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RESUMO

Este estudo teve como objetivo compreender quais os efeitos individuais e combinados das
perturbagdes antropicas cronicas (e.g. coleta de produtos florestais, caga e pastoreio
extensivo) e das mudancas climdticas (aqui mensurada pela reducdo dos niveis de
precipitacdo) sobre a diversidade de plantas com nectérios extraflorais (NEFs), e qual o papel
desse grupo de plantas sobre a estrutura e organizagdo espacial da comunidade de formigas
de solo da Caatinga. No primeiro artigo nds investigamos a influéncia das perturbagdes
humanas e redu¢do da precipitagdo sobre as diversidades taxondmica, funcional e
filogenética de plantas com NEFs, em 20 parcelas (0,1 ha) distribuidas ao longo dos
gradientes de perturbagdo e precipitagdo no Parque Nacional do Catimbau, nordeste do
Brasil. Para isso, combinamos as principais fontes de perturbagdes humana em um indice
global, o qual inclui a densidade de pessoas, a extracdo de madeira e a pressdo de animais
domésticos (caprinos e bovinos), além de indicadores de acessibilidade as areas. De maneira
geral, verificamos efeitos individuais negativos das perturbagdes antropicas sobre os trés
componentes da diversidade de plantas com NEFs. Os efeitos individuais da precipitacao
foram, por sua vez negativos apenas para as diversidades funcional e filogenética. Também
observamos que perturbacdo e precipitagdo interagiram de forma a modular os trés
componentes da diversidade de plantas extranectariferas. Para a diversidade taxonomica, a
redu¢do de precipitacio teve um efeito negativo apenas em areas com alto nivel de
perturbacdo. Ja para as diversidades funcional e filogenética, a redugdo de precipitacao teve
um efeito negativo em areas mais perturbadas e positivo em areas mais conservadas. No
segundo artigo nds avaliamos a funcao das plantas com NEFs sobre a distribuicdo espacial
dos ninhos de formigas de solo e como essa relacdo ¢ moldada pelas perturbacdes antrdpicas
e reducdo da precipitacdo. Observamos que formigas que dependem diretamente do néctar
extrafloral nidificaram a Im de distancia das plantas com NEFs e maior distancia foi de 4 m,
enquanto espécies que ndo dependem do néctar extrafloral nidificam a uma distancia superior
a 1,5 m e alguns ninhos foram localizados a 6 m de distincia das plantas com NEFs. Esses
resultados indicam que plantas com NEFs sdao um recurso chave para a estruturagdo espacial
das comunidades de formigas que nidificam no solo, afetando diretamente essas comunidades
através do suprimento do recurso e indiretamente, através de competicao das espécies
comportamentalmente dominantes. Nao verificamos relagdo entre aumento da perturbagdo e
redugdo da precipitacdo sobre a distribuicao espacial dos ninhos em relagdo as plantas com
nectarios extraflorais. Em conjunto, nossos resultados sugerem que as mudangas climaticas
terdo importantes efeitos sobre a comunidade de plantas da Caatinga ao aumentar a sua
sensibilidade mediante as perturbacdes antropicas. Diante das mudangas climaticas globais,
as florestas tropicais secas representam habitats ameacados, € nossos achados sugerem que
Caatinga necessita ser priorizada em termos de politicas de conservagdo. Adicionalmente,
diante da importancia ecologica das plantas com NEFs para as formigas, o declinio dos trés
componentes da diversidade pode ter efeitos sobre as populagdes de plantas e formigas, bem
como sobre o mutualismo promovido pelas glandulas extraflorais.

Palavras-chave: Aridez; diversidade e estrutura taxonOmica, funcional e filogenética;
florestas tropicais sazonalmente secas; néctar extrafloral; teoria do forrageamento 6timo.



ABSTRACT

The aim of this study was to investigate the individual and combined effects of chronic
anthropogenic disturbance (e.g. harvesting of timber and non-timber forest products, hunting,
and grazing by livestock) and climate change (increasing aridity measured by precipitation
levels) on the diversity of plants bearing extrafloral nectary (EFNs), and the effects of EFNs
on the spatial organization of grounding-ant community in Caatinga vegetation. The first
chapter evaluates the effects of both human disturbance and precipitation reduction on
taxonomic (TD), functional (FD) and phylogenetic diversities (PD) of the EFN-bearing plant
community in 20 plots (0.1 ha) distributed along disturbance and precipitation gradients at
Catimbau National Park, Northeast Brazil. We firstly combined the main sources of human
disturbance in a global multimeric index, which includes the number of people, wood
extraction, and domestic animal pressure (goats and cattle), as well as human accessibility
indicators to the focal plots (e.g. distance to house, distance to road and number of people
with influence to the plot). We observed individual negative effects of human disturbance on
the TD, FD and PD of EFNs-bearing plants. The effect of precipitation reduction was
individually negative only on both functional and phylogenetic diversity. Additionally, we
observed interactive effects of disturbance and precipitation on the three components of
EFNs-bearing plants. For taxonomic diversity, precipitation reduction showed a negative
effect only in more disturbed areas, while for functional and phylogenetic diversity
precipitation reduction imposed negative effects in more disturbed areas and positive in more
conserved sites. The second chapter investigates the effects of EFN-bearing plants on the
spatial distribution of epigaeic ant nests, and how this relationship is shaped by disturbance
and precipitation. We found that ant species that are heavily dependent on nectar sources
nested within 1 m of the nearest EFN-producing plant and none were located more than 4 m
distant, whereas almost all nests of non-users were located >1.5 m and some >6 m distant.
Our results provide empirical evidence that EFN is a key driver of the spatial structure of
ground-nesting ant communities, both directly through the supply of a key food resource, and
indirectly through competition from behaviorally dominant, heavy-user ant species. Finally,
we did not find a relationship between either disturbance or precipitation reduction on the
proximity of heavy users' nests to EFNs-bearing plants. Our results together indicate that
climate changes will have important effects on Caatinga plant community by increase their
sensibility to anthropogenic disturbance. Given the global climate changes, dry tropical
forests are habitats of concern, and our findings suggests government polices conservations
should prioritize Caatinga ecosystem. Additionally, given the great ecological relevance of
EFNs-bearing plants for ants, decline in TD, FD and PD might have important effects on both
plants and ants populations, as well as on a key mutualism promoted by extrafloral glands.

Keywords: Aridity, seasonally dry tropical forest; extrafloral nectar; optimal forage theory;

taxonomic, functional and phylogenetic diversity and structure.
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APRESENTACAO

As perturbacgdes antrépicas cronicas (PACs) e as mudancas climdticas sdo apontadas
como duas das principais causas do declinio da biodiversidade global (Sala et al., 2000;
Sirami et al., 2017). Atualmente, a maioria dos habitats estd sujeita a esse tipo de
perturbacdes, as quais, interligadas de formas complexas, podem levar ao declinio de
populacdes, sobretudo aquelas mais especialistas, e, em alguns casos, a extin¢do local, que
incute em modificagdes na composi¢do, riqueza e dominancia das comunidades relacionadas
(Kalascka et al., 2004). Por sua vez, as mudancas climdticas globais, t€ém levado a
importantes mudangas tanto na morfologia dos organismos (Hughes, 2000), quanto na
distribuicao das espécies (Martin, 1998), nas interacdes ecoldgicas e no funcionamento dos

ecossistemas (Walther et al., 2002).

As ameacas impostas pelas perturbagdes humanas e mudancas climédticas sdo
suficientemente preocupantes quando consideradas individualmente, entretanto seus efeitos
interativos podem ter consequéncias ainda mais severas para a biodiversidade (Travis, 2003;
Parmesan e Yohe, 2003). Uma maneira de abordar os efeitos combinados das perturbacdes
humanas e futuras mudangas climadticas € substituir o tempo pelo espaco e investigar as atuais
interacdes entre perturbacdes e as mudangas climdticas em dreas que simulem o que ocorreria
ao longo do tempo (Caddy et al., 2017). Assim, nesse trabalho nds investigamos os efeitos
individuais e sinérgicos das PACs e das mudancgas climéticas sobre a comunidade de plantas
e o seu mutualismo com formigas mediado pelos nectdrios extraflorais (NEFs) em uma

importante floresta tropical sazonalmente seca brasileira — a Caatinga.

Os NEFs sdo glandulas que produzem secre¢des acucaradas as quais atraem
artrépodes diversos, especialmente formigas (Wheeler, 1910) que ao utilizar esses recursos

liquidos protegem a planta contra o ataque de herbivoros (e.g. Bentley, 1977a; Keeler, 1989).
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A presenca de NEFs ja foi reportada para aproximadamente 4.000 espécies vegetais (Marazzi
e Sanderson, 2010) em mais de 108 familias de Angiospermas (Weber e Agrawal, 2014). A
disponibilidade do néctar extrafloral ¢ apontada como um importante fator influenciando a
comunidade de formigas arboricolas, ao promover a atividade de forrageamento, bem como a
diversidade desses insetos por meio do aumento da sobrevivéncia da coldnia, seu crescimento
e reproducdo (Davidson, 1997). Entretanto, nosso entendimento sobre o efeito que as plantas
com NEFs tem sobre a comunidade de formigas, principalmente aquelas que nidificam no
solo e sobem as plantas para forragear, ainda permanece pouco explorado (mas veja,

Bliithgen et al. 2000, 2004, Camara et al., 2016).

Como uma tipica regido semidrida, a Caatinga abriga densas popula¢des humanas,
que utilizam os recursos naturais como fonte de subsisténcia héd centenas de anos (Coimbra-
Filho e Camara, 1996). Adicionalmente, as recentes projecdes climdticas indicam que a
média pluviométrica anual, que varia marcadamente na regido, seja reduzida em torno de
22% até o ano de 2100 (Magrin et al., 2014). Especificamente para as plantas com NEFs,
espera-se que as PACs e mudancas climadticas afetem o mutualismo mediado pelas glandulas
de néctar extrafloral ao reduzir a producdo e secrecdo de recursos liquidos, bem como
diminuir a vida qtil das glandulas extraflorais, alterar a distribuicdo de plantas
extranectariferas, estrutura e/ou composicdo da comunidade de formigas (Bliithgen e
Reifenrath, 2003; Whalen e McKey, 2007; Leal et al., 2015). As plantas com NEFs perfazem
uma porg¢ao representativa da flora da Caatinga (veja Melo et al., 2010; Leal et al., 2015), e
os efeitos das perturbacdOes cronicas ja se mostraram como uma importante forca
estruturadora da comunidade de plantas com NEFs e suas formigas associadas, com efeitos
diretos sobre a performance desse grupo vegetal, bem como com efeitos indiretos sobre a
quebra dos mutualismos com formigas (Leal et al., 2015). Assim, a Caatinga constitui-se

como um sistema ideal para avaliar os efeitos individuais e interativos das PACs e das
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mudancas climdticas sobre a comunidade de plantas portadoras de NEFs, bem como seu

impacto sobre a comunidade formigas que utilizam este recurso.

Para tanto, essa tese foi dividida em duas partes. O primeiro capitulo trata de como o
aumento da intensidade das perturbacdes humanas cronicas e a reducdo da precipitacdo
influenciam a diversidade taxonomica, funcional e filogenética de plantas portadoras de
nectarios extraflorais. O segundo capitulo, por sua vez, investiga o papel desse grupo de
plantas sobre os padrdes de densidade e distribui¢do espacial das formigas que nidificam no
solo da Caatinga, além de avaliar como a perturbacdo e precipitagio moldam essa

organizacao.
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REVISAO DE LITERATURA
Perturbacoes Naturais e Antrépica

Os ecossistemas naturais sdo sujeitos a distirbios bioldgicos e fisicos, os quais sdo
considerados fatores importantes na dinamica de comunidades, além de responsdveis pela
heterogeneidade espacial, selecio e evolucdo das histérias de vida (Sousa, 1984). As
perturbacdes, embora normalmente tenham conotacdes negativas relacionadas a qualquer
evento que impactam um determinado organismo sdo, na verdade, um processo relacionado a
manuten¢do, ao funcionamento e a estrutura dos ecossistemas (Pickett e White, 1985). A
perturbacao natural € definida como um evento que causa modificacdes na biota, geralmente
atuando desde um unico individuo ou populacdo, até comunidades e ecossistemas, incluindo
os fluxos e reten¢do de matéria organica e seus processos associados (Creed, 2006). Além das
perturbagdes de origem natural, a maioria dos ecossistemas ao redor do globo esta sujeita as
perturbacdes de origem humana, que sdo provocadas pelos variados tipos de uso da terra
(Melo et al., 2010), e podem ter efeitos muito diferentes daqueles causados pelas
perturbacdes naturais (Foster et al., 1998), sejam essas diferencas na escala espacial (4rea),
temporal (frequéncia e duragcdo), ou até mesmo na sua intensidade e previsibilidade
(Pavlovic, 1994). Embora os padrdes ecolégicos e 0s processos que as originam essas
perturbacdes sejam, inicialmente similares, existe uma tendéncia de que as perturbagdes
naturais tenham efeitos positivos sobre a manutencdo dos processos ecologicos
ecossistémicos. Por sua vez, as perturbacdes causadas pela a agdo humana sdo apontadas
atualmente, como uma das principais causas da perda da biodiversidade, bem como da

descaracterizacdo dos ecossistemas naturais (World Resources Institute, 1997).

As diferencas entre as perturbacdes naturais e humanas sao baseadas, principalmente,

na intensidade e frequéncia de ocorréncia, sendo as perturbagdes naturais menos intensas e
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frequentes, além de ocorrerem de forma aleatéria no espago, quando comparadas com as
perturbacdes antrépicas (Pickett e White, 1985). De acordo com a Hipétese da Perturbacao
Intermedidria (Connell, 1978), em uma dada comunidade, espera-se que um pico de
diversidade acorra sob niveis intermedidrios de frequéncia e intensidade de perturbagdo. Isso
aconteceria porque comunidades sujeitas a regimes de perturbacdo de baixa frequéncia e/ou
intensidade seriam compostas apenas por espécies boas competidoras (i.e., espécies
caracteristicas de comunidades maduras dos estdgios finais de sucessdo). Por outro lado,
comunidades sujeitas a regimes de perturbacdo de alta frequéncia e/ou intensidade seriam
compostas apenas por espécies boas colonizadoras (i.e., espécies pioneiras), mantendo esses
ecossistemas em estdgios iniciais de sucessdo e, portanto, com baixa diversidade. Mas nas
comunidades que sofrem perturbagdes de frequéncia e intensidade moderadas, espécies com
diferentes habilidades de colonizacdo e competi¢cdo (i.e., espécies ocorrentes em diferentes
estdgios sucessionais) podem coexistir, ocorrendo assim um pico de diversidade (Connel,
1978). Dessa maneira, as comunidades sujeitas as perturbacdes de origem natural estariam
mais préximas ao regime intermedidrio de perturbacdo, enquanto que as comunidades sob
regime de perturbagdes antrdpicas estariam mais proximas ao regime intenso/ ou muito

frequente de perturbacdo.

As alteracOes de dreas naturais causadas pelo homem sdo universais e continuam
crescendo globalmente (Sala, 2000). Atualmente, estima-se que cerca de 48% da 4area total
terrestre esteja sujeita as perturbacdes humanas, entretanto, quando consideradas apenas as
regides habitdveis do planeta, as dreas perturbadas somam trés quartos (Hannah et al., 1994).
Devido aos efeitos negativos impostos em diversos ecossistemas do planeta, as perturbagdes
de origem humana vém recebendo cada vez mais atencdo da comunidade cientifica (Colon e
Lugo, 2006; Shahabuddin e Kumar, 2006). Esses efeitos podem ser notados por meio da

redugdo na abundancia de populagdes, podendo causar algumas vezes até extingdes locais, as
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quais acarretam alteracdes na composicdo de espécies; na riqueza ¢ na dominancia entre
espécies nas comunidades afetadas, e nas interagdes ecoldgicas (Kalascka et al., 2004;

Shahabuddin e Kumar, 2006).

A compreensao das perturbagdes antropicas envolve uma analise das classes dessas
perturbagdes, as quais podem ser dividas em perturbagdes agudas e perturbagdes cronicas
(Singh, 1998). As perturbagdes agudas consistem na total descaracterizagdo de uma area e
estdo relacionadas a perda de habitat, transformag¢do de grandes areas em plantagdes ou
pastagens. Esse tipo de perturbagao, por ter efeitos mais facilmente identificados, sdo também
mais bem estudados (Singh, 1998; Watt, 1998). Intimeros trabalhos apontam as
consequéncias da perturbacdo aguda no ecossistema, e incluem a extingdo local e regional de
espécies, além da mudanga nas diversidades taxondmica, funcional e filogenética (Girao et
al., 2007; Santos et al., 2010; Munguia-Rosas et al., 2014). Em contrapartida, as perturbagdes
antropicas cronicas (PAC) sdao mais dificeis de serem acessadas, pois sdo baseadas na
extracdo moderada de recursos, criando assim, um gradiente entre as dreas mais conservadas

e mais perturbadas (Watt, 1998).

