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RESUMO

A urbanizagao transforma paisagens naturais, introduzindo filtros ambientais que
afetam a biodiversidade, a estrutura das comunidades biol6gicas e 0s servigos
ecossistémicos. Nesta tese, investiguei os padrdes de diversidade das comunidades
de formigas ao longo de um gradiente de urbanizacdo e suas consequéncias para a
dispersédo de sementes. O estudo foi conduzido na Regido Metropolitana do Recife,
onde coletamos formigas utilizando armadilhas, analisamos sua tolerancia térmica
maxima e mensuramos atributos morfoldgicos. Também avaliamos a taxa de remocéao
de sementes como medida do servigo ecossistémico. Os resultados indicaram que,
apesar da riqueza e abundancia de formigas permanecerem constantes ao longo do
gradiente, a composigdo taxondmica e funcional mudou. Generalistas, como onivoros
epigéicos e Attini cortadeiras, tornaram-se dominantes em areas urbanizadas,
enquanto especialistas, como predadores epigéicos e onivoros cripticos, reduziram-
se. A descoberta de recursos alimentares foi mais rapida em ambientes altamente
urbanizados, sugerindo ajustes no comportamento de forrageamento. Com relagéao
aos tracos funcionais, a tolerancia térmica maxima foi conservada entre as espécies.
Os atributos morfolégicos permaneceram estaveis, mas houve uma reducdo no
tamanho da perna e mandibula de Atta sexdens em ambientes urbanizados. A
dispersdo de sementes por formigas também foi impactada. Registramos 443
individuos de 29 espécies interagindo com 2.705 sementes artificiais, das quais 26,4%
foram removidas e 73,6% apenas limpas. A taxa de remocdo de sementes diminuiu
com o aumento da urbanizacdo, enquanto a limpeza das sementes aumentou,
sugerindo impactos na regeneracdo vegetal nesses ambientes. Os resultados
evidenciam que a urbanizacdo altera a estrutura das comunidades de formigas e seus
papéis ecologicos, favorecendo espécies generalistas e modificando interacdes
ecolégicas essenciais. Além disso, a substituicdo de dispersores eficientes por
espécies de baixa qualidade pode comprometer a dinamica de regeneracao vegetal
em ecossistemas urbanos. A compreensado dessas mudancas é fundamental para
avaliar os impactos da urbanizacdo sobre a biodiversidade e o0s servicos
ecossistémicos, subsidiando estratégias de conservacdo em cidades.

Palavras-chave: Formigas urbanas, Gradiente urbano, Remocao de sementes,

Tragos funcionais



ABSTRACT

Urbanization transforms natural landscapes, introducing environmental filters that
affect biodiversity, the structure of biological communities, and ecosystem services. In
this thesis, | investigated the diversity patterns of ant communities along an
urbanization gradient and their consequences for seed dispersal. The study was
conducted in the Metropolitan Region of Recife, where we collected ants using traps,
analyzed their maximum thermal tolerance, and measured morphological attributes.
We also assessed seed removal rates as a measure of ecosystem service provision.
The results indicated that, although ant richness and abundance remained constant
along the gradient, taxonomic and functional composition changed. Generalists, such
as epigaeic omnivores and leaf-cutting Attini, became dominant in urbanized areas,
while specialists, such as epigaeic predators and cryptic omnivores, declined.
Resource discovery was faster in highly urbanized environments, suggesting
adjustments in foraging behavior. Regarding functional traits, maximum thermal
tolerance was conserved among species. Morphological attributes remained stable
overall, but Atta sexdens showed reduced leg and mandible size in urban
environments. Seed dispersal by ants was also affected. We recorded 443 individuals
from 29 species interacting with 2,705 artificial seeds, of which 26.4% were removed
and 73.6% were only cleaned. Seed removal rates decreased with increasing
urbanization, while seed cleaning increased, suggesting potential impacts on plant
regeneration in these environments. The results highlight that urbanization alters ant
community structure and their ecological roles, favoring generalist species and
modifying essential ecological interactions. Moreover, the replacement of efficient seed
dispersers by lower-quality species may compromise plant regeneration dynamics in
urban ecosystems. Understanding these changes is crucial for assessing the impacts
of urbanization on biodiversity and ecosystem services, supporting conservation
strategies in cities.

Keywords: Urban ants, Urban gradient, Seed removal, Functional traits
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1 APRESENTACAO

A urbanizacdo é um dos processos mais significativos que moldam os
ambientes terrestres, especialmente diante do aumento acelerado da populacéo
humana (MCKINNEY, 2008). Esse processo promove a diminuicdo da cobertura
vegetal e a impermeabilizacdo do solo, que potencializam os efeitos da temperatura
nos habitats, como o fendmeno das ilhas de calor urbano. Esses filtros ambientais
modificam os padrdes de distribuicdo e afetam a composicdo e a estrutura das
comunidades biolégicas (FERRANTE et al., 2014; BENINDE et al., 2015;
CASALEGNO et al., 2017). Essas mudancas limitam n&o apenas a distribuicdo das
espécies (DIAMOND et al., 2012), mas também a vulnerabilidade dos organismos e
0s servicos ecossistémicos que eles promovem (ARNAN et al., 2015). As cidades,
embora frequentemente vistas como espacos hostis a biodiversidade, podem ser
compreendidas como ecossistemas com habitats de diferentes qualidades, capazes
de abrigar comunidades com composi¢cdes variadas de espécies. Dentre os
organismos afetados por essas mudancas, as formigas desempenham um papel
fundamental nos ecossistemas urbanos, participando de diversos processos

ecoldgicos.

A compreensdo do papel das formigas em ecossistemas urbanos €
particularmente importante, pois elas desempenham fun¢des ecoldgicas essenciais
servindo de servigcos ecossistémicos, como a dispersdo de sementes. Nesse
contexto, a literatura existente ainda carece de um entendimento mais profundo
sobre como as mudancas nos padrdes de urbanizacao influenciam a adaptacéo das
formigas, suas interacdes ecoldgicas e, consequentemente, a prestacao desses
servicos. Embora se saiba que as formigas sdo organismos altamente adaptaveis a
ambientes urbanos, as respostas especificas de diferentes espécies a variacdes na
urbanizacdo e como isso afeta sua funcdo nos ecossistemas urbanos ainda sao

pouco exploradas.

Esta tese busca preencher essa lacuna, oferecendo uma analise detalhada dos
efeitos da urbanizagcdo sobre as comunidades de formigas e seus servigcos
ecossistémicos, com foco particular na dispersdo de sementes. Ao longo de trés
capitulos principais, esta pesquisa aborda a estrutura taxonémica e funcional das

comunidades de formigas, os tracos funcionais que explicam suas respostas a



urbanizacédo e as interagdes das formigas como servigos ecologicos. O primeiro
capitulo investiga como as comunidades de formigas se distribuem ao longo de um
gradiente de urbanizacdo, enquanto o segundo capitulo explora os tracos funcionais
das formigas, como a tolerancia térmica e os atributos morfologicos, que podem
explicar suas adaptacées aos ambientes urbanos. O terceiro capitulo examina a
funcdo ecolégica das formigas na dispersdo de sementes, essencial para a

regeneracao das plantas urbanas.

