonment (Oloya et al. 2021, S&fian et al. 2011). Our findings suggest the possibility of a
faster recovery (i.e. a 4-yr-old forest stand similar to average old-growth forest) for some
attributes (e.g. species richness and density), but recovery rate or resilience is apparently site-
specific (see Fig. 3). This is because other variables than forest age probably affect butterfly
community-level attributes along forest regeneration. Complete recovery, however, is
associated to patterns of abundance among particular taxa and ecological groups, and can take
decades even considering the impoverished or species-poor fauna supported by our human-

modified landscape.

This perspective reinforces the idea that fruit-feeding butterfly assemblages exhibits
marked replacement of ecological groups along forest regeneration. However, we can refer that
taxonomic/functional successional trajectories reflects not only forest age or successional status
(secondary vs. old-growth forest), but also other variables such as biomass, tree species richness
and chronic disturbance. In this perspective, the presence of environmental filters (e.g.

anthropogenic disturbance) across the landscape can delay succession processes by selecting
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only some ecological groups more tolerant to adverse conditions, preventing the structure of
old-growth forests is reached. The impacts of variables on butterfly community organization
have been reported for other tropical ecosystems (Beirdo et al. 2017, Akite 2008), but there is
little or even no information on dry forests, particularly about chronic disturbances and butterfly

resilience/response or community organization across human-modified landscapes.

Although we did not explicitly exam the underlying mechanism for a high resilience but
a successional trajectory marked by taxonomic and functional replacements in our focal
landscape, we can propose working hypotheses. Precisely, the intense degradation that Caatinga
dry forest has experienced (e.g. slash-and-burn agriculture, livestock and charcoal production)
since the Europeans arrived in the 16th century (Tabarelli et al. 2018) and harsh natural
conditions (i.e. reduced forest biomass and chronic water deficit) can limit species and
ecological groups that require more forested and mesic habitats while favors disturbance-
adapted species. In fact, in the Caatinga dry forest, human disturbances and low precipitation
levels are associated to reduced biomass and more open habitats (Souza et al., 2019; Barros et
al. 2011), the proliferation of disturbance-adapted species, including those able to resprout
(Barros et al. 2021, Vanderley et al. 2021) and impoverished woody plant assemblages (Ribeiro
etal., 2015, 2016; Rito et al. 2017b). Thus, pioneer/colonizer species (e.g. Euphorbiaceae) that
are more tolerant to disturbance tend to benefit from habitats that are more open and achieve
outstanding biomass (Rito et al. 2017a). It implies microclimatic conditions and composition
of host plants that favor disturbance-adapted butterflies (e.g. open habitat specialists) able to
oviposite and feed on them; i.e. winner plants supporting winner butterfly species (see Tabarelli
et al. 2012, Filgueiras et al. 2021). We refer more generalist, light-demanding or disturbed-
adapted butterfly species (e.g. Charaxinae and Biblidinae). These processes allow the small-
statured Caatinga dry forest inhabiting sandy soils to support a fauna similar to the canopy of

humid tropical forests, dominated by species of sun-loving butterflies.
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On the other hand, butterfly species with a more specialized diet during larval phases
(e.g. monocot-feeding larvae) and associated with specific habitat conditions (shade tolerance
and sensitivity to high temperatures and desiccation) are almost restrict to forest sites with low
disturbance levels and with higher forest complexity. We refer to demanding for shaded habitats
associated to more structured forests (i.e. understory, canopy and emergent layers) such as
Satyrinae — Satyrini, Brassolini and Morphini. This subfamily, with hundreds of species,
achieve the highest diversity scores across humid ecosystems such as the tropical rain forests

(Lamas, 2004).