As PAC sao caracterizadas como atividades constantes que modificam o ambiente de
forma gradual, ndo o descaracterizando de maneira dréstica (Singh, 1998; Martorell e Peters,
2005). Essas perturbagdes podem ser exemplificadas por atividades relacionadas a criagao
extensiva de rebanhos em areas de florestas, a atividade de extracdo seletiva de madeira, a
coleta de produtos ndo madeireiros (i.e., frutos, sementes, cascas, entre outros), € a caga
ininterrupta (Singh, 1998; Martorell e Peters, 2005). Apesar dos efeitos deste tipo de
perturbacdo ser aparentemente gradativo, ele ¢ também deletério, pois causam simplificagdo e
homogeneizagdo das comunidades, alterando o funcionamento dos ecossistemas e sua
capacidade de prover servigcos (Singh, 1998). Essas mudangas, que inicialmente podem ser

ignoradas em um contexto geral, podem levar a uma gradual perda da resiliéncia da
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comunidade, tornando-a gradativamente mais vulneravel as perturbacgdes, que outrora podiam

ser absorvidas sem alteragdes nos padroes e funcdes da comunidade (Folke et al., 2004).

Efeitos das Perturbacdes sobre a Diversidade da Flora

De maneira geral, as atividades antropicas tém como principal consequéncia a
diminui¢do da riqueza de espécies nos ecossistemas (Silva e Tabarelli, 2000; Gerstner et al.,
2014). Entretanto, a riqueza de espécies quando avaliada isoladamente revela poucos detalhes
sobre a maneira como determinada comunidade se estrutura apos os eventos de perturbacao.
Sabe-se, por exemplo que as perturbacdes humanas trazem consigo consequéncias mais
abrangentes, as quais incluem modificagdes no funcionamento dos ecossistemas, bem como
nas historias evolutivas das comunidades biologicas (Morris, 2010; Ribeiro et al., 2016; Sfair
et al., no prelo). Portanto, para entender as consequéncias mais abrangentes das perturbagdes
humanas faz-se necessario avaliar os diferentes niveis de diversidade (Pavoine e Bonsall,

2010).

O processo de extingao das espécies ocorre de forma direcionada e, de maneira geral,
grupos vulneraveis carregam consigo um conjunto de atributos comuns (Fréville et al., 2007;
Ledo et al., 2014). Nesse sentido, a abordagem funcional leva em consideracdo as
caracteristicas/atributos de um grupo que conferem as espécies vulnerabilidade ou resisténcia
de coexistir em determinado ambiente e pode ser representada pela diversidade, frequéncia e
divergéncia de atributos na comunidade (Pla et al., 2012). O uso de medidas funcionais vem
sendo aprimorado nos ultimos anos (Petchey e Gaston, 2006; Cianciaruso et al., 2009),
incluindo aquelas que buscam compreender como os gradientes naturais e artificiais
influenciam a organizagdo funcional de comunidades (e.g. Diaz et al., 2007; Mouchet et al.,

2010). Especificamente, estudos usando a vegetacdo como modelo tém revelado, por
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exemplo, que em estagios sucessionais espécies de uma mesma série geralmente apresentam
um conjunto de atributos relacionados ao ambiente em que ocorrem (Lebrija-Trejos et al.,
2010). Atividades de extracdo de madeira também j& foram descritas como relacionadas com
espécies vegetais com menor area foliar e investimento em massa foliar; e a pressdo
pastagem, exercida por animais domésticos, esteve relacionada com a variagdo
intraespecifica, em que a herbivoria por esses animais foi correlacionada com o aumento de
individuos vegetais com maior densidade de madeira e massa foliar, provavelmente uma
estratégia para reduzir a palatabilidade (Sfair et al., no prelo). Por tltimo, alguns estudos tém
mostrado ainda, que diferentes fontes de perturbacdes antropicas cronicas podem causar
mudancgas na frequéncia de grupos funcionais, a exemplo de espécies tolerantes a sombra,
que compdem o estrato emergente (Oliveira et al., 2004) e que sdo polinizadas e dispersas por

vertebrados (Girao et al., 2007; Santos et al., 2008).

Assim, a partir dos achados acima citados, parece razoavel pensar que as perturbagdes
antropicas exercem influéncia sobre a diversidade funcional, de modo que as comunidades se
reorganizam de forma a manter uma maior contribui¢do dos atributos ligados a tolerancia das
condi¢des ambientais criadas por essas perturbacdes, além de estratégias relacionadas ao
investimento estrutural e reprodutivo. Sob essa perspectiva, as perturbagdes antrdpicas
podem atuar como filtros ambientais, selecionando as espécies com tragos que permitam a

sua persisténcia em areas perturbadas (Chase e Myers, 2011).

Além dos efeitos sobre a diversidade funcional, as perturbagdes antropicas podem
ainda acarretar modificagdes nas historias evolutivas das espécies (Santos et al., 2010; 2014a;
Munguia-Rosas et al., 2014; Ribeiro et al., 2016). Por isso juntamente com a tradicional
abordagem taxondmica e funcional, a estrutura filogenética também ¢ utilizada para
compreender como as comunidades se estruturam apos eventos de perturbacao (Webb et al.,

2002; Santos et al., 2010). O estudo da estrutura filogenética também pode fornecer indicios
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sobre os processos ecoldgicos que organizam uma comunidade, como os filtros ambientais e
competicao (Webb, 2000; Webb et al., 2002). As perturbagdes humanas podem afetar a
estrutura filogenética e diversidade de comunidades de formas contrastantes, dependendo do
nivel de organizagdo floristica que segue apos os disturbios (Arroyo-Rodriguez et al., 2012).
Se o balango entre a extirpacdo e a proliferacdo de linhagens particulares resulta na
coocorréncia de grupos mais relacionados, comunidades em areas perturbadas devem ser
filogeneticamente pobres e agrupadas que em areas onde a perturbacao ¢ ausente (Santos et
al., 2010; Munguia-Rosas et al., 2014). Por outro lado, se o resultado da reorganizacao
floristica resulta na coocorréncia de grupos distantemente relacionados, as comunidades serdo
filogeneticamente mais diversas e mais dispersas em areas perturbadas. Uma terceira
possibilidade ¢ que a reorganizagdo da comunidade nao resulte em mudangas significantes na
estrutura e diversidade filogenética, porque os grupos que proliferam sdo igualmente
dispersos ao longo da filogenia (Arroyo-Rodriguez et al., 2012; Benitez-Malvido et al.,
2014). Por exemplo, Zhang et al. (2004), ao avaliar onze trabalhos com a tematica em
questao, observaram que parte destes trabalhos (5 trabalhos no total) relacionou os efeitos das
perturbagdes antropicas com o agrupamento filogenético das comunidades originais; ao passo
que outra parte desses esforcos (6 trabalhos no total) observaram que as perturbacdes tiveram
pouca ou nenhuma influéncia sobre a estrutura filogenética. Os diferentes resultados a cerca
da influéncia de perturbacdes humanas sobre a estrutura filogenética poderiam estar
relacionados com uma ampla variedade de fatores, como tipo de perturbagdo, intensidade da
perturbacgdo, distribui¢do dos atributos na comunidade antes dos eventos de disturbios, bem
como forma de vida dos clados (Hillerislambers et al., 2012; Swenson, 2013; Zhang et al.,
2014). Além de limitadas e contrastantes, as evidéncias empiricas disponiveis sobre as
respostas filogenéticas se concentram nas respostas as perturbagdes agudas, tais como o

desmatamento e fragmentag¢do (Santos et al. 2010; 2014a; Arroyo-Rodriguez et al., 2012,
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Andrade et al., 2015) e atualmente, apenas um trabalho demonstra os efeitos que as
perturbagdes cronicas exercem sobre a estrutura e diversidade filogenética (Ribeiro et al.,

2016), com reflexos a perda de historias evolutivas da flora da Caatinga.

As relagdes entre as diversidades taxondmica, funcional e filogenética sdo bastante
complexas (Faith, 2008; Devictor et al., 2010). Inicialmente, espera-se uma relagao positiva
entre essas trés medidas de diversidade, uma vez que a presenga de um maior niumero de
espécies pode significar um maior nimero de tracos funcionais em uma comunidade, assim
como um maior nimero de linhagens representadas (Losos, 2008). Contudo, essas relagdes
nem sempre sdo lineares. Duas comunidades com a mesma diversidade taxonomica podem
diferir quanto as relagdes filogenéticas entre as espécies, em decorréncia de suas diferentes
histérias evolutivas (Webb et al., 2002; Losos e Glor, 2003), além de poder diferir quanto aos
tragos funcionais devido as diferentes condi¢cdes ambientais (Stevens et al., 2003; Petchey et
al., 2007). Entretanto, uma estreita relagdo entre as diversidades funcional e filogenética ¢
esperada se os tracos funcionais que permitem as espécies persistirem em um determinado
ambiente sdo evolutivamente conservadas, ou seja, apresentam um sinal filogenético (Webb
et al., 2002; Cavender-Bares et al., 2009). Assim, para compreender de que maneira as
comunidades vegetais se reestruturam apds eventos de perturbacdo, faz-se necessario a
abordagem integrativa de diferentes abordagens de diversidade, que incluem os trés

componentes da diversidade: diversidade taxondmica, funcional e filogenética.

Efeitos das Perturbacdes sobre a Fauna e Interacées Ecologicas

Além dos diversos efeitos dos distirbios antropicos sobre a vegetagdo, os animais
também sdo impactados pelas atividades humanas. Especificamente, a perda de habitat,

alteracdo e degradacao de areas naturais associadas as perturbagdes antropicas sao as maiores
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ameacas a vida selvagem ao redor do globo (Wilcove et al., 1998, Gibbons et al., 2000,
Hanski, 2005). Os efeitos diretos dessas alteragdes sobre os animais sdo bem aparentes, no
sentido de extinguir as espécies em escala local por meio de eventos imediatos ou de longo
prazo (Hanski, 2005). Entretanto, as perturbacdes humanas também podem afetar a fauna de
formas indiretas, seja por meio de modifica¢des de habitat (Bubenik, 1982), de mudancas nas
taxas de migracao (Kuck et al., 1985), pelo aumento na competi¢do com espécies ndo-nativas
(Williamson, 1996), pela limitacdo do sucesso de espécies nativas (Hobbs e Huenneke,
1992), ou através de mudancas na composi¢ao de espécies como resposta a mudancas na
vegetacao nativa (Mills et al., 1989). Nesse sentido, percebe-se que mesmo quando as
atividades antropicas ndo modificam drasticamente um determinado habitat, outras
consequéncias dessas perturbagdes podem reduzir as populacdes ou at¢ mesmo afetar o

comportamento animal.

Um estudo com vespas sociais nos Estados Unidos revelou que a proximidade de
populagdes humanas foi diretamente proporcional a agressividade desses insetos ao longo do
tempo, especialmente apods periodos de reproducdo (Curtis e Stamp, 2006). Na Italia,
Apollonio e colaboradores (2005) demonstraram que o aumento das atividades humanas
reduziu significativamente o niimero de fémeas e juvenis de cervos Dama dama Linnaeus,
1958, ao longo de 20 anos. Essas mudangas no comportamento das espécies em resposta aos
distarbios humanos, de maneira geral, estdo relacionadas a diminui¢do do fitness causada
pela reducao de areas e tempo disponivel para o forrageio (Gill et al., 1996), reprodugdo (de
Jong et al., 2013), ou at¢ mesmo da reducao do tempo de repouso (Rosa et al., 2006).
Normalmente, a presenca humana também estd relacionada com o aumento do gasto
energético utilizado em atividades de locomocdao (Houston et al., 2012) e/ou respostas

fisiologicas (Ackerman et al., 2004).
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Em uma outra perspectiva, os impactos dos distirbios humanos também podem ter
efeito sobre a distribui¢do espacial das comunidades. Uma variedade de estudos tem
mostrado que as perturbagdes humanas desempenham um forte impacto sobre a estrutura de
ninhos de espécies animais diversas, bem como sobre as taxas de reprodugdo das colOnias
(e.g. Bolduc e Guillemette, 2003; Curtis e Stamp, 2006; Gillis et al., 2012). Os ninhos de
animais de solo sdo especialmente vulneraveis as perturbagdes, pois a sua localizagao
aumenta a probabilidade de pisoteio, predagcdo por animais, ou até o seu abando pela geracao
parental em resposta as perturbacdes (Pangau-Adam, 2006; Gillis et al., 2012). Grande parte
dos estudos que demonstraram os efeitos das perturbagdes sobre ninhos esta restrita ao grupo
das aves, que podem ser afetados diretamente pela presenca fisica de humanos (Lenington,
1979; Giese, 1996; Carney e Sydman, 1999). Contudo, organismos invertebrados também
podem ser impactados por esses disturbios. Sabe-se, por exemplo, que perturbacdes
mecanicas em ninhos de formigas podem levar a modificagdes na entrada de luz e correntes
de ar nas cameras de reproducdo, com consequéncias imediatas sobre a rainha e a prole, e em
alguns casos pode levar a imigracdo para novas areas de nidificagdo (Holldobler e Wilson,

1990).

As perturbagdes antropicas também exercem importante influencia sobre as interagdes
ecologicas. Em uma comunidade, todos os organismos estdo conectados por meio de
diferentes processos, que em conjunto atuam na manutencao da biodiversidade (Bascompete
e Jordano, 2007). A exclusdo local de espécies pode desencadear a quebra de interagdes com
reflexos em cascata, em curto, ou longo prazo, acentuando o processo de degeneracao
ecologica em areas perturbadas (Kearns et al., 1998). Quando avaliamos os efeitos das
perturbagdes sobre as interagdes entre plantas e animais, as mutualisticas sdo particularmente
vulnerdveis (Bond, 1994). Em um mutualismo, os parceiros envolvidos possuem uma maior

dependéncia entre si (Stiles, 2000). A quebra da interagdo e, em consequéncia, dos beneficios
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providos aos parceiros envolvidos pode comprometer a aptidao das espécies e a permanéncia
desses individuos no habitat (Jordano, 1987). Mudangas no cenario ecoldgico onde as
interacdes ocorrem podem ainda modificar o balango entre custo/beneficio da interagdo e
transformar uma relagdo ecologica originalmente mutualistica em antagonica (Eaton et al.,

2011).

Mudancas Climéticas

Embora o clima da Terra tenha passado por muitas mudancas durante a sua
existéncia, € inegdvel que as mudancas globais atuais sdo fortemente influenciadas pela acao
humana sobre os ecossistemas naturais (Houghton et al., 2006; Lewis et al., 2009). Nesse
contexto, o Antropoceno surge como um paradigma que descreve o impacto cumulativo da
civilizacdo, em maneiras diversas, onde as atividades antrépicas t€ém modificado a Terra,
numa magnitude semelhante aos impactos da era do gelo, entretanto em um periodo de tempo

consideravelmente mais curto (Crutzen e Stoermer, 2000; Steffen et al., 2011).

De acordo com informag¢des do Painel Intergovernamental de Mudangas Climaticas
(2014), as mudangas climdticas do Antropoceno provocardo alteragdes nas condigdes
ambientais, na frequéncia e intensidade do clima e nos processos climaticos (Magrin et al.,
2014). Especificamente, estudos com modelos climdticos globais t€ém projetado importantes
mudancas nos regimes de chuva, aumento das temperaturas, bem como o degelo dos polos,
no aumento do nivel dos oceanos e eventos climaticos extremos (Marengo et al., 2012; Chou
et al., 2014a; Magrin et al., 2014). A velocidade em que essas varia¢des climdticas ocorrem é
um fator que merece aten¢do, pois quanto mais aceleradas sdo essas mudangas, mais bruscas
serdo as consequéncias sobre as comunidades bioldgicas (Brook et al., 2005). Por exemplo,
quando os padrées do clima sofrem mudancas, espécies animais e vegetais tendem a

colonizar novos habitats, devido a sua sensibilidade, e procurarem novos habitats onde o
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clima se tornou mais adequado ao seu estabelecimento (Peters, 1990). Em associa¢do com as
mudancas climédticas globais, as variagdes regionais e locais das médias de temperatura
influenciam a distribuicdo de periodos quentes e frios, assim como mudangas nas varidveis
quimicas e fisicas, que incluem modificacdes nas taxas de evapotranspiracdo, radiacio e
precipitacao (Peters, 1990; Nobre et al., 1991). Considerando que tanto a temperatura, quanto
a precipitacdo desempenham papéis fundamentais na distribuic@o das espécies (Chopra et al.,
2005), essas modificagdes podem ter consequéncias importantes sobre a distribuicdo e

dindmica dos ecossistemas.

Efeito das mudancas climéaticas sobre organismos

As mudancas climdticas podem afetar plantas e animais de formas variadas, incluindo
mudancas na distribuicao das espécies (Caplat et al., 2013; Sirami et al., 2017), nos tamanhos
das populacdes (Vorosmarty et al., 2000; Carpenter et al., 2008); e podem ainda promover
mudancas na estrutura fisica, metabolismo e comportamento das espécies (Cerdd et al.,
1998a; Waples e Audzijonyte, 2016) e, especificamente, sobre as interagdes bidticas, visto
que os padroes de temperatura e umidade tém um papel importante nas comunidades
bioldgicas (Parnesan e Galbraith, 2004). As respostas ecoldgicas frente as mudancgas
climéticas tém importantes implicagdes dada as pretéritas e continuas modificacdes causadas

pelas atividades humanas.