A relevancia desta pesquisa estd na necessidade urgente de entender os
impactos da urbanizacdo sobre as comunidades bioldgicas e seus servigos
ecossistémicos. Compreender como as formigas se adaptam as pressoes urbanas
e o0 impacto disso na prestacdo de servicos ecoldgicos pode orientar estratégias de
conservacao mais eficazes. Em particular, destaca-se a importancia de preservar
"reservatorios de biodiversidade” em habitats urbanos, a fim de garantir que o0s
servicos ecossistémicos oferecidos por esses organismos sejam mantidos,

contribuindo para um desenvolvimento urbano mais sustentavel e equilibrado.

2 FUNDAMENTAGAO TEORICA
2.1- A Urbanizacéo e seus impactos na biodiversidade

A urbanizac&o € um processo multidimensional que se manifesta por meio de
rapidas transformacfes na populacdo e na cobertura do solo. A expansao das
cidades resulta da combinacdo de quatro fatores principais: crescimento
populacional, migracdo rural-urbana, deslocamentos em massa causados por
eventos extremos e redefinicdes de limites administrativos (ELMQVIST et al., 2013).
Trata-se de um fenbmeno em continua expansdo, mais duradouro do que outras
formas de perda de habitat, que leva a homogeneizacédo bidtica e a reducédo da
singularidade dos ecossistemas locais (BLAIR, 2001). Como consequéncia, impacta
profundamente a biodiversidade e os servicos ecossistémicos (ELMQVIST et al.,
2013). A crescente extensdo das areas urbanas avanca a um ritmo acelerado,
exigindo a conversédo de ecossistemas naturais em espagos urbanos para suprir a

demanda da populacdo humana e suas atividades (SETO et al., 2012). Esse



crescimento ndo apenas altera o uso da terra, mas também modifica o clima local e
regional, criando ilhas de calor e alterando padrdes de temperatura e precipitagao
(GRIMM et al., 2008), o que afeta funcdes ecoldgicas essenciais (SETO & PANDEY,
2019). Além disso, resulta no consumo intensivo de recursos naturais, como agua e

terras agricolas, ameacando habitats e a biodiversidade local (SETO et al., 2012).

A urbanizacéo, quando analisada sob um viés espacial, é caracterizada pela
distribuicdo de elementos construidos pelo homem, como estradas e edificios, que
sdo indicadores desse processo (WU, 2014). A diversidade biol6gica pode ser
alterada e, diferentes niveis de urbanizacao, pois diferentes espécies respondem de
formas distintas a proximidade com areas urbanizadas. Algumas espécies
prosperam em ambientes urbanos, enquanto outras sédo evitadas, criando uma
dinamica populacional complexa. Battin (2004) observa que as cidades podem
funcionar como "fontes" ou "sumidouros” para determinadas espécies, dependendo
da qualidade ambiental local. Em areas de alta qualidade ecoldgica, as populacdes
podem crescer, enquanto em locais degradados, as populacdes declinam,
caracterizando "armadilhas ecolégicas". Ademais, a abundéancia de espécies
também ¢ influenciada por fatores locais, como o "efeito de vizinhanca" descrito por
Dunning et al. (1992), que demonstra que a interacdo com areas adjacentes, como
fragmentos de vegetacdo remanescente, impacta diretamente a presenca e a

sobrevivéncia de espécies urbanas.

A biodiversidade desempenha um papel crucial na manutencédo de diversos
Servigcos ecossistémicos essenciais para o bem-estar humano (FULLER et al . 2007).
Recursos como alimentos, madeira para constru¢do, agua potavel e combustiveis
dependem diretamente da biodiversidade (BOLUND 1999). A fixacdo de nitrogénio
realizada por plantas como as leguminosas € fundamental para a produtividade
agricola. Florestas preservadas proximas a cultivos, como os de café, proporcionam
polinizadores que podem melhorar o rendimento das plantacbes em até 20%
(MELILLO & SALA, 2008). Assim, a biodiversidade é essencial ndo apenas para a
seguranca alimentar e a saude humana, mas também para a resiliéncia dos
ecossistemas urbanos, auxiliando na adaptacdo as mudancas climéticas e
promovendo a qualidade de vida (E.M.A, 2005). No entanto, a biodiversidade esta

em declinio, e pesquisadores identificaram um possivel sexto grande evento de



extingcdo, impulsionado principalmente pelas atividades humanas (WILSON, 2005).
As acdes antropicas estdo alterando irreversivelmente a diversidade biologica do
planeta, conforme descrito na Avaliacdo Ecossistémica do Milénio (2005). As taxas
de extincdo continuam a aumentar, e o nimero de espécies ameacadas segue
crescendo (PIMM et al., 1995), demonstrando que a presséo da urbanizagéo e de

outras atividades humanas sobre 0s ecossistemas se intensifica.

A urbanizacao impacta a biodiversidade principalmente pela conversdo do uso
da terra e pelo desmatamento. Embora as areas urbanas cubram cerca de 3% da
superficie terrestre (MCGRANAHAN et al., 2006), sua influéncia ultrapassa esses
limites (SCHNEIDER et al., 2009; SETO et al., 2010). A concentragéo da urbanizacéo
em regides de alta biodiversidade amplia as ameacas a espécies raras e vulneraveis
(SETO et al., 2010). Apesar de ocuparem uma pequena fracdo da superficie
terrestre, as cidades abrigam a maior parte da populacdo mundial e sdo centros
dindmicos de atividades humanas, com decisdes urbanas influenciando a
biodiversidade em diferentes escalas (PYSEK & JAROSIK, 2005). Cidades maiores
tendem a abrigar mais espécies exoticas do que localidades menores devido a maior
complexidade das paisagens e a ampla disponibilidade de habitats, facilitando a
introducéo e permanéncia de espécies invasoras (PYSEK et al., 2004). No entanto,
a analise da biodiversidade urbana pode ser limitada por fatores como métodos de
amostragem e variacdes nos limites urbanos e padrdes de propriedade ao longo do

tempo (van Heezik et al., 2012).

Diante dessas limitacBes, abordagens que consideram gradientes de
urbanizacdo sdo fundamentais para uma compreensdo mais precisa dos impactos
urbanos sobre a biodiversidade (MELENDEZ et al., 2023). Esse tipo de abordagem
permite avaliar como diferentes niveis de urbanizacdo afetam a composicdo e
distribuicdo das espécies, identificando padrbes que seriam invisiveis em estudos
restritos a um unico tipo de paisagem. Além disso, 0 uso de gradientes facilita a
identificacdo de transicdes ecoldgicas e auxilia no planejamento de estratégias de
conservacao mais eficazes (MCDONNELL & HAHS, 2008).

2.2 — Respostas dos organismos a urbanizacao: Tracos funcionais



A urbanizacdo tem impactado as estruturas populacionais das espécies,
alterando os filtros ambientais aos quais elas estdo expostas (ARONSON et al.,
2016). Para entender como essas espécies persistem frente a esses novos desafios,
€ fundamental analisar os tracos funcionais que determinam sua capacidade de
interagir e sobreviver nos ambientes urbanos (SANTINI et al., 2019). A ecologia
funcional, que investiga essas plasticidades, desempenha um papel crucial na
compreensao das respostas dos organismos frente as perturbacgdes, especialmente
em contextos fortemente influenciados pelas atividades humanas (CADOTTE, 2017).
Os tracos funcionais, que incluem caracteristicas fisioldgicas, morfolégicas e
comportamentais dos organismos, sao determinantes cruciais para sua
sobrevivéncia, reproducéao e interagcdes com o ambiente ao seu redor (VIOLLE et al.,
2007). Algumas espécies podem se tornar mais tolerantes ao calor, a poluicéo do ar
ou a escassez de alimentos, enquanto outras podem ter seus comportamentos
alimentares alterados para se adaptar ao novo ambiente (ROTA 2018; KOTZE et al.,
2022; CHEN & NEOH 2023).