In summary, the Caatinga dry forest in human-modified landscapes support relatively
impoverished but resilient assemblages in the context of slash-and-burn agriculture. However,
secondary forests are not able to support the assemblages of old-growth forests in their
taxonomic and functional dimension, particularly due to patterns of species abundance on key
ecological groups. Although relatively simple, recovery of butterfly assemblages is affected by
a set of variables, including human chronic disturbance. Accordingly, spatio/temporal butterfly
assemblage organization is relative predictable (i.e. structured communities) with secondary
forests capturing a high proportion of butterfly fauna. As the Caatinga and other dry forests are
expected to experience increasing aridity and more intense land use (Magrin et al. 2014), the
role played by human disturbance vs natural drivers on the occurrence of impoverished butterfly

faunas (e.g. the lack of Satyrinae) deserve further investigation.
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Table 1 Results of the Generalized Linear Models (GLMs) exhibiting the effects of biomass
(B10), chronic anthropogenic disturbance (CAD) and tree species richness on abundance, total
species richness (°D), common species (D) and dominant species (D) of fruit-feeding
butterflies in the Catimbau National Park, in Pernambuco state, northeastern Brazil. Model-
averaged parameter estimates (f), unconditional variance (UV), the importance of variables and
the goodness-of-fit of each complete model (R?) (i.e. the percentage of deviance explained by
each complete model) of information-theoretic-based model selection and multi model
inference. The sign (+/-) of parameter estimates represents a positive or negative effect of the
predictor on the response variable. Our models indicate the parameters that were more accurate,

.., those higher than the unconditional variance

Response variable Predictors p uv Importance R?

BIO 9.79 3.93 x 102 0.36

Abundance CAD -1.10x 10  3.16 x 10? 0.47 58%
TR 2.06 x 10! 1.45 x 10° 0.37
BIO 1.02x10° 2.37x10* 0.18

°D CAD -5.73x102% 1.28x10° 0.90 71%
TR 3.65x102% 4.42x10° 0.46
BIO 8.49x10* 1.44x10* 0.17

D CAD -2.16 x 102 6.00 x 10* 0.57 48%
TR 253x10% 4.81x10* 0.24
BIO -5.83x10° 1.06 x10* 0.18

D CAD -8.81x10* 1.34x10* 0.18 32%
TR -497x10°%  6.79x10* 0.19
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Figure captions

Fig. 1 Map of the Catimbau National Park, in Pernambuco state, northeastern Brazil (A-B)
showing the sampling sites in old-growth forests (red circles) and regeneration areas (blue

circles) (C)

Fig. 2 Abundance of fruit feeding-butterfly species along regenerating forest stands in the

Catimbau National Park, in Pernambuco state, northeastern Brazil

Fig. 3 Relationship between forest age and community-level attributes of fruit-feeding
butterflies (including fitted models + 95% confidence intervals) sampled in the Catimbau

National Park, in Pernambuco state, northeastern Brazil.

Fig. 4 NMDS based on fruit-feeding butterfly assemblages in terms of species (A) and
functional composition (B) in the Catimbau National Park, in Pernambuco state, northeastern
Brazil. Blue circles represent regenerating forest stands and red circles represent old-growth

forests

Fig. 5 Responses of abundance, total species richness (°D), common species (:D) and dominant
species (D) of fruit-feeding butterfly assemblages to biomass (BIO), chronic anthropogenic
disturbance (CAD) and tree species richness (TR) in the Catimbau National Park, in
Pernambuco state, northeastern Brazil. The fitted line and shaded area are the linear trends

observed * 95% confidence intervals, respectively

Fig. 6 Responses of community-weighted mean fruit-feeding butterfly traits to chronic
anthropogenic disturbance (CAD) and tree species richness (TR) in the Catimbau National
Park, in Pernambuco state, northeastern Brazil. The fitted line and shaded area are the linear
trends observed * 95% confidence intervals, respectively. Butterfly traits (Size — size of the
anterior wing, Ocellus — presence of ocellus, Canopy — use of the canopy and Larval monocots