Entre as caracteristicas comportamentais, os tracos relacionados ao forrageamento,
tais como aqueles ligados a busca e a exploracdo de recursos, podem ser particularmente
afetados pelas mudancas climaticas (Lubin e Henshel, 1990; Cerdé et al., 1998a; Aublet et
al., 2009). A precipitacdo e temperatura, por exemplo, podem afetar indiretamente o

comportamento de forrageio de animais ao afetar a produtividade priméria e,
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consequentemente, a quantidade de recursos disponiveis (Rosenzweig, 1968). Além disso, a
temperatura pode ter um outro efeito direto no comportamento animal, ao limitar a habilidade
de espécies forrageadoras de acessar os recursos disponiveis (Kaspari et al., 2000; Brown et
al., 2004; van Oudenhove et al., 2011). De acordo com os modelos de forrageamento 6timo
(MacArthur e Pianka, 1966; Stephens e Krebs, 1986), a eficiéncia do forrageio deve ser
diretamente relacionada a produgdo primdria, bem como a disponibilidade de recursos.
Entretanto, sob condi¢des climéticas desfavordveis, a eficiéncia de busca por alimento é
reduzida, devido ao aumento dos custos metabolicos (Cerda et al., 1998a). Dessa maneira, as
mudancas climdticas podem ter efeitos sobre as atividades de forrageio das espécies, bem
como influenciar as decisdes individuais que podem reduzir o sucesso reprodutivo das

espécies.

As alteragdes causadas pelas mudangas climéticas observadas através de mudancas
comportamentais, alteragdo da abundancia de espécies-chave (Suttle et al., 2007); de
mudancas na fenologia dos organismos (Both et al., 2009), e na distribuicdo das espécies
(Harley, 2011) podem incutir na quebra de relagdes ao modificar a frequéncia e intensidade
das interagdes entre as espécies (Stuble e Patterson, 2014). Por exemplo, Warren et al.
(2011a), observaram que o aumento da temperatura ¢ responsavel pelo amadurecimento
precoce de frutos e que esse padrao de amadurecimento incute na reducao da eficiéncia de
dispersdo por Aphaenogaster rudis (Enzmann, J., 1947), uma espécie de formiga considerada
dispersora de alta qualidade. Similarmente, um estudo a longo prazo na Holanda, demonstrou
que o aumento das temperaturas retardou o desenvolvimento foliar da espécie vegetal
Quercus robur L., reduzindo o pico de biomassa de larvas de lepidopteros que se
alimentavam desse recurso vegetal, a reproducao de aves insetivoras e a reproducdo de aves
predadoras, resultando na quebra de interagdes ao longo de quatro niveis troficos (Both et al.,

2009). Assim, entender como os organismos irdo responder as futuras mudancas climaticas,
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que levam a mudangas subsequentes em processos ecoldgicos chave, € essencial no sentido

de predizer a estrutura e o funcionamento dos ecossistemas futuros (Andrew et al., 2013).

Efeitos combinados das Perturbac¢oes e Mudancas Climaticas

Os efeitos das perturbacoes humanas e mudangas climaticas parecem ser
suficientemente preocupantes para a biodiversidade quando considerados individualmente,
porém suas consequéncias podem ser ainda mais alarmantes se consideradas atuando
conjuntamente (Travis, 2003; Parmesan ¢ Yohe, 2003; Rito et al., 2016). Embora disturbios
humanos e mudancas climdticas sejam reconhecidamente considerados fatores chave na
estrutura das assembleias, estudos que abordam seus efeitos interativos como um precursor
das mudangas biologicas sdo extremamente escassos (Gibb et al., 2015; Sirami et al., 2017).
Por exemplo, as ameacas impostas pelo crescimento populacional, perda de habitat e
aumento da aridez foram responsaveis por uma marcada redugdo na distribuicao de coalas na
Australia (Lunney et al., 2014). Um estudo realizado na Africa do Sul observou o aumento
nas populagdes de corvos em resposta ao aquecimento do clima e aumento na dispersao da
espécie promovida pelo aumento da infraestrutura elétrica (Cunninghan et al., 2016).
Similarmente, o efeito da pastagem sobre a diversidade de répteis foi observado mudando de
positiva para negativa com a redugdo da precipitacdo em Israel (Rottem et al., 2015). Os
efeitos combinados dos distarbios promovidos pela a agdo humana e das mudangas climaticas
também sdo consideradas uma ameaca para a distribui¢do de espécies e interagdes ecoldgicas
especializadas. Um estudo recente de revisdo bibliografica avaliando os impactos do uso da
terra ¢ mudancas climéaticas sobre a distribui¢do de espécies, entre os anos de 2000 e 2014
mostrou que o numero de estudos que incorporam essas duas tematicas vem crescendo ao
longo dos anos (Sirami et al., 2017). Porém, os estudos que abordam seus efeitos combinados

representam apenas cerca de 15% do total avaliado, quando comparado com 72% dos estudos
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que abordam mudancas climaticas e impactos humanos em um contexto geral (Sirami et al.,

2017).

Perturbacdes Antropicas e Reducio da Precipitacio na Caatinga

A Caatinga ¢ um mosaico de florestas tropicais sazonalmente secas e arbustos
esclerofiticos espinhentos que compreende 826,411 km? do Nordeste brasileiro,
representando 11% do territdrio nacional (Veloso et al., 2002). A distribuicao da Caatinga se
sobrepde a regiao de clima tropical semiarido, que se caracteriza pela baixa precipitacao
(240-900 mm), que se concentra ao longo de 3 — 5 meses do ano, e temperaturas médias entre
23°e 27°C (Reddy, 1983; Sampaio, 1995). Essa deficiéncia hidrica durante grande parte do
ano, somado a irregularidade temporal na distribuicao de chuvas sdo os principais fatores que

determinam a existéncia dessa floresta seca (Queiroz, 2009).

A vegetacao da Caatinga pode ser considerada como um tipo de floresta de porte
baixo, por apresentar a predominancia de um estrato arbdreo ou arbustivo-arboreo, folhagem
decidua na estacdo seca e arvores com ramificacdo profusa, geralmente portando espinhos e
aculeos (Leal et al.,, 2003). Outras adaptacdes aos longos periodos de seca incluem a
suculéncia, ceras epicuticulares e tricomas, € o armazenamento de dgua nas raizes ou no
caule (Andrade-Lima, 1981; Barros e Soares, 2013). As fisionomias vegetais da Caatinga sao
bastante diversificadas e se estendem ao longo de inumeras formacdes geologicas do
embasamento cristalino as bacias sedimentares, montanhas e platés (IBGE, 1985). Numa
classificagdo ampla, Andrade-Lima (1981) reconheceu 12 fitofisionomias baseadas na
composi¢do das espécies de plantas dominantes, as quais sdo influenciadas pelo clima e o

solo da regido.
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A regido semiarida do nordeste do Brasil ¢ uma das regides aridas mais populosas do
mundo, somando 26 habitantes a cada quilometro quadrado (INSA, 2012). Atividades como
desmatamento, com fins ligados as diferentes atividades humanas, levaram a apenas 45,6%
da vegetagdo original, composta por florestas primarias e secundarias, que possivelmente sao
impactadas por atividades antrépicas agudas e cronicas (MMA, 2011). As atividades da
agricultura ao longo da histéria da regido geraram uma ocupacgao territorial impactante e
desordenada, que culminou na diminuicdo significativa da biodiversidade regional (MMA,
2002). Para se ter uma dimensdao desses impactos, em 1993, as atividades ligadas a
agricultura ocupavam 28% da area total da Caatinga (MMA, 1998) e em alguns estados do
Nordeste, como por exemplo o estado de Pernambuco, mais de 25% de suas areas de
Caatinga eram degradadas, sendo 16% desse total classificadas como areas com nivel de
degradacao severo (Sa, et al., 2003). Por outro lado, apenas 7,4% da area total da Caatinga
esta protegida por meio de unidades de conservacao. Desse total, apenas 1% ¢ constituida por
areas de protecdo integral, e os 6,4% restantes protegidos como areas de uso sustentavel

(MMA, 2011).

O sistema agropastoril ¢ considerado como uma das principais fontes de perturbacao
nos remanescentes de Caatinga (MMA, 2011). Os rebanhos (estimado em um numero
superior a 10 milhdes de animais; Medeiros et al., 2000), comumente utilizam os estratos
herbéaceo, arbustivo e arboéreo (Leal et al., 2003). Esses animais foram introduzidos pelos
europeus no inicio de 1500 e rapidamente devastaram espécies vegetais nativas que nao
apresentavam resisténcia a pastagem intensiva (Leal et al., 2003). Assim, grandes areas, onde
o solo foi muito produtivo foram substituidas por pastagem por mais de 500 anos (Leal et al.,
2005). A demanda por energia ¢ outro fator que impacta a Caatinga, com histérico de uso
pelos recursos iniciado durante a ocupacdo do Nordeste (Riegelhaupt e Pareyn, 2010).

Inicialmente, a lenha foi um subproduto da agricultura itinerante e, em seguida, se tornou
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uma fonte energética para diversos setores, como o domiciliar, o comercial e o industrial
(Riegelhaupt e Pareyn, 2010). Somado a essas atividades, a populagdo rural da Caatinga,
também denominados de sertanejos, utilizam de praticas como a agricultura de corte e
queima; a coleta de lenha e a caga (Leal et al., 2005). Além de ser um dos ecossistemas
brasileiros mais perturbados e menos estudados, a Caatinga ¢ também negligenciada em
termos de politicas publicas, tornando-se um dos ecossistemas mais ameacados do globo
(Aide et al., 2013; Sunderland et al., 2015). Nesse contexto, o problema dos disturbios
cronicos ¢ ampliado em areas secas como a Caatinga, que por ser constantemente impactado
por essas atividades humanas, se recupera de forma mais lenta que os demais ecossistemas

(Martorell e Peters, 2009).

Somado ao problema das perturbagdes antropicas cronicas, a biota da Caatinga
também vem sendo ameacada pelas mudancas climéticas globais. Estudos realizados pelo
Painel de Mudangas Climaticas (2007a) preveem que a regido semidrida enfrentard o
aumento da temperatura em torno de 3 a 6°C e a reducdo da precipitagdo em cerca de 22%,
até o ano de 2100 (Magrin et al., 2014). Nas regides semidridas, as quais ja apresentam uma
vulnerabilidade quanto a disponibilidade de dgua, espera-se que o estresse hidrico acentue
ainda mais esse problema como resposta as variagdes climaticas (Magrin et al., 2014). Essas
mudancgas podem intensificar os efeitos negativos das perturbagdes antrdpicas cronicas e, em
conjunto, esses dois fatores podem incutir em sérias consequéncias para a biodiversidade da
regido. Dessa forma, a Caatinga, ao apresentar o continuo uso de seus recursos naturais pela
populacdo, bem como figurar entre os ecossistemas mais ameacados diante das futuras
mudancas climaticas futuras, torna-se um sistema ideal para avaliar os impactos promovidos

pelas perturbagdes cronicas e mudangas climatica sobre a sua biota.
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Relacdes ecoldgicas e as interacoes mediadas por Nectarios Extraflorais

As interagdes ecologicas sdo tidas como processo importantes, que influenciam os
padrdes de variacdo e adaptagdo de espécies (Thompson, 2013), bem como a organizagdo das
comunidades (Mougi e Kondoh, 2012). Essas relagdes foram estabelecidas desde o
surgimento da vida na Terra, contudo, o surgimento das primeiras plantas terrestres, hd cerca
de 425 milhdes de anos, representa um marco na historia das interagdes ecologicas. No final
do periodo Carbonifero, ha aproximadamente 300 milhdes de anos, ja estavam presentes na
natureza todos os modos basicos pelos quais um animal pode se utilizar de uma planta

(Labandeira, 2002).

Atualmente, a superficie terrestre ¢ fundamentalmente abrigo de plantas vasculares e
animais, dentre os quais merecem evidéncia as plantas com sementes e insetos, que
contribuiram substancialmente para esta diversidade. A coevolugdo entre plantas e animais
envolve sistemas e recursos que originam uma grande variedade de interagdes elaboradas e
complexas (Beattie ¢ Hughes, 2002), que variam desde benéficas até deletérias (Stotz et al.,
1999; Del-Claro, 2012). Nesse contexto, podemos citar a polinizacdo, que incute em
beneficios para ambos parceiros envolvidos, onde os insetos promovem a polinizagdo
cruzada em plantas durante a coleta dos recursos florais; as plantas carnivoras, que por meio
de armadilhas para insetos, obtém nitrogénio e fésforo adicionais em ambientes com caréncia
de nutrientes; e, mais comumente, as plantas atacadas por insetos herbivoros e patdégenos
microbianos, as quais tem levado a evolugdo de varias caracteristicas vegetais como forma a
diminuir a habilidade dos herbivoros em explorar os tecidos vegetais (Marquis, 1994; Stotz et
al., 1999; Del-Claro, 2012). Esses mecanismos de defesa, que incluem: (1) defesas quimicas
como os compostos secundarios (Ehrlich e Raven, 1964; Baldwin, 2001); a inducdo de
proteinas defensivas (Haruta et al., 2001); a liberacdo de volateis que atuam na atracao dos

predadores de insetos (Birkett et al., 2000), entre outros; (ii) defesas fisicas como a dureza e
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espessura foliar (Clissold et al., 2009); a densidade de tricomas (Woodman e Fernandes,
1991); o latex (Agrawal e Konno, 2009), e (ii1) as defesas bidticas baseadas em um relagdo
mutualistica, em que as plantas ofertam diferentes recursos aos parceiros animais em troca de

protecao (Beattie; 1986; Rico-Gray e Oliveira, 2007).

No tocante as defesas bidticas, o parceiro melhor estudado, que atua sobre a defesa
indireta de plantas, sdo as formigas predadoras (Rico-Gray e Oliveira, 2007). De fato, as
relagdes entre plantas e formigas sao pautadas nos diferentes tipos de recursos ofertados pelos
vegetais de forma a atrair esses insetos predadores para a sua defesa, tornando as plantas um
dos principais fatores que afetam a composi¢cdo e estrutura da comunidade de formigas
(Retana e Cerda, 2000; Wang et al., 2001; Lassau e Hochuli, 2004). Os recursos ofertados
pela vegetacdo para as formigas incluem (i) sitios para nidificacdo, em que plantas
mirmecofitas apresentam cavidades ocas em folhas e ramos denominadas domaécias, que sdo
ocupadas por formigas especializadas em oferecer protecao ao vegetal (Webber et al., 2007);
(11) modificagdo das condigdes microclimaticas (Arnan et al., 2007); (iii) recursos alimentares
multiplos, como os corpusculos alimentares (Dutra et al., 2006); e o néctar extrafloral
(Bentley, 1977a; Machado et al., 2008). As formigas também podem obter recursos das
plantas através de outros artrépodes em interagdes tritroficas (Del-Claro e Oliveira, 1999).
Exemplos desses artropodes sao hemipteros (Stenorryncha e Auchenorryncha), que
produzem exsudados ricos em acgucares denominados honeydew (Davidson et al., 2003), e
lepidopteros das familias Lycaenidae e Riodinidae que ofertam secre¢des de por meio de
glandulas denominadas orgdo nectarifero dorsal e oOrgdo nectarifero tentacular,

respectivamente (Kaminski et al., 2009).

Os nectarios extraflorais (NEFs) sdo estruturas produtoras de néctar, vascularizadas
ou ndo-vascularizadas, que nao estdo relacionadas ao processo de polinizagao (Koptur, 1992;

Diaz-Castelazo et al., 2005), muito embora estejam presentes em estruturas reprodutivas da
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planta (Gonzéalez-Teuber e Heil, 2009), sendo por isso também denominados
extrareprodutivos ou extranupciais (Schimid, 1988). Essas estruturas sdo encontradas em
3.941 espécies de plantas, pertencentes a 754 géneros e 108 familias botanicas, e
representando cerca de 21% das familias vegetais ja descritas. As glandulas extraflorais
produzem e secretam solu¢des aquosas ricas em acucares (especialmente glicose, frutose e
sacarose), além de pequenas quantidades de proteinas, aminodcidos, acidos organicos,

lipidios, antioxidantes, entre outros (Beattie,1986; Gonzalez-Teuber e Heil, 2009).

As secrecoes extraflorais atraem nao s6 formigas, mas também vespas (Cuatle e Rico-
Gray, 2003; Olson et al., 2005) e aranhas (Whitney, 2004; Nahas et al., 2012; Painting et al.,
2017), que também defendem as plantas contra herbivoros. Mas o grupo mais frequentemente
envolvido nas interagdes com plantas que possuem NEFs sdo certamente as formigas (Rico-
Gray e Oliveira, 2007). Varios estudos t€ém demonstrado o papel das formigas como agente
anti-herbivoria nas interagdes com plantas portadoras de nectarios extraflorais (e.g. Bentley
1977a; Koptur, 1992, Heil e Mckey, 2003). Especificamente, j& foi observado que as
formigas podem atuar repelindo comedores de folhas (Koptur, 1979; Nascimento e Del-
Claro, 2010); de botdes florais e flores (Oliveira et al., 1999); comedores de sementes
(Keeler, 1981) e insetos pilhadores do néctar extrafloral (Leal et al., 2006). Assim, a presenga
de formigas em plantas pode proporcionar o aumento das taxas de crescimento e incrementar
o sucesso reprodutivo vegetal (Del-Claro et al., 1996; Rico-Gray e Oliveira, 2007;

Nascimento e Del-Claro, 2010).