Em ambientes urbanos onde as espécies enfrentam condi¢cdes muitas vezes
extremas, como aumento da temperatura, poluicao, presenca de espécies invasoras
e fragmentacdo de habitats (MCDONNELL & HAHS, 2015). Como resultado, as
adaptacoes relacionadas aos tracos funcionais das espécies se tornam ainda mais
evidentes, refletindo a capacidade desses organismos de lidar com os desafios
impostos pela urbanizacdo (ALBERTI et al., 2017). Por exemplo, estudos indicam
gue aves urbanas podem apresentar cérebros relativamente maiores, possivelmente
para lidar com a complexidade do ambiente urbano (MAKLAKOQV et al., 2011). Além
disso, algumas espécies de anuros, exibem reducdo no tamanho corporal e
alteracdes no canto em areas urbanas, influenciadas por fatores como aumento da
temperatura, menor umidade e maior nivel de ruido (CAVALCANTE-PINTO et al.,
2020). Insetos também apresentam mudancas na tolerancia térmica e modificacdes
morfolégicas associadas a urbanizacdo, embora os efeitos variem entre grupos
taxondmicos (MARTINSON & RAUPP, 2013; MERCKX et al., 2018; BISHOP et al.,
2017; BUCHHOLZ et al., 2020).

A temperatura € um dos principais fatores que influenciam a reestruturacdo da

biota em ambientes urbanos, variando espacial e temporalmente nos habitats dos



organismos (DIAMOND et al., 2012). A urbanizacdo, ao remover a vegetacéo e
impermeabilizar o solo, intensifica os efeitos térmicos, restringindo a distribuicdo das
espécies e alterando suas interacdes ecoldgicas (URBAN et al., 2024). As mudancas
térmicas em habitats urbanos afetam diretamente a biologia das espécies,
influenciando seu desempenho, vulnerabilidade e as interacbes com 0S servigos
ecossistémicos (JANZEN 1967; GASTON 2000; ARNAN & BLUTHGEN 2015). A
tolerancia térmica maxima (TTM), ou "Ctmax", é um traco fisiolégico fundamental que
indica a temperatura na qual os organismos perdem a capacidade locomotora ou
sofrem mortalidade diante de aumentos rapidos de temperatura (DIAMOND et al.,
2012). Esse limite fisiologico determina o desempenho, a atividade e o
comportamento das espécies (STEVENS 1992; CAMARA et al., 2024). Por exemplo,
em formigas, diferengas na TTM influenciam a coexisténcia de espécies dominantes
e subordinadas em diversos ecossistemas (CERDA et al., 1997; 1998;
BESTELMEYER 2000; LESSARD et al., 2009). Além de definir a ocupacéo dos
habitats, esses limites térmicos moldam os periodos de atividade e as interagdes ao
longo do dia e do ano, impactando a qualidade dos servigos ecossistémicos que as
formigas promovem (ARNAN et al., 2015; TAMASHIRO et al., 2019).

Outro fator relevante que determina as respostas das comunidades de formigas
e de outros insetos é o tamanho do corpo (GIBB et al., 2018). Uma meta-analise de
23 estudos indicou que Hymenoptera, Hemiptera, Odonata e Orthoptera
demonstram mudancas significativas em suas caracteristicas morfologicas,
principalmente relacionadas ao tamanho corporal e a dispersdo (BAILEY et al.,
2021). Em muitos casos, espécies urbanas apresentam aumento do tamanho
corporal, o que pode ser favorecido pela necessidade de maior mobilidade para
superar a fragmentacédo do habitat (BAILEY et al., 2021). Por outro lado, a selecao
por fenétipo de dispersdo pode influenciar a morfologia de diferentes formas,
dependendo da ecologia da espécie e do grau de isolamento dos ambientes urbanos
(MERCKX et al., 2018).

Esses tracos sao respostas as pressfes seletivas impostas pelos ambientes
urbanos, e podem ter efeitos em cascata nas interacdes ecoldgicas, afetando nao
apenas a sobrevivéncia e 0 sucesso reprodutivo das espécies, mas também o

funcionamento dos ecossistemas urbanos (GOODNESS et al., 2016;



MCPHEARSON et al., 2016; THEODOROU et al., 2021). Podendo afetar a eficiéncia
dos servicos ecossistémicos associados, como a polinizagdo, a decomposi¢cao e o
controle de pragas (THEODOROU et al., 2021). Assim, a urbanizacdo gera um
contexto de mudancas rapidas e significativas que desafiam as espécies a se
adaptarem aos novos cendrios. A compreensao de como esses tracos funcionais se
modificam em resposta as pressées urbanas oferece uma visao crucial de como os
organismos se ajustam e como esses ajustes influenciam a dinamica ecologica nas

cidades.

2.3 — Influéncia da urbanizacéo na proviséo de servi¢cos ecossistémicos

A urbanizacéo tem gerado crescente atencao sobre 0s servi¢cos ecossistémicos
urbanos, com um ndmero cada vez maior de estudos avancando nossa
compreensao sobre as diferentes dimensdes desses servigos. Iniciativas
importantes, como a Avaliacdo dos Ecossistemas do Milénio (EMA, 2005) e a
Economia dos Ecossistemas e da Biodiversidade (TEEB, 2011), destacaram a
relevancia dos servicos ecossistémicos urbanos no debate sobre sustentabilidade.
Apesar disso, o foco nos ecossistemas urbanos ainda € modesto em comparacéo
com outros ecossistemas naturais, mesmo com mais da metade da populacéo
mundial vivendo atualmente em areas urbanas (ELIZALDE et al., 2020). Os servicos
ecossistémicos sao classificados em quatro grandes categorias: proviséo, regulacéo,
habitat e culturais/amenidades (MA, 2005). Os servicos de provisdo englobam
produtos materiais, como alimentos e agua doce, enquanto os servicos reguladores
envolvem beneficios como a regulacéo do clima e da agua. Os servi¢os culturais sao
nao materiais, como experiéncias espirituais, recreativas e estéticas, e 0s servi¢os
de habitat incluem fun¢cBes essenciais para o equilibrio dos ecossistemas, como a

producédo de biomassa e o ciclo de nutrientes (MA, 2005).

Os ecossistemas urbanos desempenham um papel crucial ao fornecer servicos
diretamente ligados a saude humana, como a purificacéo do ar, reducéo de ruidos e
a mitigacdo de escoamento, com a relevancia desses servigos variando conforme as
caracteristicas ambientais e socioeconémicas de cada regido (MACE et al. 2012).