— larval feeding on monocotyledon plants)
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Rapid recovery of fruit-feeding butterfly assemblages in the regeneration of a Caatinga

dry forest submitted to shifting cultivation
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Table S1 Functional traits of fruit-feeding butterfly sampled in the Catimbau National Park,
in Pernambuco state, northeastern Brazil. Size (average of up to five individuals by species).
The sign (+/-) represents the present or absent/reduced traits. Microhabitat use (C — canopy-
inhabitant butterflies; U — understory-inhabitant butterflies). Larval plant (D — dicot-feeding

larval; M — monocot-feeding larval)

Taxon Size  Ocellus Microhabitat Larval

use plant
Subfamily Biblidinae
Biblis hyperia nectanabis (Fruhstorfer, 1909) 3,15 - U D
Callicore sorana sorana (Godart, [1824]) 2,57 + C D
Eunica macris macris (Godart, [1824]) 2,54 + C D
Eunica tatila bellaria Fruhstorfer, 1908 2,32 + C D
Hamadryas amphinome amphinome (Linnaeus, 1767) 3,74 + U D
Hamadryas epinome (C. Felder & R. Felder, 1867) 3,22 + U D
Hamadryas februa februa (Hubner, [1823]) 3,42 + U D
Hamadryas feronia feronia (Linnaeus, 1758) 3,51 + U D
Temenis laothoe (Cramer, [1777]) 2,49 - C D
Subfamily Charaxinae
Archaeoprepona demophon thalpius (Hubner, [1814]) 5,80 - C D
Fountainea glycerium cratais (Hewitson, 1874) 3,07 - C D
Fountainea halice moretta (Druce, 1877) 2,58 - C D
Fountainea ryphea phidile (Geyer, 1837) 2,89 - C D
Hypna clytemnestra forbesi Godman & Salvin, [1884] 3,55 - U D
Prepona laertes laertes (Hibner, [1811]) 471 + C D
Zaretis strigosus (Gmelin, 1790) 2,86 - C D
Subfamily Nymphalinae
Historis acheronta (Fabricius, 1775) 4,19 - C D
Historis odius dious Lamas, 1995 7,24 - C D
Subfamily Satyrinae
Tribe Brassolini
Opsiphanes invirae remoliatus Fruhstorfer, 1907 3,62 + C M
Tribe Satyrini
Paryphthimoides poltys (Prittwitz, 1865) 1,70 + U M
Pharneuptychia sp.1 1,75 + U M

Pharneuptychia sp.2 1,59 + U M
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Table S2 Forest and vegetation attributes of OF (old-growth forests) and RS (regeneration sites)

in the Catimbau National Park, in Pernambuco state, northeastern Brazil

Habitat Forest Eorest Trge species Tre'e . Chronic
age Biomass  richness density  disturbance*
OF1 ~150 39.17 34 36 22
OF2 ~150 29.49 16 34 17
OF3 ~150 38.85 24 35 11
OF4 ~150 25.84 31 31 9
OF5 ~150 24.95 23 21 9
RS1 4 61.4 16 21 33
RS2 7 63.6 12 12 21
RS3 12 86.2 11 23 41
RS4 20 58.2 32 35 40
RS5 23 55.5 16 16 32
RS6 35 57.1 30 41 27
RS7 37 54.5 25 29 4
RS8 40 67.1 17 21 24
RS9 45 56.4 21 22 17
RS10 50 68.4 17 11 15

* Global chronic anthropogenic disturbance index based on livestock pressure, wood extraction

and exploitation of non-timber forest products.
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Table S3 Abundance of fruit-feeding butterflies sampled at two habitat types in the Catimbau National Park, in Pernambuco state, northeastern