Viérias linhagens independentes de especializacdes de nectarios extraflorais tém
evoluido ao longo de mais de 100 milhdes de anos (Marjorie e Keeler, 2012; Marazzi et al.,
2013). Essas origens diversas resultaram em uma ampla diversidade estrutural (i.e.
morfologica e anatdmica) e sdo sugeridas por alguns autores como um importante fator que

influenciou o sucesso desse grupo vegetal (Marazzi e Sanderson, 2010; Marjorie e Keeler,
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2012). Morfologicamente, os NEFs diferem consideravelmente quanto a sua localizagdo,
tamanho, forma e organizacao (Elias, 1983). Podem ser encontrados em praticamente todos
os orgaos vegetais acima do solo, incluindo cotilédones, folhas, peciolos, estipulas, bracteas,
sépalas e frutos (Elias, 1983; Diaz-Castelazo et al., 2005). Tais estruturas podem ser
encontradas desde formas unicelulares até complexas glandulas vascularizadas (Elias, 1983).
A ampla variedade dessas estruturas e recursos ligados aos nectarios extraflorais disponiveis
para formigas permite que esses insetos exibam preferéncias entre os varios tipos de
secrecOes ofertadas pelas plantas (Apple e Feener, 2001). Por exemplo, um levantamento
numa floresta tropical no México, Rico-Gray (1993) observou 30 espécies de formigas e 102
espécies de plantas em 312 associagdes ecologicas, das quais 40% foram mediadas por
nectarios extraflorais em folhas, peciolos, e estruturas reprodutivas. Schupp e Feener (1991)
registraram 243 espécies de plantas na Ilha de Barro Colorado, Panama, e encontraram 32%
do total de espécies portando nectdrios extraflorais em estruturas ndo reprodutivas. Na
presenca dessa grande variedade de carboidratos disponiveis para formigas, as plantas podem
competir pela atencdo desses insetos. Formigas sdo conhecidas por exibir preferéncias por
certos tipos de nectarios extraflorais, visitando certas morfologias mais frequentemente que
outras (Diaz-Castelazo et al., 2005). Sendo assim, diferencas nos atributos vegetais podem
determinar quais plantas recebem mais formigas visitantes e, possivelmente, melhor protecao

contra seus herbivoros (Marazzi et al., 2013).

Efeitos do Néctar Extrafloral sobre a Comunidade de Formigas

A principal fungdo dos compostos derivados do néctar extrafloral esta relacionada a
atracdo de parceiros mutualisticos e, embora haja pouca literatura disponivel a cerca dos

compostos quimicos presentes no néctar extrafloral, essas solu¢des ja foram correlacionadas
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com diferentes tipos de atividade das formigas, bem como suas necessidades nutricionais
(Boeveé e Wackers, 2003; Kautz et al., 2009; Gonzales-Teuber e Heil, 2009). Isso acontece,
porque além do néctar extrafloral ser um recurso relativamente constante no tempo € no
espaco (Koptur, 1992; Rudgers e Gardner, 2004; Gonzélez-Teuber e Heil, 2009), os actcares
em sua composi¢ao estdo relacionados as principais fungdes fisioldgicas dos insetos, porque
constituem a fonte essencial de energia consumida pelas operarias (Duncan e Lighton, 1994)
e sdo necessarios para a formagdo do exoesqueleto (Mullins, 1985). Assim, dada a
importancia dessas solucdes, o néctar extrafloral ja foi mostrado, por exemplo, como tendo
um impacto positivo sobre o tamanho corporal, tamanho dos ninhos, sobrevivéncia e
reproducdo de alguns grupos de formigas (Lach et al., 2009; Byk e Del-Claro, 2011).
Contudo, o efeito que o néctar extrafloral exerce sobre a estrutura e organizagao da
comunidade de formigas ainda permanece muito pouco explorado (mas veja Lach et al.,

2009; Byk e Del-Claro, 2011; Camara et al., 2016).

A extraordindria abundancia de formigas em florestas tropicais umidas ja foi
associada com a capacidade de alguns grupos de aproveitar a alta produtividade dos recursos
florestais ao se alimentar de exsudatos vegetais, bem como das secrecdes fornecidas por
hemipteros (Davidson et al., 1996). Nesse contexto, as familias Formicinae e Dolichoderinae,
merecem destaque pela particular representatividade e uma possivel explicagdo para tal
fendmeno vem do trabalho pioneiro de Eisner (1957), o qual mostrou que essas subfamilias
sao dependentes dos exsudatos extraflorais e, portanto, devem processar grandes volumes de
néctar, apresentando algumas adaptagdes morfologicas de forma a coletar, estocar e processar
grandes quantidades de recursos de maneira eficiente. Esse mesmo autor estudou a
morfologia funcional do proventriculo, um 6rgao digestivo que regula o fluxo dos itens
alimentares ao longo dos trés componentes do sistema digestivo de formigas (estdmago,

proventriculo e intestino). Ao comparar o sistema digestivo de formigas de diversas
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subfamilias, o autor observou que em Formicinae e Dolichoderinae o fluxo do alimento
através de um proventriculo esclerotizado reduz a contragdo muscular e, através da economia
energética, o processo de coleta e estoque de recursos liquidos por longos periodos de tempo
¢ otimizado. O excesso de recursos alimentares, por sua vez, pode entdo ser compartilhado
por meio de trofalaxia entre as companheiras de ninhos e utilizado em atividades de defesa

das coldnias (Davidson et al., 2003).

Influéncia do Néctar Extrafloral sobre a Distribuicdo Espacial de Formigas

O encontro de recursos alimentares previsiveis e renovaveis pelas formigas na
vegetacdo pode explicar a grande frequéncia das interagdes observadas nesses sistemas.
Existem indicios de que a localizag@o do recurso extrafloral no ambiente poderia ser um fator
importante na escolha dos locais para a construcdo dos ninhos de formigas (Wagner e
Nicklen, 2010), gerando uma distribuicdo no espago de forma nao aleatoria (Bliithgen et al.,
2000; Davidson et al., 2003; Bliithgen et al., 2004). De acordo com a “Hipdtese de Nutricao”
(sensu Wagner, 1997), os recursos provenientes de plantas promovem a nidificagdo das
formigas para areas onde estes recursos estdo localizados e as plantas, por sua vez, se
beneficiam dos nutrientes derivados dos ninhos dessas formigas (Wagner e Kay, 2002;
Wagner e Nicklen, 2010). Isso acontece, porque a disponibilidade de alimentos, de fato,
influencia todos os processos ecologicos incluindo o comportamento de forrageio, a historia
de vida dos individuos, a estrutura e dindmica de populagdes e a dinamica de comunidades de

formigas (Kay, 2002).

Um dos fatores que contribuem para o sucesso ecologico das formigas ¢ a localizagao
dos ninhos no ambiente, pois a qualidade do habitat determina as areas para o forrageio e

reproducao (Wheeler, 1910; Carrol e Janzen, 1973; Bernstein e Gobbel, 1979; Holldobler e
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Wilson, 1990). De acordo com a Teoria do Forrageamento Otimo (TFO), os custos
envolvidos com atividade de forrageio devem ser minimizados de forma a aumentar o ganho
energético (Oster e Wilson, 1978; Grundel, 1992). Baseado na teoria do forrageamento 6timo
(MacArthur e Pianka, 1966), insetos sociais otimizam esse ganho de energia, segundo os
custos e beneficios relacionados ao posicionamento de suas colonias (Covich, 1976;
Schoener, 1979). Desta maneira, uma vez que as formigas sdo insetos eusociais, decisoes
importantes sobre a busca de recursos alimentares, o periodo de coleta desses recursos, o tipo
de recursos coletados; e a escolha dos locais para nidificagdo podem determinar a rapida
mobilizacdo das fontes de alimento, a defesa dos recursos ¢ dos ninhos, a economia
energética por meio da reducdo das distancias de forrageio, a reducao da frequéncia com que
as formigas operarias se desorientam, bem como a exposicdo aos inimigos naturais
(Holldobler e Lumsden, 1980; Mclver, 1991; Davidson, 1997). Embora a importancia dos
recursos alimentares sobre a organizacdo espacial tenha sido enfatizada, estudo empiricos
sobre a maneira como a distribui¢ao desses recursos influencia nos padrdes de organizagao

ainda precisam ser mais explorados.

Respostas das Plantas com Nectarios Extraflorais a Perturbacao e Mudancgas

Climaticas

Plantas portadoras de glandulas extraflorais sdo reconhecidamente mais abundantes
em florestas tropicais que areas temperadas (Bentley, 1977a; Webber e Keeler, 2012);
entretanto, informagdes sobre a distribuicdo desse grupo de plantas em florestas imidas
tropicais (Aguirre et al., 2013; Camara et al., 2016) e, em especial, em florestas secas ainda
sao escassas (Leal et al., 2015). Normalmente, plantas com glandulas extraflorais ocorrem

mais comumente em habitats aberto, como clareiras (Fiala e Lisenmaier, 1995); florestas
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secundarias (Morellato e Oliveira, 1991) e areas perturbadas (Bliithgen e Reifenrath, 2003).
Tal observagdo ¢ baseada no fato de que espécies vegetais portadoras de NEFs sao dotadas de
estratégia de regeneragdo pioneira, apresentando taxas de crescimento e regeneracao
preferencial em areas com maior incidéncia de luz (Fiala e Linsenmair, 1995; Bliithgen e

Reifenrath, 2003).

Embora apresentando caracteristicas de espécies comuns a areas perturbadas, estudos
atuais tém revelado a influéncia negativa das perturbagdes antrdpicas sobre a assembleia de
plantas com nectarios extraflorais em diferentes tipos de florestas. Camara e colaboradores
(2016) demonstraram que em areas de Floresta Atlantica em éareas de borda e pequenos
fragmentos a reducdo de cerca de um ter¢o da riqueza e abundancia de plantas com NEFs,
quando comparadas ao interior da floresta. Esses autores ainda mostraram que essa reducao
na abundancia e riqueza de plantas com NEF leva a reducao da riqueza de formigas arboreas
dominantes, constituindo um efeito em cascata da fragmentagdo de habitats sobre a
comunidade de plantas e em seguida sobre fauna de insetos associados. Estudando os efeitos
das perturbagdes antropicas cronicas sobre a assembleia de plantas com NEFs, Leal et al.,
(2015) observaram que o aumento dos distirbios cronicos reduziu a abundancia de parte das
espécies de plantas com NEFs. Esse efeito negativo também foi relacionado com a redugdo
de 50% da visitagdo das formigas associadas. Leal e colaboradores sugeriram entdo que
plantas com NEFs sdao duplamente perdedoras, dado que o estresse fisiologico imposto pelas
condi¢gdes abidticas nas areas mais perturbadas impactou ndo apenas a performance dos
individuos, mas, também, teve importantes efeitos indiretos sobre a quebra dos mutualismos

com formigas.

As mudancgas climaticas globais sdo outro importante fator que pode diretamente
influenciar as relacoes mediadas por néctar, e grande parte dos estudos abordando esses

impactos provém dos estudos de biologia floral (e.g., Memmott et al., 2007; Schweiger et al.,
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2010; Petanidou et al., 2014). Plantas apresentam um intervalo de temperatura 6timo para a
producao de secre¢des agucaradas, que sdo determinados pelo habitat e caracteristicas
intrinsecas das espécies (Jakobsen e Kristjansson, 1994). O aumento moderado na
temperatura média pode ter um efeito positivo na producao de néctar, porém quando essas
temperaturas sao demasiadamente altas, mudang¢as na producdo de néctar sao desencadeadas
(Pacini et al., 2003; Scaven e Rafferty, 2013). Sabe-se, por exemplo, que o aumento das
temperaturas médias - em condigdes naturais € de laboratdrio - tem efeitos sobre a producao e
volume da secre¢do de néctar floral (Petanidou e Smets, 1996; Keasar et al., 2008). Ao
mesmo tempo, a quantidade de aglcares produzida por flor tem sido relacionada mais
fortemente com o volume de néctar que com sua concentracao (Torres e Galetto, 1998;
Hoover et al.,, 2012), podendo assim ser fortemente influenciada pelas mudangas nas
temperaturas ambientais (Takkis et al., 2015). As redugdes no volume e nas propriedades do
néctar, em resposta as mudancas globais podem ter efeitos negativos sobre as interagdes
ecologicas (Hegland et al., 2009; Hoover et al., 2012; Scaven e Rafferty, 2013). Plantas sob
estresse causados pelo aumento da temperatura podem, por exemplo, produzir flores
desprovidas de néctar (Petanidou e Smets, 1996) e essas redugdes podem ter efeitos sobre os

padrdes de comportamento dos polinizadores (Real e Rathcke 1988; Zimmerman, 1988).

Similarmente, estudos com o néctar extrafloral t€ém revelado que os efeitos do
aumento das temperaturas médias e estresse hidrico podem desencadear modificagdes na
producdo e secre¢do do néctar extrafloral (veja Murcia, 1995). A producdo dos liquidos
extraflorais, de maneira geral, ndo ¢ custosa para a planta (representam, aproximadamente
1% da energia total investida por folha (O’Dowd, 1979) e esses custos fisiologicos podem
variar segundo os recursos disponiveis no local, como a disponibilidade de nutrientes e agua
(Rudgers e Gardner, 2004). Plantas submetidas ao estresse fisiologico podem reduzir a

secrecdo de néctar e gerar um efeito sobre a atratividade da planta as formigas associadas
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(Nichol e Hall, 1988; Heil, 2011). Por exemplo, Whitford e colaboradores (1975)
demostraram que Formica perpilosa Wheeler, uma espécie que se alimenta especialmente de
exsudatos de plantas apresenta uma reducdo nas taxas de forrageamento em resposta a
redugdo da disponibilidade de agua presente no néctar extrafloral durante os periodos de seca.
A reducdo nas taxas de visitacdo de formigas pode levar a mudancas no nivel de protecao
contra os herbivoros vegetais e, assim, afetar o sucesso reprodutivo e o estabelecimento
dessas plantas (Leal et al., 2006), e assim influenciar negativamente sua a distribui¢ao em

areas mais perturbadas (Leal et al., 2015).

Diante das multiplas consequéncias negativas impostas pelas perturbagdes antrdpicas
e mudangas climaticas (individuais e combinadas) sobre a diversidade de plantas e animais,
bem como sobre o comportamento de espécies e interagdes ecoldgicas, nesse trabalho nos
investigamos os efeitos da atividade antropica cronica e reducdo da precipitacdo sobre a
assembleia de plantas portadoras de nectarios extraflorais e como esse recurso molda a
estrutura espacial da comunidade de formigas de solo. As nossas expectativas sdo de que,
uma vez que as perturbacdes cronicas e mudangas climdticas exercem um efeito negativo
sobre a flora, a assembleia de plantas com nectérios extraflorais - que representa uma por¢ao
consideravel da floral global - serd igualmente impactada conforme o aumento das
perturbagdes cronicas e redugdo da precipitagao. Além disso, como formigas sdo os parceiros
mais proximamente relacionados &s plantas com NEFs, também esperamos que a assembleia
de plantas influencie positivamente as formigas de solo, e que perturbagdes cronicas e
mudancgas climaticas sejam importantes mediadores dessas interagdes. NoOs investigamos
essas questoes ao longo dos gradientes de perturbagdo crénica e de precipitacio em uma
Floresta Tropical Sazonalmente Seca (FTSS) cujos os limites encontram-se restritos

exclusivamente ao territorio brasileiro- a Caatinga, a qual historicamente vem sendo



42

impactada pelas atividades humanas e recentes projecdes climaticas apontam para a reducao

dos niveis de precipitacdo e o aumento da temperatura média nas proximas décadas.
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ABSTRACT

Chronic anthropogenic disturbance (CAD) and climate change represent two of the major threats to
biodiversity globally, but their combined effects are not well understood. Here we investigate the
individual and potential additive and interactive effects of CAD and decreasing rainfall on the
taxonomic (TD), functional (FD) and phylogenetic diversity (PD) of plants possessing extrafloral
nectaries (EFNs) in semi-arid Caatinga of northeastern Brazil. EFN-bearing plants were censused in
twenty 50 m x 20 m plots distributed along gradients of disturbance and rainfall in Catimbau National
Park. We recorded a total of 2,243 individuals belonging to 21 species. TD, FD and PD were all
negatively impacted by CAD, but only FD and PD declined with decreasing rainfall. Notably, there
was a significant interaction between increasing disturbance and decreasing rainfall, with CAD
leading to decreased TD, FD and PD in the most arid areas, and to increased FD and PD in the wettest
areas. These interactive effects indicate that the negative impacts of human disturbances on TD, FD
and PD will become more widespread given the forecast decrease in rainfall over coming decades.
From a rainfall perspective, decreasing rainfall negatively influenced TD, FD and PD in the most
disturbed areas, but increased FD and PD in the least disturbed areas (decreasing rainfall did not
affect TD in the least disturbed areas). This points to additive effects of CAD and decreasing rainfall
in the most disturbed areas. Our findings indicate that climate change will have important indirect
effects on Caatinga plant communities by increasing their sensitivity of a key mutualism to

anthropogenic disturbance.