Pesquisas consideraveis demonstraram que a urbanizagdo € uma das principais



forcas motrizes para a mudanca dos servicos ecossistémicos (GARCIA-NIETO et al.,
2018; B. LI et al., 2016; ZHOU et al., 2018). Um exemplo claro do impacto da
urbanizacéo sobre a biodiversidade é a perda de espécies frugivoras de aves em
regides urbanas, comprometendo a capacidade de dispersdo de sementes e a
colonizagéao de novos ambientes pelas plantas (MORANTE-FILHO et al., 2015). Os
processos de urbanizagdo afetam particularmente os parceiros mutualistas
essenciais, como polinizadores e dispersores de sementes, que frequentemente séo
mais especializados e suscetiveis a perturbacdes antropicas (THEODOROU et al.,
2016; OLIVEIRA et al., 2019; ELIZALDE et al., 2020; SILVA et al., 2020). O aumento
da urbanizacao esta associado a alteracdes ambientais que reduzem a riqueza de
organismos chaves, resultando em uma perda potencial de servigos ecossistémicos
nas éareas urbanas (MITCHELL & DEVISSCHER, 2022; PAL et al.,, 2019). A
polinizacédo, a regulacdo de pragas e a dispersdao de sementes S0 processos
essenciais para a diversidade funcional dos ecossistemas urbanos e podem
desempenhar um papel critico em sua durabilidade a longo prazo (ANDERSSON et
al., 2007; HOHLENWERGER et al., 2021). Esses servi¢cos, no entanto, estdo cada
vez mais ameacados pela perda de habitats e pela fragmentacdo causadas pelo
crescimento urbano (HOHLENWERGER et al., 2021). Em resposta, espacos verdes
urbanos, como jardins comunitarios, jardins privados e outros pequenos refugios de
vegetacao, tém se mostrado cruciais para o suporte desses servicos essenciais
(AHRNE et al., 2009).

Os artropodes sédo excelentes candidatos para estudar os efeitos da
urbanizacdo porque desempenham uma ampla gama de servicos ecossistémicos e
servem como importantes bioindicadores de mudancas ecoldgicas (NIEMELA, 1999;
MCINTYRE, 2000; BURKMAN & GARDINER, 2014). As formigas, em particular, sdo
importantes porque representam uma variedade de niveis troficos, tém tempos de
geracao relativamente curtos e, portanto, respondem rapidamente as mudancas
ambientais, além de serem consideradas bioindicadoras importantes de habitats
alterados pelo homem (MAJER, 1983, ANDERSEN, 1997, HOFFMANN &
ANDERSEN, 2003, 2004; LOPEZ-MORENO et al., 2003, LESSARD & BUDDLE,
2005; ZARA et al., 2021). A capacidade de adaptacdo das formigas aos ambientes
urbanos é amplamente documentada, com algumas espécies estabelecendo

populagbes estaveis mesmo em habitats densamente urbanizados (MAJER &



BROWN, 1986; LOPEZ-MORENO & DIAZ-BETANCOURT, 1995). Suas interagdes
com outros organismos, especialmente as plantas (ZARA et al., 2021). Além de
desempenharem um papel central na disperséo de sementes, protegendo-as contra
predadores e contribuindo para a regeneracao vegetal (LEAL et al., 2007; ELIZALDE
et al.,, 2020; ZARA et al.,, 2021), que sao essenciais para a manutencao dos
ecossistemas urbanos. Também foi documentado que sua atividade subterranea
melhora a qualidade do solo, promovendo a infiltracdo de agua e redistribuindo
matéria organica e inorganica, favorecendo ainda mais o crescimento da vegetagéo,
e consequentemente aumenta a heterogeneidade do habitat (FOLGARAIT, 1998;
NKEM et al.,, 2000; STREITBERGER & FARTMANN, 2015). Outro servico
ecossistémico importante proporcionado pelas formigas € o controle biologico de
pragas. Ao predarem insetos herbivoros, ajudam a reduzir os danos as plantas e a
manter a estabilidade das comunidades vegetais (OLIVEIRA & FREITAS, 2004,
TANAKA et al., 2009). A relevancia dos estudos sobre servigos ecossistémicos nas
cidades é cada vez mais reconhecida, tanto para melhorar a saide e o bem-estar
dos residentes urbanos quanto para equilibrar o crescimento urbano com a
conservacao da biodiversidade (GASTON et al., 2013; ELIZALDE et al., 2020).

2.4 - Formigas em Ambientes Urbanos

As formigas sdo excelentes organismos para estudos de monitoramento
ambiental devido a sua grande abundancia, diversidade de espécies, presenca
continua ao longo do ano e estabilidade dos ninhos (KOCH & VOHLAND, 2008).
Além disso, elas ocupam uma ampla variedade de nichos alimentares, tanto no solo
guanto na vegetacdo, o que resulta em uma diversidade local frequentemente
superior a de outros insetos sociais na maioria dos habitats (HOLLDOBLER &
WILSON, 1990). Seu potencial como bioindicadoras tem sido cada vez mais
reconhecido, tornando-se ferramentas valiosas para gestores ambientais na
avaliacdo das condi¢cdes dos ecossistemas (UNDERWOOD & FISHER, 2006;
ALONSO & AGOSTI, 2000; SLIPINSKI et al., 2012; HETERICK et al., 2013).
Adicionalmente formigas desempenham um papel essencial nos ecossistemas,
contribuindo para o ciclo de nutrientes, a estruturacdo do solo e a manutencdo da
composicdo da vegetacdo (DEL TORO et al., 2012; SANFORD et al., 2009). Além



disso, séo provedoras de importantes servigcos ecossistémicos, como a aeragao do
solo, protecao anti-herbivoria, disperséo de sementes (LEAL et al., 2003; RIBBONS
& PELINI, 2012).

Apesar de sua importancia, as formigas urbanas tém recebido pouca atencao
cientifica, representando apenas 3,6% de todas as publicacdes sobre formigas
(SANTOS, 2016). No entanto, os estudos existentes destacam hipoteses relevantes
e fornecem implicagbes importantes para a compreensédo da ecologia dos sistemas
urbanos, justificando o interesse no papel das formigas nas cidades, areas verdes e
edificagcbes (YAMAGUCHI, 2005; BUCZKOWSKI & RICHMOND, 2012). As
pesquisas sobre formigas em ambientes urbanos abrangem temas variados dentro
da ecologia e da biodiversidade, analisando a riqueza, diversidade e composicao das
espécies, bem como sua relacdo com fatores abidticos e bioticos (ESPADALER &
LOPEZ-SORIA, 1991; CEREJA, 2001; IVANOV & KEIPER, 2009; MUNHAE et al.,
2009; SOUZA et al., 2012). Além disso, muitos trabalhos focam na presenca de
formigas invasoras, exoticas e nativas (Ol et al., 1994; BUCZKOWSKI & BENNETT,
2006; HOLWAY & SUAREZ, 2006; SCHULTZ & BUSCH, 2009; SILVA et al., 2009;
RODRIGUES et al., 2010), bem como no desenvolvimento e teste de métodos
guimicos e biolégicos para controle e manejo de espécies consideradas pragas (Ol
et al., 1996; REY & ESPADALER, 2004; BRIGHTWELL et al., 2010; GUSMAO et al.,
2011). Aléem da importancia ecoldgica, a relevancia das formigas urbanas se estende
as esferas social e econbmica. Socialmente, a interacdo das formigas com seres
humanos, outros animais e a flora local tem sido evidenciada, especialmente em
pesquisas sobre saude publica, uma vez que muitas formigas compartilham o
mesmo espaco fisico dos seres humanos, podendo causar prejuizos sanitarios e
econdmicos (PESQUERO et al., 2008; BLIGHT et al., 2009). No aspecto econémico,
diversos estudos tém sido direcionados ao controle de formigas-praga, com énfase
no uso de produtos quimicos para manejo dessas populacdes (KLOTZ et al., 2010
Greenberg, L., Rust, M. K., Klotz, J. H., Haver, D., Kabashima, J. N., Bondarenko,
S., & Gan, J. (2010). Impact of ant control technologies on insecticide runoff and
efficacy. Pest management science, 66(9), 980-987.). Ecologicamente, os estudos
demonstram resultados variados sobre a permanéncia de formigas nativas nos
ecossistemas urbanos, relacionados ao nivel de perturbacéo antrépica (LESSARD
& BUDDLE, 2005; SANFORD et al., 2009; SANTOS, 2016).