Brazil. Total OF corresponds to the total abundance of nine old-growth forests

Regeneration age Total - Old-growth forest Total
Taxon Regenerating Total
4 7 12 20 23 35 37 40 45 50 forests OF1 OF2 OF3 OF4 OF5 OF
Subfamily Biblidinae 581 774 356 729 941 807 1240 586 1148 651 7813 835 494 553 380 538 2800 10613
Biblis hyperia nectanabis (Fruhstorfer, 1909) 11 8 20 14 15 10 15 27 14 30 164 22 23 15 17 27 104 268
Callicore sorana sorana (Godart, [1824]) 34 89 27 38 37 36 62 29 232 30 614 36 30 11 19 20 116 730
Eunica macris macris (Godart, [1824]) 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0 3 3
Eunica tatila bellaria Fruhstorfer, 1908 11 30 7 30 33 187 63 24 41 18 444 18 23 23 16 10 90 534
Hamadryas amphinome amphinome (Linnaeus, 1767) 1 0 0 1 0 4 2 5 2 2 17 1 3 3 3 4 14 31
Hamadryas epinome (C. Felder & R. Felder, 1867) 1 1 1 1 1 3 3 3 3 0 17 0 1 0 1 0 2 19
Hamadryas februa februa (Hubner, [1823]) 521 640 299 642 853 566 1088 492 848 564 6513 750 413 500 322 473 2458 8971
Hamadryas feronia feronia (Linnaeus, 1758) 2 6 2 3 2 1 5 3 7 5 36 6 1 1 1 2 11 47
Temenis laothoe (Cramer, [1777]) 0 0 0 0 0 0 2 3 1 2 8 0 0 0 0 2 2 10
Subfamily Charaxinae 283 447 422 353 672 669 755 593 570 435 5199 623 391 371 359 504 2248 7447
Archaeoprepona demophon thalpius (Hibner, [1814]) 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1
Fountainea glycerium cratais (Hewitson, 1874) 131 151 205 147 283 258 213 257 138 189 1972 276 175 144 151 246 992 2964
Fountainea halice moretta (Druce, 1877) 118 206 195 146 320 312 322 264 241 185 2309 274 180 153 172 228 1007 3316
Fountainea ryphea phidile (Geyer, 1837) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2 2
Hypna clytemnestra forbesi Godman & Salvin, [1884] 30 8 22 58 67 98 217 71 190 60 901 70 36 74 33 28 241 1142
Prepona laertes laertes (Hibner, [1811]) 3 2 0 0 1 0 2 1 0 1 10 2 0 0 1 2 5 15
Zaretis strigosus (Gmelin, 1790) 1 0 0 1 1 1 1 0 1 0 6 1 0 0 0 0 1 7
Subfamily Nymphalinae 1 1 1 1 0 2 0 0 0 1 7 1 3 2 2 2 10 17
Historis acheronta (Fabricius, 1775) 0 1 1 1 0 2 0 0 0 1 6 1 3 2 2 2 10 16
Historis odius dious Lamas, 1995 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1
Subfamily Satyrinae 67 257 11 248 304 308 302 100 279 113 1989 3y 71 35 23 20 186 2175

Tribe Brassolini
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Opsiphanes invirae remoliatus Fruhstorfer, 1907 2 10 O 5 5 7 15 3 15 4 66 1 0 0 0 1 2 68
Tribe Satyrini

Paryphthimoides poltys (Prittwitz, 1865) 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1

Pharneuptychia sp.1 65 247 11 243 299 301 286 97 264 109 1922 3% 71 3% 23 19 183 2105

Pharneuptychia sp.2 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1

Total 932 1479 790 1331 1917 1786 2297 1279 1997 1200 15008 1496 959 961 764 1064 5244 20252




123

Table S4 Pairwise dissimilarities of species groups between habitats in the Catimbau National Park, in Pernambuco state, northeastern Brazil