Keywords: Climate change, extrafloral nectar, nectar-feeding ants, seasonally dry tropical forests,

semiarid ecosystems.
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INTRODUCTION

Habitat loss, anthropogenic disturbances within remaining habitat, and climate change are the
primary drivers of biodiversity decline globally (Sala et al. 2000; Pereira et al. 2010; Pecl et al. 2017,
Tilman et al. 2017). Habitat loss has obvious impacts on biodiversity, but in the semi-arid tropics
most remaining habitat outside protected areas is subject to severe chronic anthropogenic disturbances
(CADs), such as grazing by domestic livestock, extraction of timber and non-timber forest products,
and hunting (Singh 1998; Martorell and Peters 2005), whose ecological impacts are less evident.
Nevertheless, CAD can considerably impact biodiversity (Martorell and Peters 2005; Ribeiro et al.
2015; Ribeiro-Neto et al. 2016) and key ecological processes (e.g. Restrepo and Gomez 1998; Ruitta
et al. 2014; Schultz et al. 2016). Several studies have reported that climate change might led to
changes in the morphology, phenology and physiology of organisms (Bairlein and Winkel 2001; Yu
et al. 2016), the distribution and abundance of species (Harringon and Stork 1995; Parmesan and
Galbraith 2004; Mair et al. 2014), the composition of, and interactions within, communities
(Rubenstein 1992; Vilela et al., in press), and the functioning of ecosystems (Walther et al. 2002).

The ecological threats posed by CAD and climate change are serious enough when
considered individually, but their combined effects could have especially severe consequences for
biodiversity (Travis 2003; Parmesan and Yohe 2003; Rito et al. 2017). Both CAD and climate change
can cause differential declines of specialist species within communities, leaving them dominated by
generalists (Warren et al. 2001; Travis 2003), and so acting together can result in even higher rates of
biodiversity loss and biotic homogenisation. CAD and climate change might also have complex
interactive effects. For example, the effects of livestock grazing on reptile diversity changes from
positive to negative with decreasing rainfall in Israel’s southern Judean lowlands (Rotem et al. 2015).
The combined effects of disturbance and climate change are a particular threat to specialist
interactions between species, where direct effects on one species will have cascading effects on their
partners (Williams and Middleton 2008). For example, long-term studies have shown that harsh dry
seasons imposed by climate change results in a reduced abundance of herbivorous insects (Frith and

Frith 1985), causing significant declines in the density of insectivorous birds (Frith and Frith 2005).
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These negative impacts of climate change are exacerbated by anthropogenic disturbances, which
reduce the foraging area available for birds (Williams and Middleton 2008).

One way of addressing potential combined effects of CAD and future climate change is to
substitute space for time by investigating spatial patterns along contemporary gradients of CAD and
climate (Blois et al. 2013b). Here we use this approach to address the individual and combined effects
of CAD and climate change on the diversity and composition of plants bearing extra-floral nectaries
(EFNs) in a semi-arid ecosystem that is forecast to become increasingly arid. EFNs are a widespread
mechanism of plant defence, designed to attract ants for the protection of plants from insect
herbivores (Rudgers and Gardener 2004). Extrafloral nectar is a key resource for arboreal ants
(Davidson et al. 2003) and this liquid resource plays significant roles in structuring plant and ant
communities (Heil and McKey 2003; Marazzi et al. 2013), influencing their abundance, composition,
and competitive interactions (Rico-Gray et al. 1998; Heil et al. 2001b). Ant activity at EFNs is highly
sensitive to variation in rates of nectar secretion, reducing or even ceasing entirely when rates are low
(Heil et al. 2000; Kersh and Fonseca 2005). Both disturbance and climate change can affect this
mutualism, by reducing levels of nectar secretion, altering the distributions of EFN-bearing plant
species, and shaping the structure and/or composition of ant communities (Schupp and Feener 1991;
Bliithgen and Reifenrath 2003; Leal et al. 2015; Camara et al. 2017).

Most studies evaluating the influence of human disturbance on EFN-bearing plant
communities have focused on the impacts on species (taxonomic) diversity (TD; e.g. Leal et al. 2015;
Camara et al. 2017), without regard to EFN function or evolutionary history (Tilman 2001; Devictor
et al. 2010). There is substantial functional variation in EFNs relating to their structure and location,
and this can affect rates and accessibility of nectar production and therefore attractiveness to ants
(Apple and Feener 2001; Diaz-Castelazo et al. 2005). The effects of disturbance and climate change
on the functional diversity (FD) of EFNs have more-direct implications for ant mutualists and the
protective services they provide than do changes in the diversity of EFN-bearing plant species per se.

EFNs have evolved multiple times among vascular plants over their >100 million-yr history
(Webber and Keeler 2012; Marazzi et al. 2013), and it has been suggested that they have significantly

influenced the evolution of EFN-bearing plants (Marazzi and Sanderson 2010). Phylogenetic diversity
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(PD) can provide a very different perspective to biodiversity change. For example, species of
Leguminosae and Euphorbiaceae often proliferate at disturbed sites, and, given that many of these
bear EFNs (Leal et al. 2015, Rito et al. 2017b), the TD of EFN-bearing plants might be expected to
increase with disturbance. However, if disturbance-sensitive clades containing few species are lost,
then PD would decline. Analyses of FD and PD can therefore reveal important insights into the
responses of communities to disturbance and climate change (e.g. Arnan et al. 2015; Ribeiro et al.
2016). FD and PD can be correlated if functional traits that confer resilience to disturbance or a
changing climate are phylogenetically conserved, thereby displaying a ‘phylogenetic signal’ (Webb et
al. 2002; Cavender-Bares et al. 2009).

Our study investigates the individual, and potential additive and interactive effects of CAD
and climate change (decreasing rainfall) on the TD, FD and PD of EFN-bearing plants in Caatinga, a
mosaic of semi-arid scrub and seasonally dry tropical forest covering 912,529km? in north eastern
Brazil (Silva et al. 2018). Up to 30% of woody individuals and species at a site bear EFNs (Melo et al.
2010; Leal et al. 2015; 2018). As is typical for the semi-arid tropics, Caatinga supports dense human
populations whose livelihoods are heavily dependent on the use of local natural resources (Sunderland
et al. 2014; Ribeiro et al. 2015, Silva et al. 2018). Caatinga is also threatened by climate change, with
mean annual rainfall projected to decline by 22% by 2100 (Magrin et al. 2014; Nobre 2015). Mean
annual rainfall varies markedly over short distances within Caatinga, which provides an opportunity
for investigating likely impacts of climate change using a space-for-time substitution approach
(Caddy-Retalic et al. 2017).

Our study specifically addresses three questions. First, to what extent do increasing CAD and
decreasing rainfall act similarly on the diversity of EFN-bearing plants, and therefore have additive
effects? Second, do CAD and rainfall have significant interactive effects on the diversity of EFN-
bearing plants? Finally, to what extent do TD, FD and PD respond differently from each other to

variation in CAD and rainfall?

MATERIALS AND METHODS

STUDY AREA
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The study was carried out in Catimbau National Park, located within the Caatinga domain of
Pernambuco state (8°24°00°° and 8°36°35°’S; 37°09°30°” and 37°14°40°’W) (Figure 1). The climate is
semi-arid, with annual temperature averaging 23°C, and mean annual rainfall varying from 480 to
1100 mm per year, concentrated between March and July (Sociedade Nordestina de Ecologia 2002).
Deep sandy soils predominate (quartzite sand: 70% of area), but planosols (15% of area) and lithosols
(15% of area) are also present (Sociedade Nordestina de Ecologia 2002). Leguminosae,
Euphorbiaceae, Boraginaceae, and Burseraceae are the most important woody plant families while the
herbaceous understory is dominated by Cactaceae and Bromeliacae (Rito et al. 2016). The Park was
recently established (2002) and its inhabitants still remain; the Park thus continues to be subject to
extensive human livelihood activities, including livestock grazing, timber harvesting, firewood
collection and hunting (Sociedade Nordestina de Ecologia 2002; Rito et al. 2016).

Based on satellite imagery, soil maps, and data on rainfall and disturbance, we established
twenty 50 m x 20 m study plots in old-growth vegetation that cover a wide range of CAD and rainfall.
Plots were separated by a minimum of 2 km and located within a total area of 21 430 ha. All plots

were located on sand quartzolic soil and flat terrain (Rito et al. 2016).

CHARACTERISING DISTURBANCE AND RAINFALL

We characterised CAD using a global multi-metric disturbance index previously established
for the study plots (Arnan et al. unpublished data). The index combines three types of source
information: (i) indirect landscape measures using satellite imagery in ArcGIS 10.1 software:
proximity to the nearest house, and proximity to the nearest road; (ii) socioeconomic information
obtained by interviewing local households, and (iii) direct field measures of the length of goat trails,
the density of goat and cattle dung, extents of live-wood extraction and fire-wood collection. The
global multi-metric index ranged from 0 (no disturbance) to 100 (highest disturbance), and actual
values ranged from 2— 58. For more details on this disturbance index characterization see Appendix 1.

We obtained data on mean annual rainfall for each plot from the WorldClim global climate

data repository (Hijmans et al. 2005) with 1 km resolution using the “maptolls” package for R 3.1.2
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(Bivand and Lewin-Koh 2015). Mean annual rainfall ranged from 510 to 940 mm among plots. Such
extreme variation in a small geographic area makes the study area ideal analysing the ecological

effects of rainfall.

PLANT SURVEY

We identified and counted all adult EFN-bearing woody plants in each plot between August
2014 and February 2015. Adults were defined as individuals with height > 1.5 and diameter soil
height (DAS) > 3 cm, following Rodal et al. (1992). Plant species were identified by comparing field-
collected samples with samples from the Federal University of Pernambuco herbarium (UFP- Geraldo

Mariz Herbaria), where the voucher specimens of each species have been deposited.

FUNCTIONAL ANALYSIS

To characterize functional variation in EFNs, for each species we documented three traits
related to nectar secretion and attraction to ant attendants, following the classification proposed by
World List of Plants with Extrafloral Nectaries (Weber et al. 2015) and descriptions in Queiroz (2009)
and Melo et al. (2010), based on EFN morphological type, location and arrangement (Table 1). Eight
of the EFN morphological types recognized by Weber et al. (2015) occurred in our study species: (i)
elevated; (ii) flat-elevated; (iii) digitiform-elevated; (iv) concave-elevated; (v) stipitate; (vi) globose;
(vii) impregnated in slot and (viii) glandular trichomes. EFNs are located to protect the most
vulnerable plant organs (Bentley 1977a), and we recognized eight locations in our study species: (i)
base of petiole; (ii) petiole; (iii) interpetiolar; (iv) rachis; (v) base of leaflet; (vi) leaf tip; (vii) leaf
margin and (viii) floral pedicel. EFNs can occur either in isolation or arranged in groups (Diaz-
Castelazo et al. 2005), categorised as: (i) isolated; (ii) variably p/isolated/paired; (iii) paired and (iv)
grouped (> 2 EFNs), with multiple EFNs providing greater total nectar resources (Apple and Fenner

2001; Lange et al. 2017).

PHYLOGENETIC ANALYSIS
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To characterize phylogenetic relatedness among species, we first produced a species list
following the APG 1V classification (Byng et al. 2016), after identifying all EFN-bearing adults
sampled across the 20 plots. The list comprised 21 species belonging to 13 genera and 4 families. We
constructed a regional time-calibrated phylogeny by using information from four gene regions (matK,
5.8S, rbcL and trnL-trnF) from sequence data available in GenBank (Appendix 2). The continuous
phylogenetic distance between the sampled species was estimated using Bayesian inference and
Markov chain Monte Carlo (MCMC) methods implemented in BEAST v.1.8.2 (Drummond et al.
2012). Further details on the methodology used to build the time-calibrated tree are provided in

Ribeiro et al. (2016).

MEASURING TAXONOMIC, FUNCTIONAL AND PHYLOGENETIC DIVERSITY

To measure TD, FD and PD we used the Rao quadratic entropy index (RaoQ, Rao 1982),
which is a standardized method that can be used to compare these components within the same
mathematical framework (de Bello et al. 2010). This index is especially recommended to calculate FD
for categorical traits (Rao 1982; Leps et al. 2006), and its estimates of FD and PD are relatively
independent of TD (Mouchet et al. 2010). Values of this index represent the expected taxonomic,
functional or phylogenetic dissimilarity between two individuals of different species chosen at
random from the community (Arnan et al. 2017). The Rao’s coefficient of diversity was calculated

using the following formula (Rao 1982; Pavoine et al. 2004):

aRao = E
i=1

where dj; is the distance between species 7 and j, which can be taxonomic, functional, or phylogenetic,

dij PiPj
1

and P is relative. We measured taxonomic distances between species as dij = 1, where i # j and dij =
0, when 1 =j. To determine functional distances between species we conducted principal component
analysis (PCA) on the standardized (mean = 0, SD = 1) trait data to correct for the effect of highly
correlated traits on the distance matrix (Devictor et al. 2010; Purschke et al. 2013). We then, used the

PCA axes to calculate Euclidian distances between species. We used cophenetic distances from the
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phylogeny to measure the phylogenetic distances between species. Finally, we transformed the
taxonomic, functional and phylogenetic distances by diving each type of distance by its maximum

value, such that in each case distance values ranged from 0 tol (de Bello et al. 2010).

STATISTICAL ANALYSES

To test the effects of variation in CAD and rainfall on the TD, FD and PD of EFN-bearing
plants we constructed General Linear Models (GLM), where CAD and rainfall were the fixed factors.
We tested for interactive effects using linear models, with the interaction between CAD and rainfall as
fixed factors. The analyses were performed using the function /m performed at R version 3.0.1 (R
Core Team 2013).

We used Canonical Correspondence Analysis (CCA; Ter Braak 1986; Legendre et al. 2011)
to evaluate variation in species composition of EFN-bearing plants in relation to variation in CAD and
rainfall. We performed a randomization test (10 000 aleatorizations) to obtain the statistical
significance of the two explanatory variables (Legendre et al. 2011).

We also constructed GLMs for each of the 20 EFN functional trait states to test the responses
of their relative abundances to variation in CAD and rainfall, which were the fixed factors. The
analyses were performed using the package vegan for R version 3.0.1 (R Core Team 2013).

We tested for the presence of a phylogenetic signal in each of the three EFN traits (type,
location and arrange), to help inform changes in FD and PD in relation to CAD and rainfall. To do so,
we compared the minimum number of traits-state changes across the phylogenetic tree to a null model
with 999 randomizations, following the methodology of Maddison and Slatkin (1991) and using the

‘phylo.signal.disc’ function in R.

RESULTS
We recorded a total of 2,243 individuals belonging to 21 species of EFN-bearing plants
(Table 2), representing 40% of the total individuals and 16% of the total species at study sites (Rito et

al., 2017). Mean (x SE) plot richness was 5.1 (£ 0.5). Most of the EFN-bearing species (15; 71.4%)
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and individuals (73%) belonged to Leguminosae. The most common EFN-bearing species were
Pityrocarpa moniliformis (Benth.) Luckow & R.W. Jobson (Leguminosae; 27.8% of total
individuals), Poincianella microphylla (Mart. ex G. Don) L.P. Queiroz (Leguminosae; 19.6%) and
Croton argyroglossus Baill. (Euphorbiaceae; 18.8%), which together accounted for two-thirds of all
EFN-bearing individuals.

The GLMs revealed that the TD, FD and PD of EFN-bearing plants all declined with
increasing CAD, and that FD and PD (but not TD) declined with decreasing rainfall (Table 3). There
were also significant interactive effects of CAD and rainfall, with increasing disturbance reducing
TD, FD and PD in the most arid areas of the park, but increasing them in the wettest areas (Table 3;
Figure 2). From a rainfall perspective, decreasing rainfall negatively influenced TD, FD and PD in the
most disturbed areas, but increased FD and PD in the least disturbed areas (decreasing rainfall did not
affect TD in the least disturbed areas).

The first CCA axis explained 40.4% of variation in the species composition of EFN-bearing
plants and was significantly associated with variation in rainfall (Figure 3). Senna rizzinii and
Cynophalla hastata were positively related with higher rainfall, whereas Cynophalla flexuosa Croton
heliotropiifolius and P. microphylla were negatively related to rainfall. The second CCA axis
explained 35.6% of variation in species composition and was associated with variation in CAD
(Figure 3). Croton argyroglossus, Libidibia ferrea and Poincianella pyramidalis were positively
related, Sapium glandulosum and P. moniliformis negatively related, with increasing CAD.

The most widely distributed EFN types across species were digitiform-elevated (occurring in
4 of the 21 species), globose, concave-clevated, elevated, flat elevated and glandular trichomes (3
each; Table 1), with the last being most common overall, occurring in 39% of all EFN-bearing
individuals. The most widespread EFN locations were rachis (9 species) and petiole (6), with the
latter representing 47% of total individuals. Finally, EFNs were arranged in isolation in 17 of the 21
species, representing 71% of total individuals (Table 1). GLMs revealed that the relative abundances
of none of the eight trait states related to EFN type were associated with variation in CAD or rainfall,
or their interaction. Likewise, the relative abundances of none of the trait states relating to EFN

location and arrangement were associated with variation in CAD. However, the relative abundances
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of EFNs located at the abaxial surface (Appendix 3A) and grouped (Appendix 3B) both increased
with decreasing rainfall, and that of isolated EFNs (Appendix 3C) declined with decreasing rainfall.
For more details on this statistical output see Appendix 4.

There was a strong phylogenetic signal in each the three analysed functional traits: type (p <

0.0001); location (p = 0.04), and arrangement (p = 0.03) (Figure 4).