A diversidade funcional das formigas também influencia sua resposta a
perturbacao, podendo ser uma ferramenta chave para o entendimento dos impactos
da urbanizacdo. Baseando se na classificacdo dos grupos funcionais de formigas
(LEAL et al., 2012): espécies generalistas apresentam maior capacidade de
colonizar pequenos fragmentos urbanos, pois possuem dietas variadas, toleram
diferentes condic6es ambientais e recolonizam areas degradadas rapidamente. Por
outro lado, formigas especializadas, como predadores especificos, espécies
cripticas e aquelas adaptadas a condi¢fes climaticas particulares, tendem a ser mais
sensiveis a perturbacao, pois dependem de recursos especificos e possuem menor
flexibilidade ecoldgica. Esse padréo reflete uma tendéncia observada em diversos
grupos biologicos, onde ambientes degradados favorecem espécies oportunistas e
comuns em detrimento das raras e especializadas. Apesar das mudancas claras na
composicao das comunidades de formigas em areas urbanas (GIBB & HOCHULLI,
2002; YAMAGUCHI, 2004; LESSARD & BUDDLE, 2005; PACHECO &
VASCONCELOS, 2007), ainda ha pouco conhecimento sobre como esses insetos
diferem entre os diversos tipos de espacos verdes dentro das cidades. Dada sua
diversidade ecoldgica e suas interacbfes complexas com o ambiente, as formigas
representam um excelente modelo para avaliar os impactos da urbanizacdo na
biodiversidade e para monitorar a persisténcia da fauna em paisagens tropicais

modificadas.

2.5 - Dispersao de sementes por formigas

A dispersdo de sementes por formigas (mirmecocoria) € um método
amplamente distribuido, envolvendo 11.000 espécies de angiospermas de 77
familias botanicas (LEAL et al., 2007; LENGYEL et al., 2010; PENN & CRIST, 2018).
As plantas mirmecocéricas sao particularmente abundantes e diversas em habitats
como as florestas temperadas do Hemisfério Norte e os arbustos esclerofilos em
climas mediterraneos, como na Africa do Sul, Austrélia, sul da Europa e América do
Sul (BERG, 1975; BEATTIE, 1985; BOND & SLINGSBY, 1983; WESTOBY et al.,
1991; LENGYEL et al., 2009; LEAL et al., 2007). As formigas sao atraidas pelos
didsporos que caem ao chdo e removem 0 elaiossomo, um processo que pode

facilitar a quebra da dorméncia e aumentar o sucesso da germinacdo (HUGHES &



WESTOBY, 1992; CANNER et al., 2012; PACINI, 1990; LOBSTEIN & ROCKWOOD,
1993). Além disso, ao transportar as sementes para seus ninhos, as formigas
reduzem a predacédo sob a planta-mae (HORVITZ, 1981; HOWE & SMALLWOOQOD,
1982) e a competicéo entre as plantulas (WESTOBY et al., 1982), ao mesmo tempo
em que as depositam em locais ricos em nutrientes favoraveis para a germinagao
(RISSING, 1986). A remocédo do elaiossomo também pode diminuir os ataques
fungicos, contribuindo para o estabelecimento bem-sucedido das plantulas
(OLIVEIRA et al., 1995; LEAL & OLIVEIRA, 1998). A distancia média de dispersao e
a forma da curva de dispersdo desempenham papéis cruciais nas taxas de
colonizacao de propagulos em novos locais (PORTNOY & WILLSON, 1993). Apés o
transporte inicial até o ninho, as sementes podem ser descartadas em locais

distantes por meio de dispersdo secundaria (BEAUMONT et al., 2012).

As formigas respondem ao tamanho das sementes e dos elaiossomos;
geralmente, preferem coletar sementes maiores e com elaiossomos maiores,
provavelmente porgue isso aumenta a recompensa alimentar em relagdo ao custo
de mover a semente (GUNTHER & LANZA, 1989; GORB & GORB, 2003). Embora
diversas espécies de formigas estejam envolvidas na limpeza e remocao de
sementes, a dispersdao mais eficaz é frequentemente realizada por um pequeno
grupo de espécies-chave (ANDERSEN, 1988; GOVE et al., 2007; ZELIKOVA &
RATCHFORD, 2008). Servicos de dispersdo de sementes de alta qualidade sao
tipicamente fornecidos por formigas de maior porte, pois elas coletam sementes com
facilidade e as transportam por grandes distancias (ANDERSEN & MORRISON,
1998; LEAL et al., 2014). Dispersores de baixa qualidade (ou seja, espécies de
formigas que limpam elaiossomos sem mover sementes ou que movem sementes
apenas por curtas distancias) ndo mostram preferéncias por elaiossomos ou massa
de sementes (LEAL et al., 2014). Eventos de dispersao de longa distancia, menos
frequentes, e o comportamento de descartar sementes préximas aos montes de lixo
das colonias de formigas, ampliam ainda mais o0 alcance desse servico
ecossistémico, influenciando o destino e a distribuicdo das sementes (BERG, 1975;
LUBERTAZZI et al., 2010). Embora poucas espécies de formigas sejam dispersores
de alta qualidade, essas espécies dispersam um grande numero de sementes,
removendo rotineiramente mais de 75% das sementes oferecidas pelas plantas
(WARREN & GILAD, 2014).



No entanto, as formigas de grande porte sdo especialmente sensiveis a
perturbacdes (GIBB et al., 2018; LEAL et al., 2014), o que pode resultar em reducdes
severas na qualidade dos servicos de dispersdao de sementes em habitats
perturbados (GOVE et al., 2007; LEAL et al., 2014; NESS et al., 2004). Embora
formigas menores sejam consideradas mais sensiveis a altas temperaturas devido a
dessecacdo (BAUDIER et al.,, 2015; KUHSEL et al.,, 2017), estudos recentes
descobriram que as formigas maiores sdo, na verdade, mais sensiveis as mudancas
climaticas (ANDREW et al., 2019; GIBB et al., 2018). Isso pode ocorrer porque as
formigas grandes exigem mais recursos e demoram mais para amadurecer, o que
reduz sua capacidade adaptativa (GIBB et al., 2018; MCCAIN & KING, 2014;
SAVAGE et al., 2004). A sensibilidade das formigas de grande porte a perturbacéo
pode, portanto, ser exacerbada pelas mudancas climéaticas, diminuindo ainda mais a
perda dos servicos de dispersao de sementes fornecidos por essas formigas. Isso é
particularmente relevante em ambientes urbanos, onde as pressdes antropicas
influenciam significativamente a abundancia, a frequéncia e a composi¢cdo dos
potenciais dispersores de sementes (SCHNEIBERG et al., 2020; TEIXIDO et al.,
2022).