Average . .
Comparison  Av. diss (Overall) Species abundance A.V' AvV. diss Contrib. cum.
Diss SD (%) (%)
OF RS
Opsiphanes invirae remoliatus 0.68 3.93 1,69 2,19 11,92 11,92
Pharneuptychia sp. 1 9.13 11.35 1,29 1,69 9,12 21,04
Historis acheronta 2.81 0.93 0,96 1,78 6,8 27,84
Hamadryas amphinome 338 179 095 148 6,69 34,53
amphinome
Old-growth Fou.ntzflinea glycerium cra.tais 13.60 12,28 0,92 1,82 6,49 41,02
forest Biblis hyperla r\ectanabls 7.92 6,54 0,86 1,82 6,07 47,09
Vs, Fountainea hallce_ moretta 13.67 12,57 0,8 2,22 5,61 52,7
Regeneratin 14.18 % Hamadryas epinome 0.73 2,04 0,76 1,47 5,33 58,02
g forest Hamadryas februa februa 15.94 14,95 0,71 1,47 4,99 63,02
stands Prepona laertes laertes 1.44 1,31 0,68 1,29 4,81 67,83
Hamadryas feronia feronia 2.59 3,31 0,66 1,7 4,65 72,48
Eunica tatila bellaria 7.54 7,82 0,63 1,18 4,47 76,94
Callicore sorana sorana 8.02 8,96 0,63 1,19 4,42 81,37
Temenis laothoe 0.56 0,93 0,57 0,9 4 85,37
Hypna Clytemnestra forbesi 9.89 9,87 0,5 1,24 3,52 88,89
Zaretis strigosus 0.32 0,93 0,44 1,15 3,14 92,02

OF (Old-growth forest); RS (Regenerating forest stands). Average dissimilarity (Av. diss) with standard deviation (SD) and contributions (Cum.

%) for all species is explained between habitats.
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Table S5 Pairwise dissimilarities of functional groups between habitats in the Catimbau National Park, in Pernambuco state, northeastern Brazil

Comparison Av. diss Functional Average abundance Av. Diss Av. diss SD  Contrib. (%) Cum. (%)
(Overall) Groups OF RS

10UM 8,1 13,95 3,21 2 26,32 26,32
Old-growth 3XCD 19,03 15,77 2,07 1,7 17,02 43,34
forest 2XCD 19,32 16,8 1,62 1,96 13,31 56,65
vs. 12.19% 30UD 30,04 28,06 1,36 1,24 11,16 67,82
Regenerating 20CD 8,78 10,48 1,07 0,97 8,74 76,56
forest stands 30CM 05 242 1,01 207 827 8483
3XUD 11,27 10,85 0,79 1,34 6,5 91,33

Functional groups:

10UM — 1(size <2 cm), O (ocellus-bearing species), U (understory-inhabitant butterflies) and M (monocot-feeding larval).
3XCD — 3 (size 3 <£3.99 cm), X (absence of ocellus), C (canopy-inhabitant butterflies) and D (dicot-feeding larval).

2XCD -2 (size 2 <2.99 cm), X (absence of ocellus), C (canopy-inhabitant butterflies) and D (dicot-feeding larval).

30UD - 3 (size 3 <3.99 cm), O (ocellus-bearing species), U (understory-inhabitant butterflies) and D (dicot-feeding larval).
20CD - 2 (size 2 <2.99 cm), O (ocellus-bearing species), C (canopy-inhabitant butterflies) and D (dicot-feeding larval).
30CM — 3 (size 3 <3.99 cm), O (ocellus-bearing species), C (canopy-inhabitant butterflies) and M (monocot-feeding larval).

3XUD - 3 (size 3 <3.99 cm), X (absence of ocellus), U (understory-inhabitant butterflies) and D (dicot-feeding larval).
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Table S6 Results of the Generalized Linear Models (GLMSs) exhibiting the effects of biomass
(B10), chronic anthropogenic disturbance (CAD) and tree species richness on community-
weighted means (CWM) of fruit-feeding butterfly traits in the Catimbau National Park, in
Pernambuco state, northeastern Brazil. Model-averaged parameter estimates (5), unconditional
variance (UV), the importance of variables and the goodness-of-fit of each complete model (R?)
(i.e. the percentage of deviance explained by each complete model) of information-theoretic-
based model selection and multi model inference. The sign (+/-) of parameter estimates
represents a positive or negative effect of the predictor on the response variable. Our models
indicate the parameters that were more accurate, i.e., those higher than the unconditional
variance. Butterfly traits (Size — size of the anterior wing, Ocellus — presence of ocellus, Canopy

— use of the canopy and Larval monocots — larval feeding on monocotyledon plants)

Response variable Predictors p uv Importance R?