DISCUSSION

Our study addressed the individual and combined effects of increasing CAD and decreasing
rainfall on the species composition of EFN-bearing plants, and on their TD, FD and PD. Our results
show that CAD and rainfall have important individual, additive and interactive impacts on EFN-
bearing plants, and that TD can respond differently to FD and PD. We observed a strong phylogenetic
signal in all three functional traits evaluated, such that related species tend to share similar traits (as is
often the case for EFN-bearing plants; Weber et al., 2012), so that FD and PD showed similar
responses.

We found that CAD had a negative impact on all three components of EFN diversity, and that
FD and PD, but not TD, declined with reducing rainfall. Although EFN-bearing plants are often
disturbance winners (Schupp and Feener 1991; Bluthgen and Reinferath 2003), recent studies
demonstrate that many Caatinga species are negatively affected by CAD (Leal et al. 2015, Camara et
al. 2017). This can be explained by CAD directly targeting EFN-bearing plants for use in Catimbau.
For example, species such as Anadenanthera colubrina, Croton heliotropiifolius, Piptadenia
stipulacea, and Sapium glandulosum are all commonly used for fence construction in Caatinga
(Nascimento et al. 2012) and this is especially the case in Catimbau (Specht et al. unpublished data).
Similarly, species such as Cynophalla hastata, Libidibia ferrea, Poincianella microphylla, and Senna
velutina are significant components of cattle and goat diets (Specht et al. unpublished data). CAD also
had a negative impact overall on FD and PD. Disturbance commonly has a negative impact on plant
FD and PD (e.g. Andrade et al. 2015; Ribeiro et al. 2016; Sfair et al. in press). However, our study is

the first to demonstrate that CAD has deleterious effects on both FD and PD of EFN-bearing plants.
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We found that decreasing rainfall also had a negative effect on FD and PD. However, it did not affect
TD, which suggests that rainfall selectively impacts plants bearing EFNs with particular traits and
from particular lineages. We found that the relative abundance of plants with grouped EFNs
increased with decreasing rainfall (Appendix 3). Two species had grouped EFNs, and both belonged
to a single genus (Poincianella), which is known as a colonizer of dry habitats (Queiroz 2009).
Decreasing rainfall therefore favoured species that are functionally and phylogenetically similar, this
reducing FD and PD without affecting TD.

We observed complex interactive effects of CAD and rainfall, where increasing CAD reduced
TD, FD and PD in the most arid areas, but decreasing them in the wettest areas. These results are
consistent with previous findings that report that TD is positively associated to chronic disturbances in
wet areas, whilst in most dry areas is negatively impacted by the increase in chronic disturbance
intensity (Rito et al. 2017; Arnan et al. unpublished data). There are several potential mechanisms that
may underlie the effects of decreasing rainfall as a mediator of disturbance impacts. For instance, in
drier areas plants might be more sensitive to disturbance because they are water stressed (Imbert and
Portecop 2008; Allen et al. 2017). In contrast, in wetter areas CAD might promote diversity by
reducing competition by dominant species, following the intermediate disturbance hypothesis (Grime
1973; Connell 1978). Alternatively, the increase in diversity of EFN-bearing plants in most disturbed
and wetter areas can be explained by the “dry tolerance” hypothesis, which proposes that tree species
diversity is higher in disturbed and wetter areas because of high moisture availability (Esquivel-
Muelbert et al. 2016).

We found highest FD and PD, but not TS, in least disturbed, driest areas. This can be explained
by the fact that disturbance-sensitive species associated with dry areas, such as Cynophalla flexuosa,
Poincianella microphylla, Sapium glandulosum and Pityrocarpa moniliformis, possess a wide range
of EFN functional traits and are phylogenetically distant (clade ages range from 10 to 100 million

years).

CONCLUSIONS
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Our study has three key findings. First, increasing CAD and decreasing rainfall act similarly
in terms of reducing FD and PD, but TD is only affected by CAD. Second, increasing CAD and
decreasing rainfall interact such that CAD reduces TD, FD and PD in the driest areas, but increases
FD an PD in wettest areas. Third, FD and PD respond similarly to both CAD and rainfall, but can
respond differently to TD. Taken together, our study provides evidence that declining rainfall and
CAD have important additive and interactive effects on communities of EFN-bearing plants, and
therefore on a key ant-plant mutualism. These findings have important implications for the likely
impacts of the marked reduction in rainfall forecast under future climate change. Reductions in
rainfall are forecast throughout the semi-arid tropics globally (Silva et al. 2004; Burkett et al. 2014;
IPCC 2015), and so the implications of our findings are widespread. The implications extend beyond
direct impacts on communities of EFN-bearing plants, given that changes in the functional diversity
of EFNs have important consequences for attendant ants. Any reduction in protective services
provided by ants will exacerbate the direct impact of climate change on EFN-bearing plants. Further,
given that EFNs represent an important food resource for ants globally (Lassau and Hochuli 2004),
additive and interactive effects of climate change and disturbance represent a substantial threat to an

ecologically dominant faunal group (Camara et al. 2017).
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Table 1. List of of the three EFN traits and their respective categories, and the number of species per

category found in 20 study plots in Catimbau National Park, Pernambuco State, Brazil

EFN type N° species
Digitifom-elevated 4
Globose 3
Concave-elevated 3
Elevated 3
Flat-elevated 3

Glandular trichomes 3

Stipitate 1
Impregnated in slot 1

EFN location
Rachis 9
Petiole 6

Interpetiolar !

Base of leaflet
Leaf tips
Leaf margin
Pedicel
Base of petiole

EFN arrangement

Isolated
16
Isolated/Grouped 5
Paired 1
Paired/Isolated

Grouped 1
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Table 2. List of EFN-bearing plants species per family showing EFN trait states, species abundance and occurrence found in the twenty  study plots
in Catimbau National Park, Pernambuco State, Brazil
Family Species EFN Type EFN EFN Abundance
Location Arrangement /N° plots
Leguminosae Anadenanthera colubrina (Vell.) Brenan Flat-elevated Petiole Isolated 1(1)
Chloroleucon foliolosum (Benth.) G.P. Lewis Digitiform-elevated  Base of petiole Isolated 1(1)
Libidibia ferrea (Mart.) L.P. Queiroz Impregnated in slot Pedicel Isolated 6 (1)
Piptadenia stipulacea (Benth.) Ducke Concave-elevated Petiole Isolated 94 (6)
Pityrocarpa moniliformis (Benth.) Luckow & R.W. Concave- elevated Petiole Isolated 620 (14)
Jobson
Poincianella microphylla (Mart. ex G. Don) L.P. Queiroz ~ Glandular trichomes Rachis Grouped 449 (17)
Poincianella pyramidalis (Tul.) L.P. Queiroz Glandular trichomes Rachis Grouped 31(2)
Senegalia bahiensis (Benth.) Seigler & Ebinger Elevated Rachis Isolated 159 (6)
Senegalia polyphylla (DC.) Britton Flat-elevated Petiole Isolated 10 (4)
Senegalia piauhiensis (Benth.) Seigler & Ebinger Flat-elevated Petiole Isolated 187 (8)
Senegalia sp. Elevated Rachis Isolated 35 (6)
Senna rizzinii H.S. Irwin & Barneby Digitiform-elevated Rachis Isolated 26 (3)
Senna splendida (Vogel) H.S. Irwin & Barneby Digitiform-elevated Rachis Isolated 3(DH)




&9

Senna trachypus (Mart. ex Benth.) H.S. Irwin & Barneby

Senna velutina (Vogel) H.S. Irwin & Barneby

Euphorbiaceae Croton argyroglossus Baill.
Croton heliotropiifolius Kunth
Sapium glandulosum (L.) Morong
Capparaceae Cynophalla hastata (Jacq.) J. Presl
Cynophalla flexuosa (L.) J. Presl
Passifloraceae Turnera cearensis Urb.

Stipitate

Digitiform-elevated

Glandular trichomes

Globose
Elevated
Globose

Globose

Concave-elevated

Rachis
Rachis
Leaf margin
Petiole
Leaf tips
Interpetiolar
Base of leaflet

Rachis

Isolated
Isolated
Isolated
Paired
Paired/Isolated
Isolated
Isolated

Isolated

13 (2)
3(2)
416 (7)
146 (7)
8 (2)
1(1)
23 (5)

11 (3)




Table 3. Effects of CAD, rainfall and their interaction on taxonomic, functional and phylogenetic

diversity of EFNs-bearing plants species in Catimbau National Park, Northeast Brazil

Diversity component Slope t P Model R?
Variables
Rao taxonomic diversity 0.30
Rainfall -0.002  -1.856  0.081
Chronic disturbance index -0.080  -2.611  0.018
Rainfall*Chronic disturbance index 0.0010  2.625 0.018
Rao functional diversity 0.44
Rainfall -0.000  -3.246  0.005
Chronic disturbance index -0.017  -3.519  0.002
Rainfall*Chronic disturbance index Rao 0.000 3.531 0.002
Rao Phylogenetic diversity 0.56
Rainfall -0.000 -4.53  <0.001
Chronic disturbance index -0.007  -3316  0.004

Rainfall*Chronic disturbance index 0.000 3.616 0.002
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Figure legends
Figure 1. Location of study plots in Catimbau National Park, northeastern Brazil. (A) Limits of
Catimbau National Park with the 20 study plots represented by circles (increasing circle size

represents higher levels of disturbance). (B) Location of Catimbau National Park (red star) in Brazil.

Figure 2. Interactives effects of chronic anthropogenic disturbance and rainfall on diversity metrics in
extrafloral nectaries-bearing plant communities in Catimbau National Park, Northeast Brazil. (A)
Taxonomic diversity (t=4.30; p <0.001); (B) Functional diversity (t=3.51; p=0.002), and (C)

Phylogenetic diversity (t=2.24; p=0.03).

Figure 3. CCA ordination diagram displaying the plant species relationships with rainfall and CAD
index recorded at Catimbau National Park, Pernambuco, Brazil. Each number represents one plant
species, where: 1. Anadenanthera colubrina (Vell.) Brenan, 2. Croton argyroglossus Baill., 3.
Piptadenia stipulacea (Benth.) Ducke, 4. Poincianella microphylla (Mart. ex G. Don) L.P. Queiroz, 5.
Poincianella pyramidalis (Tul.) L.P. Queiroz, 6. Cynophalla flexuosa (L.) J. Presl, 7. Croton
heliotropiifolius Kunth, 8. Pityrocarpa moniliformis (Benth.) Luckow & R.W. Jobson, 9. Senegalia
piauhiensis (Benth.) Seigler & Ebinger, 10. Sapium glandulosum (L.) Morong, 11. Senna splendida
(Vogel) H.S. Irwin & Barneby, 12. Senna trachypus (Mart. ex Benth.) H.S. Irwin & Barneby, 13.
Senegalia sp., 14. Senna velutina (Vogel) H.S. Irwin & Barneby, 15. Turnera cearensis Urb., 16.
Chloroleucon foliolosum (Benth.) G.P. Lewis, 17. Cynophalla hastata (Jacq.) J. Presl, 18. Senegalia
bahiensis (Benth.) Seigler & Ebinger, 19. Senna rizzinii H.S. Irwin & Barneby, 20. Senegalia

polyphylla (DC.) Britton and 21. Libidibia ferrea (Mart.) L.P. Queiroz.

Figure 4. Functional traits related with the extrafloral nectaries bearing plants species phylogeny in
Catimbau National Park, Northeast Brazil. Different colours indicate a variation in traits. (A) Gland
type: Globose nectary- in yellow; Concave-elevated nectary- in green; Elevated nectary- in light blue;
Nectaries reunited in glandular trichomes- in black; Digitiform-elevated nectary — in dark blue;

Stipitate nectary- in grey; Impregnated in slot nectary- in red, and Flat-clevated nectary- in pink. (B)
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Gland location: Interpetiolar nectary- in dark blue; Nectary located on the base of leaflet; - in pink;
Nectary at the foliar rachis- in green; Nectary located at the leaf tips- in grey; Nectary located at leaf
margin- in yellow; Nectary located at the foliar petiole- in black; Nectary located at pedicel- in red,
and Nectary located at the base of petiole- in light blue. (C) Gland arrange: Isolated nectary- in dark
blue; Paired/Isolated nectary- in yellow; Paired nectary- in pink; Isolated/Grouped nectary-light blue

and Grouped nectary- in green.
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Legend
Annual mean precipitation
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Figure 1.
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Figure 4.
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ELETRONIC SUPPLEMENTARY MATERIAL

Appendix 1. Characterization of the multi-metric disturbance index.

In order to characterise the intensity of chronic anthropogenic disturbance in our plots, disturbance
metrics from three different sources of information were measured: (i) Indirect landscape measures
using satellite imagery in ArcGIS 10.1 software: proximity to the nearest house, and proximity to the
nearest road. The former is a proxy for local people pressure, and the latter reflects human
accessibility; (ii) An indirect measure obtained by interviewing local human communities: the number
of people with influence to the plot. In particular, semi-structured interviews (Martin, 1995) were
conducted in the 69 nearest houses to the plots to obtain this information during 18-29 April 2016,
and (iii) Direct field measures: these variables are the most directly related to the disturbance level
experienced by a particular location, and refer to livestock pressure or wood extraction. Three
variables related to livestock pressure were measured. A) Goat trail length: goats use well-defined
trails to move within the Caatinga, and the total length of these trails within each plot was measured
using an odometer. B) Goat dung: the numbers of goat dung pellets within four 5 x 5 m quadrants
(total of 100 m?) within each plot. And C) Cattle dung: the number of cattle dung pats within each
entire plot. Two variables related to wood extraction were measured. A) Live wood extraction: within
each plot, the diameter of all cut stems was measured to obtain a measure of total basal area. B)
Firewood collection: an inverse relationship between the amount of wood litter as a proportion of total
above-ground biomass and level of fire-wood collection was assumed. Within four 4 m? subplots
within each plot, two diameters and length of each dead log or stem laying on the ground (minimum
size of 0.5 cm diameter or 10 cm long) was measured, and dead biomass of wood litter was first
computed following the equation of the volume of a conical frustum. Then, a mean value of wood
density of the tree species present in the area to transform the volume values to biomass was used.
Most species were collected in the field, and their wood density was measured following the protocols
of Perez-Harguindeguy et al. (2013). For the other species, wood density was obtained from
http://datadryad.org/handle/10255/dryad.235. Total above-ground biomass per plot was estimated
through field measures and further application of an allometric equation for Caatinga vegetation

(Biomassig =0.173 DAS on>*®), which is based on the diameter at soil height (DAS) (Amorim et al.
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2005; Rito et al. 2017). Finally, since low values of firewood availability indicated high levels of
disturbance, the inverse was computed such that the higher the value, the higher the disturbance
intensity. Then, a global multi-metric index was computed by using the following formula:

Z?:]()’i — Ymin)/(Ymax — Ymin) »
n

I = 100

where /is the disturbance intensity index, y; the observed value for one disturbance metric in plot i,
Vmin the minimum observed value for the disturbance metric considering all plots, Y. the maximum
observed value for the disturbance metric considering all plots, and » the number of individual
disturbance metrics considered in the index. Thus, this formula first standardises the values of each
disturbance metric between 0 and 1, which makes disturbance metrics of different units comparable
and simple to combine in the same index. The index ranges from no disturbance to the highest
disturbance intensity (0 to 100). For example, a value of /= 100 indicates that the values of all
disturbance metrics composing the index are maximal.