Em habitats degradados, a auséncia de formigas dispersoras de sementes
eficientes pode prejudicar a regeneracdo natural permitindo que as sementes sejam
levadas a distancias maiores (GALLEGOS et al., 2014). As formigas também séo
reconhecidas por sua capacidade de recuperacgao rapida apoés disturbios (PIK et al.,
2002; LUKE et al., 2007), sendo algumas das primeiras espécies a recolonizar areas
afetadas, desempenhando um papel vital na regeneracdo de ambientes perturbados
ao iniciar a remoc¢do de sementes. De acordo com Carpanezzi et al. (1990),
ambientes degradados sdo aqueles que passaram por distarbios e perderam seus
mecanismos de regeneracao biotica, exibindo baixa resiliéncia, o que pode resultar
em um retorno lento ou até impossivel ao estado original. Estudos indicam que
disturbios antrépicos, como mineracédo (VAN HAMBURG et al., 2004), converséao de
habitats naturais (Queiroz et al., 2017), urbanizacdo (SANTIAGO et al., 2018) e fogo
(VASCONCELOS et al., 2017), alteram de forma significativa o ambiente, afetando

tanto a fauna quanto a flora, além de comprometer o funcionamento ecolégico.
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Abstract

Urbanization introduces novel environmental filters that can reshape species behavior,
distribution, and community structure. Ants, a dominant and ecologically significant group in
urban environments, frequently thrive under such conditions. However, urbanization-driven
changes in resource availability may lead to shifts in community composition, resulting in winner-
loser dynamics that significantly impact community interactions and behaviors. In this study, we
investigated the influence of urbanization intensity on ant community structure (i.e., species
richness, abundance, and both taxonomic and functional group composition) and foraging
behavior (i.e. food resource use and discovery time) in the city of Recife, northeastern Brazil. We
sampled ants using two different types of bait (carbohydrate-based and protein-based) at 22 urban
sites representing a wide gradient of urbanization intensity (measured as urban land cover). We
recorded 42 ant species across the urbanization gradient. Ant species richness and abundance
were similar across the entire gradient. Nevertheless, ant taxonomic and functional group
composition changed with urbanization intensity, reflecting unique community assemblages
across the gradient. Notably, generalists (winners), such as epigaeic omnivores and leaf-cutting
Attini, increasingly replaced specialists (losers), including epigaeic predators and cryptic
omnivores, along the gradient. Bait discovery time by ants decreased in highly urbanized sites
potentially reducing risks such as predation and thermal stress during foraging in urban
environments. These changes involve quicker assessments of resources availability or more
efficient foraging tactics, allowing ant communities to optimize their resource acquisition in
response to urban pressures. Our findings underscore the transformative effect of urbanization on
ant communities, including winner-loser dynamics and altered foraging behaviors. These insights
are critical for understanding the broader ecological consequences of urbanization on biological
communities and ecosystem processes.

Keywords: Atlantic Forest; Hymenoptera; Streetscape; Urban ecology; Urban ecosystems.
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Introduction

Over the last few decades, significant land-use transformations have become evident
(Ellis, 2021). Urbanization, particularly the conversion of natural areas to urban land cover, is one
of the most impactful anthropogenic changes currently shaping environments (McKinney, 2008).
With the rapid and continuous growth of human populations, urbanization has intensified to
accommodate human activities (Gaston et al., 2013). In urban environments, original vegetation
is often replaced, either partially or entirely, by impermeable surfaces such as roads, sidewalks,
and buildings (Heterick et al., 2013). As a result, urbanization creates homogeneous, highly
managed landscapes that force native species to exhibit plasticity in response to significantly
altered environments, allowing them to cope with new environmental filters (Elizalde et al., 2020;
Santangelo et al 2022); otherwise, they may face local extinction. These filters include altered
microclimatic conditions, such as higher temperatures from urban heat islands, reduced habitat
complexity, and shifts in resource availability (Aronson et al., 2014; Penick et al., 2015; Diamond
etal., 2017; Diamond et al., 2018). The creation of new habitats through urban modifications can
directly or indirectly reduce or alter the availability of crucial resources necessary for the
biodiversity survival in these areas (Aronson et al., 2014). As a result, urban conditions favor the
establishment and dominance of generalist species (‘'winners"), which can alter abiotic conditions
and resource availability, ultimately contributing to biotic homogenization (Gaertner et al., 2017).
This process leads to the decline of specialist species (‘losers’), exemplifying winner-loser
replacement (sensu Filgueiras et al., 2021; see Smart et al., 2006). Numerous studies have
demonstrated the impact of urbanization on species distributions, resulting in changes in
community composition and diversity, including taxonomic, phylogenetic, and functional
alterations (e.g., Magura et al., 2010; Simkin, 2022; Aoki-Gongalves et al., 2023; Dylewski et al.,
2023; Pena et al., 2023; Szahé et al., 2023).

Understanding how species respond to urbanization has led to significant research on
community composition and behavioral strategies enabling their persistence in these disturbed
habitats (e.g., Kondratyeva et al., 2020; Ruas et al., 2022). Ants are a notable example of

organisms thriving in urban environments due to their ability to utilize a wide range of food
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resources and exhibit diverse nesting behaviors (Holldobler & Wilson, 1990; Bliithgen &
Feldhaar, 2009; Pecarevi¢ et al., 2010). This adaptability reflects their increased tolerance to
challenging environmental conditions (e.g., heat islands; Diamond et al., 2017; Diamond et al.,
2018). However, local biological communities in urban environments generally represent only a
fraction of the species diversity present in the surrounding regional ecosystem (Shen et al., 2017),
primarily due to reduced vegetation cover, which leads to species loss, particularly among forest-
dwelling ants (Bestelmeyer & Wiens, 2001). The remaining species in urban environments are
typically habitat generalists, capable of adapting to various environmental conditions (Uno et al.,
2010; Buczkowski & Richmond, 2012; Cuautle et al., 2016; Melliger et al., 2018). Thus,
urbanization tends to promote winner-loser replacement even within ant communities (Slipifiski
et al.,, 2012; Heterick et al., 2013). Moreover, prior research has shown that the effects of
urbanization on ant functional composition can vary depending on the landscape within which
urban environments are embedded (Leal et al., 2012; Santiago et al., 2018). For instance, arboreal
ants are more negatively affected by isolation and fragment size within urban areas than within
forest environments (Santiago et al., 2018). In contrast, epigaeic ants appear to be unaffected by
both isolation and fragment size in urban environments (Santiago et al., 2018). Disturbances such
as land-use changes (e.g., conversion of natural habitats due to the expansion of cities), can reduce
critical resources, including food and nesting sites, for ants with specialized habits, including
cryptic species and specialist predators (Leal et al., 2012; Brooks et al., 2023). In contrast to
generalist species, specialized ants lack the flexibility to adjust their diets or rapidly recolonize
disturbed habitats (Andersen, 1995; Philpott & Foster, 2005; Campos et al., 2007; Leal et al.,
2012; Brooks et al., 2023). Moreover, despite increasing urbanization, the presence of scattered
and diverse trees can still enhance the likelihood of occupancy by tree-specialist species (Estrada
et al., 2014; Mendonga-Santos et al., 2023).