BIO -258x 10* 2.87x10° 0.18

CWM _Size CAD 9.76 x 10% 5.71x10° 0.33 28%
TR 487x10% 1.27x10° 0.22
BIO -8.49x10°% 557x10° 0.67

CWM_Ocellus CAD -6.76 x 10°  3.17x10° 0.72 73%
TR 1.79x 102 2.12x10* 0.73
BIO 1.62x10° 1.65x10° 0.18

CWM_Canopy CAD 7.65x10°% 2.77x10° 0.78 61%
TR -7.38x10° 154x10* 0.36
BIO -4.07x10% 2.32x10° 0.20

CWM_Larval
CAD -3.14x10°%  1.39x10° 0.65 46%
monocots

TR 1.05x10°% 2.24x10° 0.44
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Fig. S1 Rank-abundance curves of fruit-feeding butterflies sampled in old-growth forests (OF)
and regenerating forests (RS) in the Catimbau National Park, in Pernambuco state, northeastern
Brazil. The most abundant fruit-feeding butterfly species are labeled: Hafb (Hamadryas februa
februa), Foha (Fountainea halice), Fogl (Fountainea glycerium cratais, Phap (Pharneuptychia

sp.1), Hycl (Hypna clytemnestra forbesi) and Caso (Callicore sorana sorana)
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Fig. S2 Sample coverage and the confidence limits of fruit-feeding butterfly assemblages
collected in old-growth forests (OF) (red) and regeneration areas (RS) (blue) in the Catimbau

National Park, in Pernambuco state, northeastern Brazil
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Fig. S3 Fruit-feeding butterfly B diversity regarding Bsim (species turnover) and Psne

(nestedness) across regenerating forest (RS) and old-growth forest stands (OF) in the Catimbau

National Park, in Pernambuco state, northeastern Brazil
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Fig. S4 Predictor variables included in the AAICc < 2 set of models for community-level
attributes (abundance, °D — total species richness, D — common species and 2D — dominant
species) of fruit-feeding butterfly assemblages across regenerating forest stands in the Catimbau
National Park, in Pernambuco state, northeastern Brazil. The sum of Akaike weights (Zwi)
shows the importance of each variable. The sign (+/-) of parameter estimates represents a
positive or negative effect of the predictor on the response variable. Our models indicate the
parameters that were more accurate, i.e., those higher than the unconditional variance (see
parameter estimates and unconditional variances in Table 1). The goodness-of-fit of each
complete model (i.e., the percentage of deviance explained by each complete model) is also
indicated for each case. Explanatory variables (BIO — biomass, CAD — chronic anthropogenic

disturbance and TR — tree species richness)
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Fig. S5 Predictor variables included in the AAICc < 2 set of models for community-weighted
mean fruit-feeding butterfly traits across regenerating forest stands in the Catimbau National
Park, in Pernambuco state, northeastern Brazil. The sum of Akaike weights (Xwi) shows the
importance of each variable. The sign (+/-) of parameter estimates represents a positive or
negative effect of the predictor on the response variable. Our models indicate the parameters
that were more accurate, i.e., those higher than the unconditional variance (see parameter
estimates and unconditional variances in Table S5). The goodness-of-fit of each complete
model (i.e., the percentage of deviance explained by each complete model) is also indicated for
each case. Butterfly traits (Size — size of the anterior wing, Ocellus — presence of ocellus,

Canopy — use of the canopy and Larval monocots — larval feeding on monocotyledon plants)
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Fig S6 Fruit feeding-butterfly assemblages along regenerating forest stands under different
intensities of chronic anthropogenic disturbance (CAD) in the Catimbau National Park, in

Pernambuco state, northeastern Brazil
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5 CONSIDERACOES FINAIS