For the index computation, five disturbance metrics which included some of the single disturbance
metrics abovementioned or the integration of them in a new metric were used. Specifically, the two
direct field measures related to wood extraction (i.e. live wood extraction and firewood collection)
and two measures related to livestock pressure (cattle dung and goat herbivory) were used. Goat
herbivory was the combination of goat trail length and goat dung by means of PCA analysis - the
coordinates of axis 1 because both variables were highly correlated to this axis (r>0.90) which
explained 88% of variance. The last variable included in the global multi-metric index was ‘people
pressure’, which was the integration of the three indirect measured variables: distance to house,
distance to road and number of people with influence to the plot. Such an integration was conducted
by applying the same formula used to compute the global multi-metric index, but with these three

indirect variables.
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Appendix 2. Time-calibrated phylogenetic tree of the 21 extrafloral nectaries-bearing plants from National Park of Catimbau. Numbers are in million years,

and blue bars are 95% confidence intervals.
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Appendix 3. Relationship between rainfall and the proportion of plants with extrafloral glands traits in Catimbau National Park, Northeast Brazil. (A) Glands
placed at abaxial surface; (B) glands arranged grouped, and (C) glands arranged isolated.
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Appendix 4. Effects of human disturbance, rainfall and their interaction on the proportion

of extrafloral nectaries traits in Catimbau National Park, Northeast Brazil

Functional traits Slope t P

Variables

Type Concave-Inclusive

Rainfall -0.005 0352  0.729
Chronic disturbance index -0.006 -0.144 0.887
Rainfall*Chronic disturbance index 0.000 0.004 0.996

Type Digitiform-Elevated

Rainfall -0.000 0.277  0.785

Chronic disturbance index -0.002 -0.101  0.920
Rainfall*Chronic disturbance index Rao 0.000  0.008  0.994

Type Elevated

Rainfall -0.000 0.612  0.549

Chronic disturbance index -0.010 -0.970  0.347

Rainfall*Chronic disturbance index 0.000 0970  0.347

Type Flat- Elevated

Rainfall -0.000 -0.261 0.797
Chronic disturbance index -0.014 -1.814 0.085
Rainfall*Chronic disturbance index 0.000 1.727 0.103

Type Glandular Trichomes
Rainfall -0.001 -1.291 0.214
Chronic disturbance index -0.012 0372 0.715

Rainfall*Chronic disturbance index 0.000 -0.272 0.789




Type Globose

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Location Abaxial Surface

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Location Leaflet

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Location Petiole

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Location Leaf

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Location Rachis

Rainfall

Chronic disturbance index

Rainfall*Chronic disturbance index

-0.000

-0.009

0.000

-0.002

-0.022

0.000

0.000

0.014

0.000

0.000

0.000

0.000

0.000

0.014

0.000

0.000

-0.008

0.000

-0.130

0.657

-0.571

-2.685

-1.067

0.953

1.010

0.432

-0.350

0.406

0.016

-0.118

0.280

0.815

-0.590

1.020

-0.702

0.702

0.898

0.520

0.576

0.016

-0.301

0.354

0.327

0.672

0.731

0.690

0.988

0.907

0.783

0.427

0.563

0.323

0.493

0.493
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Arrange Isolated

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Arrange Grouped

Rainfall

Chronic disturbance index
Rainfall*Chronic disturbance index
Arrange Paired

Rainfall

Chronic disturbance index

Rainfall*Chronic disturbance index

0.002

0.006

0.000

-0.001

-0.013

0.000

0.000

0.005

0.000

2.208

0.240

-0.255

-2.407

-0.628

0.447

-0.391

0.402

-0.285

0.042

0.813

0.802

0.028

0.538

0.661

0.701

0.693

0.779
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ABSTRACT

Optimal foraging theory predicts that social insects such as ants will locate their nests to maximize the
accessibility of key food resources. Extrafloral nectar (EFN) is a key food resource for arboreal ants
and has a strong influence on their communities. However, its role in structuring ground-nesting ant
communities has received little attention, despite these ants also being frequent EFN-attendants. Here
we investigate the role of EFN as a driver of the spatial structure of ground-nesting ant communities
occurring in Caatinga vegetation of semi-arid, northeastern Brazil. We examine the effects on this
relationship of two global drivers of biodiversity decline, chronic anthropogenic disturbance and
climate change (increasing aridity). We mapped EFN-producing plants and ant nests in 20 plots
distributed along independent gradients of disturbance and rainfall. We categorized ant species into
three types according to their dependence on EFN: heavy users, occasional users, and non-users. We
recorded 21 EFN-producing plant species, and 257 ant nests. We found a strong relationship between
dependence on EFN and nest proximity to EFN-producing plants. Mean nest distance to the nearest
EFN-producing plant was 1.2 m for heavy users, 2.8 m for occasional users, and 3.5 m for non-users.
Most nests of heavy users were located within 1m of the nearest EFN-producing plant and none were
located more than 4 m distant, whereas almost all nests of non-users were located >1.5 m and some
>6 m distant. Heavy-user species tend to be behaviorally dominant, and we believe that EFN mediates
the location of non-user species through interference competition. The density of nests of heavy
nectar users declined with decreasing rainfall, whereas there was no relationship between rainfall and
the density of the other two feeding groups. There was no relationship between chronic anthropogenic
disturbance and the density of total ant nests for any feeding group. Finally, neither rainfall nor
disturbance affected the proximity of heavy-user nests to EFN-producing plants. Our study provides
empirical evidence that EFN is a key driver of the spatial structure of ground-nesting ant
communities, both directly through the supply of a key food resource, and indirectly through
competition from behaviorally dominant, heavy-user ant species. This occurs across a wide range of
disturbance and climatic regimes.

Keywords: aridity; climate change; human disturbance; optimal foraging; tropical forest.
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INTRODUCTION

Optimal foraging theory predicts that organisms seek to maximise net energetic yield in
minimum foraging time (e.g. Oster and Wilson 1978; Stephens and Krebs 1986; Grundel 1992), and
that this drives animal behaviour in terms of food selection and decisions about where, when and for
how long foraging occurs (Schoener 1971; Pyke et al. 1977). According to optimal foraging theory
(MacArthur and Pianka 1966), central-place foragers such as social insects optimise net energy gain
by balancing trade-offs relating to colony location in a way that maximises fitness (Covich 1976;
Schoener 1979; Orians and Pearson 1979). Several studies have demonstrated that social insect
foraging can be optimised by the location of nests close to key food resources (e.g. Murray 1938;
Kacelnik et al. 1986; Potts et al. 2003; Grundel et al. 2010). However, there have been few empirical
studies addressing how the distribution of food resources influences spatial patterns of social insect
colonies.

Ants are ecologically dominant social insects in most terrestrial ecosystems, living in highly
organised colonies where foragers retrieve food items to their nests, where they are stored, eaten or
fed to offspring (Traniello 1989; Holldobler and Wilson 1990). Plants provide many resources for
ants as part of mutualistic interactions involving defence against predators (Bequaert 1922; Bennett
and Breed 1985). This can include nesting sites in the form of hollow thorns, stipules, leaf pouches,
and chambers within epiphytic tubers (Janzen 1966; Rico-Gray and Oliveira 2007). However, most
mutualistic interactions between plants and ants involve ant species that make their own nests, and
therefore make their own decisions about where to locate their nests in relation to plant-based food
resources such as leaves, nectar, seeds, honeydew, or the corpses of insects that live on vegetation
(Holway and Case 2000; Kay 2002; Wagner and Nicklen 2010).

Extrafloral nectar (EFN) is a carbohydrate-rich food resource produced by at least 3,941 plant
species (Weber and Keeler 2013; Zhang et al. 2015) for attracting ants, which helps protect plants
from herbivores (Rico-Gray and Oliveira 2007; Heil 2011). Many specialist nectar-feeding ants have
specialized digestive systems designed to exploit liquid carbohydrates, allowing intensified
exploitation of such resources, and thus generating high fidelity with their host plants (Davidson

1997; Byk and Del-Claro 2011). Many studies have shown that the availability of EFN strongly
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influences arboreal ants, promoting ant foraging activity and diversity on trees (Koptur 1992;
Davidson 1997; Davidson et al. 2003; Bliithgen and Fiedler 2004), and increasing colony
survivorship, growth and reproduction (Byk and Del-Claro 2011). EFN is also exploited by ground-
nesting ants, but its role in structuring ground-nesting ant communities has received little attention.
Previous studies suggest that EFN production may encourage ants to build their nests near plants
(Holway and Case 2000; Van Wilgenburg and Elgar 2007; Wagner and Fleur Nicklen 2010), but
information on the influence of EFN on the spatial structure of ground-nesting ant communities
remains scarce.

In this study, we investigate the relationships between the distributions of EFN-producing
plants and the nests of epigacic ants in semi-arid Caatinga vegetation of northeastern Brazil. Caatinga
is the world’s most species-rich semi-arid biome (Leal et al. 2005; Pennington et al. 2009), and a large
proportion of its woody plant species produce EFN (Melo et al. 2010; Leal et al. 2015). Caatinga is
also one of the world’s most highly populated and threatened semi-arid biomes (Leal et al. 2005;
Ribeiro et al. 2015), sustaining 27 million people that are highly dependent on Caatinga natural
resources for their livelihoods (Djoudi et al. 2015). Moreover, Caatinga is highly threatened by
climate change, with climate models consistently forecasting a 22% reduction in rainfall and a 3-6°C
increase in temperatures by 2100 (Magrin et al. 2014). Human disturbance and rainfall are both
important drivers of resource availability (Cane et al. 2006; Williams and Kremen 2007), including
both the density of EFN-bearing plants and rate of nectar production per tree (Pacini et al. 2003; Heil
2011; Leal et al. 2015). Thus, we examine the relationships between EFN-producing plants and the
nests of epigaeic ants along gradients of increased anthropogenic disturbance and decreased rainfall.

Our study tests two hypotheses. First, we hypothesize that the availability of EFN-producing
plants plays an important role in structuring the distribution of nests of ant species that are heavily
dependent on nectar. We predict that the nests of such species are closer to trees producing EFN than
are the nests of other ant species. Second, given that both disturbance and decreasing rainfall can
negatively impact both populations of EFN-producing plants and nectar production (Pacini et al.
2003; Heil 2011; Leal et al. 2015), we hypothesize greater effects on the density and distribution of

nests of heavily nectar-dependent ant species compared with other ants. Compared to other species,
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for ant species that are heavily dependent on nectar we predict a greater reduction in nest density with
increasing anthropogenic disturbance and decreasing rainfall. We also predict that the nests of ant
species that are heavily dependent on nectar will be located even closer to EFN-producing plants with
increasing disturbance and decreasing rainfall, because nectar becomes an increasingly limited

resource.

MATERIALS AND METHODS

STUDY AREA

The study was carried out in Catimbau National Park (8°24°00°” and 8°36°35°’S; 37°09°30”’
and 37°14°40°°W), in the state of Pernambuco, northeastern Brazil (Figure 1). The climate is semi-
arid, with annual temperature averaging 23°C, and mean annual rainfall varying from 480 to 1,100
mm per year, concentrated between March and July (Sociedade Nordestina de Ecologia 2002). Our
study focussed on Caatinga vegetation occurring on sand soil (quartzite sands), which represents
about 70% of Catimbau National Park (Siqueira et al. 2017). The vegetation was dominated by shrubs
and small trees up to 7 m in height, mostly represented by the families Leguminosae, Euphorbiaceae,
Boraginaceae and Burseraceae (Rito et al. 2017). Catimbau National Park is one of the most
important conservation areas within the Caatinga biome (Silva et al. 2004). However, the Park was
recently established (2002) and its inhabitants still remain; therefore, it continues to be subject to a
regime of chronic anthropogenic disturbance, including livestock grazing, timber harvesting, firewood
collection and hunting (Sociedade Nordestina de Ecologia 2002, Rito et al. 2017, Siqueira et al.
2017).

Based on satellite imagery, soil maps, and data on rainfall and disturbance, we established
twenty study plots (50 m x 20 m) in old-growth vegetation that covered a wide range of rainfall and
disturbance intensity. Plots were separated by a minimum of 2 km and located within a total area of

21,430 ha. All plots occurred on quartzite sand and on flat terrain (Rito et al. 2017).

CHARACTERISING DISTURBANCE AND RAINFALL GRADIENTS
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In order to assess the effects of chronic anthropogenic disturbance on the density and
distribution of epigaeic ant nests, we used a global multi-metric disturbance index previously
established for the study plots (Arnan et al. submitted). The index combines three types of source
information: (i) indirect landscape measures using satellite imagery in ArcGIS 10.1 software
(proximity to the nearest house, and proximity to the nearest road); (ii) socioeconomic information
obtained by interviewing local households (number of people in the nearest village with influence
weighted by distance), and (iii) direct measures of disturbance in the field (length of goat trails, the
density of goat and cattle dung, and extents of live-wood extraction and fire-wood collection). The
global multi-metric index potentially ranged from 0 (no disturbance) to 100 (highest disturbance), and
actual values ranged from 2 — 58. For more details on this disturbance index characterization see
Online Resource 1.

We obtained data on mean annual rainfall for each plot from the WorldClim global climate
data repository (Hijmans et al. 2005) with 1 km resolution using the “maptolls” package for R 3.1.2
(Bivand and Lewin-Koh 2015). Mean annual rainfall ranged from 510 to 940 mm among plots. Such
extreme variation in a small geographic area makes the study area ideal analysing the ecological

effects of rainfall.

PLANT AND ANT SURVEYS

We identified and counted all adult (height > 1.5 m and diameter at soil height >3 cm) EFN-
producing woody plants in each plot between August 2014 and February 2015, as described by Silva
et al. (unpublished data). A total of 2,243 individuals belonging to 12 genera and 21 species of EFN-
producing plants were recorded, with a mean (£SE) plot richness of 5.1 (£0.5). Most of the EFN-
producing plant species (75%) and individuals (70%) belonged to Leguminosae. The most common
species were Pityrocarpa moniliformis (Leguminosae; 27.8% of total individuals); Poincianella
microphylla (Leguminosae; 19.6%), and Croton argyrophylloides (Euphorbiaceae; 18,8%). The mean
number of EFN-producing plants per plot was 5.1 (£ 0.5).

All EFN-producing plants were mapped according to a Cartesian coordinate system within

each plot. We surveyed ant nests in each plot between August 2014 and February 2015 by following
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returning foragers attracted to tuna baits. Thirty baits were used in each plot, placed on the soil for 2
hours in a 6 x 5 grid with 10 m spacing, located over the 50 x 20 m plots used to sample EFN-
producing plants. We chose to use protein- rather than carbohydrate-based baits because these are
attractive to a greater range of ant species, including both ants that are and are not heavily dependent
on EFN. All ant nests were then also mapped according to the Cartesian coordinate system within
each plot. All ants were sorted to species and identified to genus using Baccaro et al. (2015). Voucher
specimens of all species were sent to the Systematics and Ant Biology Laboratory at Universidade
Federal do Parana for species identification. A complete set of voucher specimens is held in the ant
collection at the Universidade Federal de Pernambuco. All applicable institutional and/or national
guidelines for the care and use of animals were followed.

We categorised ant species into three types according to their dependence on EFN, based on
published literature (Davidson 1997; Davidson et al. 2003) and our own personal observations: (i)
heavy users: ants that are highly dependent on exudates and have special adaptations for a diet
consisting primarily of liquid food; (ii) occasional users: ants that feed on nectar opportunistically,

and do not possess adaptations for it; and (iii) non-users: ants that do not feed on nectar.

DATA ANALYSIS

In order to test our first prediction that the nests of ant species that are heavily dependent on
EFN are closer to EFN-producing plants than are those of other species, we first constructed a
General Lineal Mixed Model (GLMM) where the distance of each ant nest to the nearest EFN-
producing plant was the response variable, and ant feeding type was the fixed factor. Plot and ant
species were added to the model as random factors. Second, we used Kolmogorov-Smirnov tests to
compare the frequency distributions of the nearest distances between ant nests and EFN-producing
plants among the three ant feeding types. To test our second prediction that increasing anthropogenic
disturbance and reduction of rainfall will have greater negative effects on nest density of species that
are heavily dependent on nectar than in the other groups, we conducted General Lineal Models
(GLMs) where the density of nests of all ant species, heavy users, occasional users and non-users

were the response variables, and anthropogenic disturbance and rainfall were the fixed factors.
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Finally, to test our third prediction that nests of ant species that are heavily dependent on nectar will
be located closer to EFN-producing plants with increasing disturbance and decreasing rainfall, we ran
a GLMM where the distance of each nest of heavy users to the nearest EFN-producing plant species
was the response variable, and anthropogenic disturbance and rainfall were the fixed factors. All

analyses were conducted using R software (R Development Core Team 2013).

RESULTS

We recorded 257 ant nests belonging to 33 species (Table 1). The number of nests per plot
varied from 5 to 24, corresponding to a density range of 50-240 nests/ha. The most common ant
species were Ectatomma muticum (Ectatomminae; 22.5% of all nests; occurring in 12 plots),
Dorymyrmex goldii (Dolichoderinae; 10.8%; 9) and D. thoracicus (7.8%; 5). Heavy users, occasional
users, and non-users accounted for 37.3%, 41.2% and 21.5% respectively of all ant nests. Heavy users
comprised seven species of Dorymyrmex, which collectively represented 93% of all heavy-user nests,
along with Camponotus crassus.

Mean nest distance from the nearest EFN-producing plant varied significantly among ant
feeding types (F= 23.4; df=254; p<0.001), with heavy-users nesting closer to EFN-producing plants
than did occasional users, which in turn nested closer to EFN-producing plants than did non-users
(Figure 2). Most nests of heavy users were located within 1m of the nearest EFN-bearing plant and
none were located > 4 m distant, whereas most nests of other feeding types were located >1.5 and
some >6 m distant (Figure 3).

There was no relationship between chronic anthropogenic disturbance and the density of total
ant nests or of those of any feeding type (Online Resource 2). The density of nests of heavy users
declined with decreasing rainfall (Figure 4), but there was no relationship for either occasional users
or non-users (Online Resource 2). We found no significant effect of either disturbance or rainfall on

the proximity of heavy user nests to EFN-producing plants (Online Resource 2).

DISCUSSION
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The availability of EFN is an important factor influencing arboreal ant communities, but its
effects on ground-nesting ants remains largely unknown. Our study tests the hypothesis that the
availability of EFN-producing plants plays an important role in structuring the distribution of nests of
epigaeic ant species that are heavily dependent on nectar. We also examine if the relationship between
EFN-producing plants and ant nests varies along gradients of CAD and rainfall, both of which are
known to influence EFN production.

In our study, ants that were heavily dependent on EFN (heavy users) were represented by
species of Dorymyrmex and Camponotus. They belong to subfamilies (Dolichoderinae and
Formicinae respectively) that are considered to be specialised exudate feeders (Eisner, 1957),
possessing anatomical traits that allow them to retain and process large volumes of plant exudates
(Eisner 1957; Davidson and Patrell-Kim 1996; Davidson et al. 2003). Species of Camponotus have a
sclerotized proventriculus that is designed to store large volumes of fluids for long periods of time
(Eisner, 1957). As in other Dolichoderinae genera such as Iridomyrmex, Froggattella and Turneria,
species of Dorymyrmex possess a complex proventriculus that is capable of carrying more liquid than
is required by an individual forager (Eisner 1957; Cook and Davidson 2006).