Beyond community composition, urbanization may also influence behavioral dynamics,
particularly foraging strategies. Changes in resource availability (e.g., higher availability of
protein-rich resources) due to urbanization are expected to shape ant foraging behavior, as

reflected in both the frequency of resource use and the timing of resource discovery (e.g., Sorvari
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& Eeva, 2010; Penick et al., 2015; Foti et al., 2017; Jacquier et al., 2021; Barbee & Pinter-
Wollman, 2023). Urban environments often alter the availability, distribution, and accessibility
of food resources by depleting natural food sources and introducing unconventional ones, such as
discarded human food and waste, which often have distinct nutritional compositions compared to
natural sources (Bai et al., 2017; Stahlschmidt & Johnson, 2018). These changes can affect how
ants utilize or prefer different food resources and alter foraging strategies accordingly (Bol &
Pflieger 2002; Penick et al., 2015; Barbee & Pinter-Wollman, 2023). For instance, a study
conducted in New York showed that urban ants modify their diets to focus on the resources that
are most readily available, rather than sticking to their traditional food sources (Penick et al.,
2015). However, previous studies have shown divergent results regarding preferences for protein
or carbohydrates. Specifically, on the one hand, with the higher availability of protein-rich
resources in urban environments (e.g., Penick et al., 2015), ants tend prioritize these over
carbohydrate-rich resources, exploiting them more rapidly (Pearce-Duvet & Feener Jr., 2010).
This pattern may, however, vary along the urbanization gradient, as the availability of protein-
rich resources is unlikely to increase uniformly, potentially leading to shifts in resource
prioritization depending on local conditions and urbanization intensity. On the other hand, in high-
risk urban environments, where predation and resource constraints are prevalent, ants may
prioritize foraging for carbohydrates to quickly replenish energy reserves, despite the greater
accessibility of protein-rich waste due to increased human consumption of animal products
(Barbee & Pinter-Wollman, 2023; Bol & Pflieger, 2002; Penick et al., 2015). Additionally, ants
often modify their foraging strategies to minimize the risks of energetically costly encounters and
attacks (Mitchell et al., 1990; Ydenberg et al., 1986). This general strategy involves deploying
more scouts to cover larger areas and discover resources more quickly (Holway & Case, 2001;
Roulston & Silverman, 2002), ultimately reducing discovery times.

In this study, we investigated the effects of urbanization intensity on ant community
structure and foraging behavior in the city of Recife, northeastern Brazil. While previous research
has largely confirmed trends such as shifts toward generalist species and changes in foraging

behavior due to urbanization, results have been inconsistent, particularly regarding the specific
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impacts on different ant functional groups and resource preferences (e.g., Bol & Pflieger, 2002;
Pearce-Duvet & Feener Jr., 2010; Slipir'lski et al., 2012; Heterick et al., 2013; Penick et al., 2015;
Barbee & Pinter-Wollman, 2023). We tested the hypothesis that urbanization intensity shapes ant
community structure (i.e., species richness, abundance, and both taxonomic and functional group
composition), as well as ant foraging behavior (i.e. food resource use and discovery time), due to
habitat modifications, changes in the availability of different food resources and the increased
risks, such as predation and mortality from elevated temperatures, associated with foraging in
urban environments. We predicted that, with increasing urbanization intensity: (1) species
richness and abundance would reduce; (2) there would be shifts in taxonomic and functional
group composition, favoring generalist species and functional groups at the expense of specialist
species and functional groups; (3) species would prioritize carbohydrate baits over protein baits
due to the potentially increased availability of protein resources as urbanization intensity
increases; (4) consequently, bait discovery time would be reduced, particularly for carbohydrate-

based baits.

Materials and methods
Study area and urbanization gradient

The study was conducted in the city of Recife, Pernambuco, northeastern Brazil
(34.8780° — 34.9757°S, 7.9405° — 8.1450°W; Fig. 1). Recife stands out not only as the third most
densely populated city in Brazil (IBGE, 2021) but also as one of the most deforested regions of
the Brazilian Atlantic Forest (Bernard et al., 2023). The city experiences an average annual
temperature of 27.7 °C and receives approximately 2200 mm of rainfall annually (APAC, 2017).
Within the region, we selected 22 sites to capture a gradient of urbanization intensity ranging
from the city center to southwestern suburban areas closer to rural regions. Each sampling point
was placed in a representative location within each selected site, ensuring that the diversity of
urban environments was effectively captured. The sites were spaced at least 2 km apart.
Urbanization intensity was assessed by calculating the proportion of urban cover at each site. To

obtain this information, we conducted a supervised classification of Planet Scope satellite imagery
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with a resolution of 3m and four spectral bands, acquired in August 2021 (Planet Labs PBC,
2021). Three primary land cover classes were identified: woody vegetation, herbaceous
vegetation, and urban cover. Buffers of various sizes (50, 100, 200, and 500 m radius) were
defined around each site, and the proportion of urban cover within each buffer was determined
(Table S1 — Supplementary Material). We then performed Spearman rank correlations to assess
the correlation between the proportion of urban cover across all buffers. Since they all were highly
correlated (Spearman p > 0.7), we used only the 500 m radius buffer in further analyses (Table
S2 — Supplementary Material) as it is representative of the landscape area that directly influences
ant habitat availability, resource distribution, and ecosystem dynamics (e.g., Cordonnier et al.,
2019, 2020; Koranyi et al., 2021). The proportion of urban cover within the 500 m radius buffers
represents a wide gradient of urbanization intensity ranging from O to 95%. (Table S1 —

Supplementary Material).
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Figure 1. Land cover map of Recife (Pernambuco, Brazil). The black line shows Recife’s political
boundary. Asterisks highlight the sites where the study was developed. Dark green: woody cover;
light green: herbaceous cover; grey: urban land cover (e.g. paved streets, infrastructure); blue:
hydrography. The map in the top-right corner shows the political boundaries of the states in Brazil,

with the city of Recife highlighted by a black square in the state of Pernambuco.
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Ant sampling

To sample ants, we conducted surveys between December 2022 and March 2023. At each
site, we placed 10 circular filter papers along two transects, with five papers per transect, each
spaced 5 m apart. These papers served as baits, with five containing 5 g of tuna (protein-based
food resource) and five containing 5 g of honey (carbohydrate-based food resource), alternated in
sequence. The simultaneous use of tuna and honey is widely employed in ant sampling, as it not
only captures ant assemblages across multiple vertical strata but also ensures higher sampling
efficiency by attracting species that are exclusively drawn to either bait type or both (Bestelmeyer
et al., 2000; Yanoviak & Kaspari, 2000; Brand&o et al., 2012; Antoniazzi et al., 2020). Ground-
dwelling ants may have reduced access to carbohydrates, while canopy-dwelling ants often
experience protein limitations (Yanoviak & Kaspari, 2000; Branddo et al., 2012). Ant
observations were conducted during 20-minute continuous events per bait, during sunny weather
between 7:00-12:00 h and 13:00-18:00 h, totaling 200 minutes per site. Following each
observation period, at least one individual from each observed ant species was collected for
subsequent identification. All ant species were identified using identification keys (Baccaro et al.,
2015; Feitosa & Dias, 2024) when possible; otherwise, they were assigned a unique code specific
to this study. All specimens were later deposited in the ant collection of the Laboratério de

Interacao Planta-Animal at the Federal University of Pernambuco.