Este estudo realizado no Parque Nacional do Catimbau ressalta a importancia da
implementacdo de planos de manejo da vegetagdo e de conservacdo para biodiversidade,
especialmente em um ecossistema como a Caatinga que vem sendo constantemente afetado
pela agricultura de corte e queima e distarbios antropicos cronicos, o que levou ao status de um
dos mais ameacados do Brasil. A presente tese demonstra que as borboletas frugivoras estdo
respondendo a mudancas no habitat, ocasionadas por distlrbios crénicos (por exemplo,
sobrepastoreio por animais domésticos e extracdo de madeira) e por variac@es abioticas (por
exemplo, aumento de aridez), o que pode resultar em comunidades taxonomicamente e

funcionalmente empobrecidas.

Mais especificamente, essa tese foi constituida por duas abordagens principais: (1) uma
avaliacdo de como as comunidades de borboletas frugivoras séo afetadas por distarbios crénicos
e aumento de aridez; e (2) uma analise de como essas comunidades se recompdem ao longo do
processo de sucessao secundaria natural, incluindo o papel que a riqueza de espécies de arvores,
biomassa e distirbios cronicos podem ter na recuperacao desses insetos durante a regeneracdo
da floresta. No primeiro capitulo, os resultados obtidos revelam que as comunidades de
borboletas frugivoras exibem um empobrecimento taxonémico e funcional, como também
baixos niveis de turnover de espécies em areas extremas do gradiente de déficit hidrico. Além
disso, as borboletas frugivoras sdo aninhadas em florestas com elevados niveis de disturbio
crénico e aridez. Verifica-se ainda que o0 aumento da aridez causa uma reorganizacao da
comunidade de borboletas frugivoras na Caatinga, onde espécies e grupos funcionais sensiveis
a aridez diminuem em abundancia, enquanto especies e grupos funcionais tolerantes a
dessecacdo apresentam elevada abundancia. No segundo capitulo, demonstra-se uma rapida
recuperacdo dos atributos da comunidade de borboletas frugivoras (abundancia, riqueza de
espécies e diversidade) ao longo da trajetoria sucessional, mas florestas secundarias e florestas
maduras suportam comunidades de borboletas taxonomicamente e funcionalmente distintas.
Como previsto, fatores como biomassa e riqueza de espécies de arvores (positivamente) e
disturbios cronicos (negativamente) foram excelentes preditores afetando os atributos
taxonémicos das comunidades de borboletas frugivoras. Além disso, os resultados mostram que
riqueza de espécies de arvores e distlrbios crénicos também afetam significativamente a
composicao funcional das comunidades de borboletas frugivoras. Ou seja, grupos ecoldgicos

mais sensiveis a condi¢des adversas aumentam em ambientes mais florestados, mas diminuem
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com a agdo dos distarbios crénicos que atuam selecionando apenas alguns grupos ecoldgicos
mais tolerantes a ambientes perturbados, levando a homogeneizagéo da biota.

Essas descobertas destacam a precipitacdo e os distdrbios crénicos como os principais
condutores da reorganizacao de borboletas frugivoras na Caatinga. Quando as terras utilizadas
para agricultura de corte e queima sdo abandonadas, os distdrbios crénicos podem atrasar 0s
processos sucessionais, impedindo que a estrutura de florestas maduras seja alcangada. Uma
vez que florestas primarias intactas estdo cada vez mais escassas em regides marcadas por
densas populacdes humanas, programas de manejo ecoldgico para restaurar e maximizar a
regeneracdo florestal nessas areas altamente perturbadas podem tornar as florestas secundarias
habitaveis e capazes de recuperar parcelas importantes da fauna regional ao longo do tempo.
Por outro lado, o descaso pode trazer consequéncias irreversiveis quanto aos aspectos
taxonémicos e funcionais, ocasionado pelos disturbios cronicos e aumento de aridez,
especialmente em florestas que vem sendo sistematicamente devastadas por pressdes humanas,

como no caso da Caatinga.
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