As we predicted, heavy-user ants established their nests closer to EFN-bearing plants than did
other ants. Mean nest distance to the nearest EFN-producing plant was 1.2 m for heavy users,
compared with >3 m for other ant species. Most nests of heavy users were located within 1 m of an
EFN-producing plant, whereas most nest of other species occurred more than 1.5 m away. We also
found a more-nuanced effect of ant feeding type: although nests of occasional users were more distant
than of heavy users, they were closer than those of non-users. Our study therefore provides empirical
evidence that EFN drives the nest distributions of ant species according to the extent to which they
use nectar resources. Nesting in close proximity to a key food resource reduces travel times, which
both increases foraging efficiency and reduces exposure to natural enemies (Mclver 1991; Davidson
1997; Pfeiffer and Linsenmair 1998).

A relationship between nest distribution and nectar resources has been previously reported for
individual ground-nesting ant species. For example, Bennett and Breed (1985) found an association

between Pentaclethra macroloba (Leguminosae) trees and nests of the giant tropical ant Paraponera
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clavata in Costa Rica, likely related to the provision of EFN. Similarly, there is an association
between Acacia constricta mediated by EFN and Dorymyrmex and Forelius species in the Sonoran
Desert (Wagner and Fleur Nicklen 2010). However, ours is the first study to demonstrate a
community-wide impact of EFN on the spatial structure of epigaeic ants.

Our study also examined the effects of two global drivers of biodiversity decline,
anthropogenic disturbance and climate change, on the relationships between EFN-producing plants
and the nests of ground-foraging ants. We predicted that increasing anthropogenic disturbance and
decreasing rainfall would have a greater impact on nest densities of ants that are heavily dependent on
nectar than on other species, because disturbance and decreasing rainfall can negatively impact both
populations of EFN-producing plants and nectar production. Overall nest density did not vary with
disturbance, but our prediction held for rainfall, where declining rainfall was associated with a
decrease in the nest density of heavy-users, but not of other ants. This result further emphasises the
close relationship between EFN-bearing plants and nectar-dependent ant species. Nectar volume and
production rates decline under conditions of low water availability (Jakobsen and Kristjansson 1994;
Murcia 1995; Keasar et al. 2008), due to stomatal closure induced by water stress (Rico-Gray et al.
1998; Heil 2011; Lange et al. 2013). Our results indicate that this has important cascading effects on
populations of ground-nesting, nectar-dependent ants.

Our final prediction was that the nests of ant species that are heavily dependent on nectar will
be located even closer to EFN-producing plants with increasing disturbance and decreasing rainfall,
because nectar becomes an increasingly limited resource, as we observed in previous work (Silva et
al. unpublished data). However, our results indicated that the proximity of heavy user nests to EFN-
producing plants was constant along the disturbance and rainfall gradients. One explanation may rely
in the fact that most heavy-nectar users belong to the functional Dominant Dolichoderinae group
(Andersen 1995). Dominant species have strategies to exploit and defend food resources and can
exercise competitive control in the vicinity (Holldobler and Wilson 1990). Thus, since behaviourally
dominant heavy-user species can control large territories, there is no need to place their nests even
close to plants rich in liquid compounds, even in scenarios more intensively disturbed and arid, where

a reduction of food resource is expected (Heil et al. 2001; Wackers et al. 2001; Piovia-Scott 2011).
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CONCLUSION

We have shown that EFN-producing plants directly influence the spatial structure of ground-
nesting ant species that are heavy nectar users. We suggest that EFN-producing plants also affect the
spatial structure of other ground-nesting ant species, but indirectly through their effects on heavy
users. Many heavy-user ant species are behaviourally dominant, relying on large volumes of liquid
carbohydrate for powering their rapid locomotory activity and high levels of aggression (Davidson et
al. 2003; Bliithgen and Fiedler 2004). In our study, this applies to species of Dorymyrmex (Dominant
Dolichoderinae sensu Andersen 1995), which represented >90% of all heavy-user nests. It seems
highly likely that territorial defence by species of Dorymyrmex, fuelled by ready access to EFN,
prevented other ant species from nesting close to EFN-producing plants, and therefore contributed to
their distant nesting in relation to EFN-producing plants. This would suggest that EFN-producing
plants have a major impact on the spatial structure of ground-nesting ant communities more generally,
whether or not the species feed on EFN. This impact is maintained along gradients of both CAD and

rainfall.
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Table 1. List of ground-nesting ant species per subfamily showing feeding type in relation to extrafloral nectar, total number of nests, and number of plots in

which it occurred in Catimbau National Park, Pernambuco State, Brazil

Subfamily Ant species Type of relationship N° Nests N° plots

Myrmicinae Cyphomyrmex transversus Emery, 1894 Non-users 2 1
Kalathomyrmex sp.A Non-users 1 1
Pheidole radoszkowskii Mayr, 1884 Occasional users 18 10
Pheidole sp. B Non-users 9 4
Pheidole sp. D Non-users 11 5
Pheidole sp. E Non-users 7 3
Pheidole sp. H Non-users 1 1
Pheidole sp. K Non-users 4 3
Pheidole sp. P Non-users 3 3
Pheidole triconstricta Forel, 1886 Occasional users 2 1
Solenopsis sp. B Non-users 1 1
Solenopsis sp. C Non-users 3 3
Solenopsis sp. J Non-users 2 1
Solenopsis sp. L Non-users 1 1
Solenopsis sp. M Non-users 2 1
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Myrmicinae

Dolichoderinae

Formicinae

Ectatomminae

Solenopsis sp. N

Solenopsis sp. O

Solenopsis sp. P

Solenopsis sp. Q

Solenopsis tridens Forel, 1911
Solenopsis virulens Smith, 1858
Tetramorium sp. A

Dorymyrmex goldii Forel, 1904
Dorymyrmex thoracicus Gallardo, 1916
Dorymyrmex sp. A

Dorymyrmex sp. C

Dorymyrmex sp. D

Dorymyrmex sp. E

Dorymyrmex sp. H

Tapinoma sp. A

Brachymyrmex sp. A
Camponotus crassus Mayr, 1862

Ectatomma muticum Mayr, 1870

Non-users
Non-users
Non-users
Non-users
Occasional users
Occasional users
Non-users
Heavy users
Heavy users
Heavy users
Heavy users
Heavy users
Heavy users
Heavy users
Non-users
Occasional users
Heavy users

Occasional users

28

20

15

58

12
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Figure legends

Fig. 1 Location of study plots in Catimbau National Park, northeastern Brazil. (a) Limits of Catimbau
National Park with the 20 study plots represented by circles (increasing circle size represents higher

levels of disturbance). (b) Location of Catimbau National Park (red star) in Brazil.

Fig. 2 Nearest distance (mean + SE) between ant nests and EFN-bearing plants for the three ant
feeding types (heavy-users, occasional users, and non-users) in Catimbau National Park, northeastern

Brazil. Different letters indicate significant differences (P< 0.05) according to post-hoc contrasts.

Fig. 3 Distribution of the nearest distances between ant nests and EFN-producing plants for the three
ant feeding types (heavy-users, occasional users, and non-users) in Catimbau National Park,

northeastern Brazil.

Fig. 4 Relationship between mean annual rainfall and the density of nests of heavy user nests in

Catimbau National Park, northeast Brazil.
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ELETRONIC SUPPLEMENTARY MATERIAL
Online Resource 1. Characterization of the multi-metric disturbance index.

In order to characterise the intensity of chronic anthropogenic disturbance in our plots,
disturbance metrics from three different sources of information were measured: (i) Indirect landscape
measures using satellite imagery in ArcGIS 10.1 software: proximity to the nearest house, and
proximity to the nearest road. The former is a proxy for local people pressure, and the latter reflects
human accessibility; (ii) An indirect measure obtained by interviewing local human communities: the
number of people with influence to the plot. In particular, semi-structured interviews (Martin, 1995)
were conducted in the 69 nearest houses to the plots to obtain this information during 18-29 April
2016, and (iii) Direct field measures: these variables are the most directly related to the disturbance
level experienced by a particular location, and refer to livestock pressure or wood extraction. Three
variables related to livestock pressure were measured. (A) Goat trail length: goats use well-defined
trails to move within the Caatinga, and the total length of these trails within each plot was measured
using an odometer. (B) Goat dung: the numbers of goat dung pellets within four 5 x 5 m quadrants
(total of 100 m?) within each plot. And (C) Cattle dung: the number of cattle dung pats within each
entire plot. Two variables related to wood extraction were measured. (A) Live wood extraction:
within each plot, the diameter of all cut stems was measured to obtain a measure of total basal area.
(B) Firewood collection: an inverse relationship between the amount of wood litter as a proportion of
total above-ground biomass and level of fire-wood collection was assumed. Within four 4 m* subplots
within each plot, two diameters and length of each dead log or stem laying on the ground (minimum
size of 0.5 cm diameter or 10 cm long) was measured, and dead biomass of wood litter was first
computed following the equation of the volume of a conical frustum. Then, a mean value of wood
density of the tree species present in the area to transform the volume values to biomass was used.
Most species were collected in the field, and their wood density was measured following the protocols
of Perez-Harguindeguy et al. (2013). For the other species, wood density was obtained from
http://datadryad.org/handle/10255/dryad.235. Total above-ground biomass per plot was estimated
through field measures and further application of an allometric equation for Caatinga vegetation

(Biomassi =0.173 DAS n>*°), which is based on the diameter at soil height (DAS) (Amorim et al.
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2005; Rito et al. 2017). Finally, since low values of firewood availability indicated high levels of
disturbance, the inverse was computed such that the higher the value, the higher the disturbance
intensity. Then, a global multi-metric index was computed by using the following formula:

Z?:]()’i — Ymin)/(Ymax — Ymin) »
n

I = 100

where /is the disturbance intensity index, y; the observed value for one disturbance metric in plot i,
Vmin the minimum observed value for the disturbance metric considering all plots, Y. the maximum
observed value for the disturbance metric considering all plots, and # the number of individual
disturbance metrics considered in the index. Thus, this formula first standardises the values of each
disturbance metric between 0 and 1, which makes disturbance metrics of different units comparable
and simple to combine in the same index. The index ranges from no disturbance to the highest
disturbance intensity (0 to 100). For example, a value of /= 100 indicates that the values of all
disturbance metrics composing the index are maximal.

For the index computation, five disturbance metrics which included some of the single disturbance
metrics abovementioned or the integration of them in a new metric were used. Specifically, the two
direct field measures related to wood extraction (i.e. live wood extraction and firewood collection)
and two measures related to livestock pressure (cattle dung and goat herbivory) were used. Goat
herbivory was the combination of goat trail length and goat dung by means of PCA analysis - the
coordinates of axis 1 because both variables were highly correlated to this axis (r>0.90) which
explained 88% of variance. The last variable included in the global multi-metric index was ‘people
pressure’, which was the integration of the three indirect measured variables: distance to house,
distance to road and number of people with influence to the plot. Such an integration was conducted
by applying the same formula used to compute the global multi-metric index, but with these three

indirect variables.
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Online Resource 2. Effects of disturbance and reduction of rainfall on the density of ground-nesting

ants and on the proximity of heavy users' nests to EFN-bearing plants in Catimbau National Park,

Northeastern Brazil

Explanatory Variables Response Variables Df F p
Rainfall Density of heavy-user nests 1 10.0 0.005
Density of occasional user nests 1 014 07
Density of non-user nests 1 259 0.12
Anthropogenic disturbance Density of heavy-user nests 1 108 03
Density of occasional user nests 1 002 095
Density of non-user nests 1 005 0.81
Rainfall Proximity of heavy users to plants 1 30 0.10
Anthropogenic disturbance Proximity of heavy users to plants 1 268 0.12




132

CONSIDERACOES FINAIS




133

As perturbagdes antropicas e mudangas climdticas sdo reconhecidamente dois
importantes fatores responsaveis pela reducdo da biodiversidade e dos servigos ecossistemas
associados. Entretanto, a maior parte dos esfor¢os trata da influencia das perturbacdes
agudas, ignorando as ameagcas (individuais e combinadas) impostas pelos distirbios cronicos
e mudangas climdticas. Assim, nesse trabalho, nés buscamos contribuir para o conhecimento
empirico dos efeitos individuais e conjuntos das perturbagdes antrdpicas cronicas e mudancgas
climéticas (aqui mensurados através da reducdo da precipitacdo) sobre a assembleia de
plantas portadoras de nectdrios extraflorais (NEFs), bem como a influéncia desse grupo
vegetal sobre os padrdes de densidade e organizacdo espacial de formigas que nidificam no
solo da Caatinga. Nosso estudo se destaca por abordar os efeitos sinérgicos dessas varidveis
sobre as diversidades taxondmica, funcional e filogenética, que em conjunto nos ajudou a
elucidar de maneira mais completa as consequéncias desses fatores sobre a estrutura da
comunidade vegetal. Adicionalmente, esse estudo traz importantes contribui¢cdes para o
entendimento das interagdes ecoldgicas mediadas por NEFs e dos diversos fatores que

moldam as comunidades envolvidas nessas relacdes.

Os capitulos 1 e 2 desta tese se referem aos estudos de caso no Parque Nacional do
Catimbau, no sertdio de Pernambuco. O primeiro capitulo avaliou a influéncia das
perturbacdes antrdpicas cronicas e mudangas climdticas sobre a diversidade taxondmica,
funcional e filogenética da assembleia de plantas com NEFs. A partir dos resultados nés
demonstramos que as perturbagdes cronicas exercem uma influéncia negativa, no sentido de
reduzir os trés componentes da diversidade aqui investigados, ao passo que a reducdo da
precipitacdo determinou a diminuicdo das diversidades funcional e filogenética. Além disso,
nés também observamos que a precipitagdo tem um efeito diferente sobre as medidas de
diversidade de acordo com o nivel de perturbacdo das dreas, sendo esse efeito negativo em

dreas mais perturbadas e secas, e positivo em dreas mais conservadas e secas. Esses
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resultados apontam que além do empobrecimento taxondmico, apenas grupos mais
proximamente relacionados e funcionalmente similares sdo capazes de colonizar as dreas
mais perturbadas e secas, o que sugere que perturbacdes cronicas e mudangas climadticas

atuam como importantes filtros ambientais.

No segundo capitulo, nés observamos que as plantas com nectdrios extraflorais
influenciam diretamente a organizacdo espacial da comunidade de formigas epigéicas, pois
os grupos que dependem mais diretamente das secre¢des extraflorais nidificam mais
proximamente as plantas que oferecem o recurso extrafloral, quando comparados com grupos
de formigas que dependem pouco dessas substincias. Entretanto, ao contrdrio do que
esperdvamos, as perturbacdes cronicas e reducdo da precipitacdo ndo exerceram influéncia
sobre a distribuicdo de formigas. Os nossos resultados, enfatizam o papel evolutivo das
glandulas extraflorais, no sentido de promover o mutualismo com formigas, e embora o
aumento das perturbagdes cronicas e reducdo da precipitacio ndao tenham influenciado
diretamente a densidade e organizacdao dos ninhos de formigas, nés acreditamos que a
redugdo da diversidade taxondmica e funcional de plantas com NEFs em dreas perturbadas e
secas, observados no primeiro capitulo desta tese, pode gerar efeitos em cascata sobre os

mutualismos planta-formigas.

Algumas perguntas surgiram ao longo das investigacdes do nosso estudo e podem
constituir o principio de investigacdes complementares para aumentar nosso conhecimento
sobre as interacdes planta-formiga: (i) como os padroes observados de diversidade
taxonOmica, funcional e filogenética da assembleia de plantas com NEFs afetam a riqueza da
comunidade de formigas que usa este recurso? (ii) como o aumento das perturbacdes cronicas
e a reducdo da precipitacdo afetam os padrdes de producdo e secre¢do do néctar extrafloral e

qual o seu papel sobre as interacdes com formigas e os servigos de protecdo anti-herbivoria
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providos por esses insetos? (iii) qual o papel dos compostos bioquimicos e dos mecanismos

fisiolégicos sobre a regulacdo da secre¢ao do néctar extrafloral e das relacdes com formigas?

Uma vez que a perturbacdo cronica em florestas secas, como a Caatinga, esta ligada
a comunidades que dependem direta e indiretamente dos recursos florestais, e que os modelos
climéticos projetam o aumento das temperaturas e reducao da precipitacao nessas dreas, esses
efeitos individuais e sinérgicos nao podem ser negligenciados, podendo implicar em impactos
diversos sobre a biota da Caatinga, que vao desde o empobrecimento da flora, a quebra das
interacdes ecoldgicas, a distribuicdo de espécies, até a desertificacdo. N6s esperamos que
com esse estudo, juntamente com outros esforcos que estdo sendo dispensados na regido,
possamos entender esse complexo quebra-cabecas que € a Caatinga. Além disso, sendo essas
ameagas supracitadas constantes e crescentes, salientamos a necessidade de iniciativas que
tratem da conservagdo da biodiversidade como prioridade, aliada ao desenvolvimento rural
sustentdvel, como uma forma de unir o uso desses recursos € a manuten¢cdo dos servigcos

ecossistémicos providos pela biodiversidade.
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