Data analysis

Ant species richness, abundance, and community composition

Species richness was assessed for each bait type and site (Table S3 — Supplementary
Material). Due to the inherent difficulty in quantifying colonial organisms, we calculated the
relative frequency of species (i.e., the number of baits where the species occurred divided by the
total number of baits per bait type) as a measure of abundance per species (Leponce et al., 2004).
Furthermore, abundance per site was calculated by summing the frequency of each species per
site (Table S3 — Supplementary Material). Ant species were also classified into functional groups

for ongoing monitoring of biotic responses to forest conversion in human-modified landscapes
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designed specifically for Atlantic Forest by Leal et al. (2012) (Table 1). Using this classification,
we calculated the proportion of individuals within each functional group, offering insights into
how their composition varies along the urbanization gradient. In addition, ant functional groups
were classified as specialists or generalists based on a Filgueiras et al. (2019) (modified from
Andersen, 1995, 2010; Delabie et al., 2000; Leal et al. 2012) (Table 1). Arboreal dominants,
arboreal subordinates, army ants, cryptic omnivores, cryptic predators, epigaeic predators, and
non-leaf-cutting Attini were classified as specialists, and epigaeic omnivores, and epigaeic
omnivores and opportunists were classified as generalists (Filgueiras et al., 2019). Although
Filgueiras et al. (2019) classified leaf-cutting Attini ants as specialists, we opted to categorize
them as generalists due to their foraging behavior. These ants feed exclusively on a symbiotic
fungus, indicating a highly specialized trophic relationship. However, this fungus is cultivated
using a wide range of plant species and parts— e.g. up to 50% of the local flora within their
foraging area (Wirth et al. 2003). This extensive use of plant material could suggest a generalist
feeding strategy if the fungus is considered an extension of the ant's digestive process (e.g., Jofré
et al., 2022). Using this classification, we calculated the generalist/specialist ratios based on both
species richness and abundance of each category at each site (Table S4 — Supplementary
Material). A ratio of 1 indicates an equal number of generalists and specialists, values greater than
1 indicate a predominance of generalists, and values less than 1 indicate a predominance of

specialists.

Ant foraging behavior

To evaluate the effect of urbanization intensity on ant foraging behavior, we measured:
1) bait occupancy index, based on species richness and abundance previously calculated, and 2)
bait discovery time. The bait occupancy index reflects the frequency of protein or carbohydrate
use within the ant community, while bait discovery time indicates the rate of resource discovery
for each species. For each type of bait (i.e., protein-based and carbohydrate-based), we calculated

the bait occupancy index using the following formula:
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Bait occupancy index = E N
where: 0By, is the number of baits occupied by ants for each type of resource b(i.e., protein- or
carbohydrate-based); nBy, is the total number of baits for each type of resource b; n, = total species
richness or ant abundance per bait type b; N = total species richness or ant abundance per site
(Table S5 — Supplementary Material). For bait discovery time, we recorded the time it took for

the first individual of each ant species to discover each bait, from the moment the bait was placed

until an ant made contact with the food resource (Table S6 — Supplementary Material).

Statistical analyses

Ant species richness, abundance, and community composition

To investigate how urbanization intensity affected ant community structure in the city of
Recife, we employed generalized linear mixed models (GLMMs), permutational multivariate
analysis of variance (PERMANOVA), and generalized linear models (GLMSs), with urbanization
intensity as the sole explanatory variable. First, GLMMs were used to analyze species richness
and abundance. Species richness was modeled using a Poisson error distribution, while abundance
was modeled with a Gaussian error distribution. Site was included as a random factor in all models
to account for paired measurements across different bait types. However, since including site as
a random factor did not explain the variation in the effects of urbanization intensity on species
richness, we opted for a GLM instead of a GLMM. Second, we assessed taxonomic and functional
composition along the urbanization gradient using PERMANOVA, based on a Bray-Curtis
dissimilarity matrix of ant abundance, with site included as strata. Additionally, we conducted
threshold indicator taxa analysis (TITAN) to identify changes in species and functional groups
along the urbanization intensity gradient (Baker & King, 2010). Third, to examine shifts in
generalist/specialist replacement, we analyzed generalist/specialist ratios in terms of both species

richness and abundance using GLMs with a Gaussian error distribution.

Ant foraging behavior
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Foraging behavior was analyzed using GLMMs, with urbanization intensity and its
interaction with bait type as explanatory variables, and site as a random factor. The interaction
was tested to gain insight into how resource availability varies along the urbanization gradient.
Bait occupancy indices were modeled with a Gaussian error distribution. Bait discovery time was
analyzed separately using GLMMs, with individual ants treated as replicates and species included
as an additional random factor. However, since including site as a random factor did not explain
the variation in the effects of urbanization intensity on bait occupancy indices, we opted for a

GLMs instead of a GLMM.

Overdispersion was checked and found to be absent in all models. We also verified the
absence of spatial autocorrelation by conducting Moran's | tests for the residuals of each global
model, with all explanatory variables combined with the respective response variable (Table S7
— Supplementary Material). All analyses were performed in R (v. 4.1.3; R Core Team, 2022),
using the Ime4 (v. 1.1-7; Bates et al., 2020) and stats (v. 4.4.0; R Core Team, 2022) packages for
GLMMs and GLMs, respectively, the vegan package (v. 2.6-6.1; Oksanen et al., 2024) for
PERMANOVA, and the TITAN2 package (v. 2.4.3; Baker et al., 2023) for TITAN. Additionally,
we used the R script poncho (Dambros, 2020) to visually represent species composition variations

along the urbanization intensity gradient.

Results
Ant community structure (species richness, abundance, and taxonomic and functional group
composition)

We recorded 42 ant species in the city of Recife (Fig. 2; Table S3 — Supplementary
Material). We identified ten functional groups, categorized as generalists and specialists,
comprising 24 and 18 species, respectively (Table 1). The generalist group consisted of 17 species
of epigaeic omnivores, 5 opportunists, and 2 leaf-cutting Attini (Table 1). In contrast, the
specialist group exhibited reduced diversity (i.e., in terms of species richness), including 6 species

of arboreal subordinates, 5 cryptic omnivores, 2 arboreal dominants, 2 epigaeic predators, and
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single representatives of army ants, cryptic predators, and non-leaf-cutting Attini (Table 1). In
general, the most abundant species were Camponotus crassus (unscaled relative frequency sum
= 16), Odontomachus bauri (7.4), Solenopsis_saevissima (6.4), Crematogaster victima (4.8),
Solenopsis invicta (4.2), Wasmannia auropunctata (4.2) (Fig. 2). All other species had unscaled
relative frequency sums of less than 4 (Fig. 2).

Ant richness and abundance were not affected by urbanization intensity [GLM; richness:
0.03 £ 0.16 (slope estimate + SE), Z = 0.16, P = 0.87, Table S8 — Supplementary Material;
abundance: GLMM; 0.02 £ 0.45, t = 0.04, P = 0.97, Table S9 — Supplementary Material]. Ant
taxonomic community composition significantly varied with urbanization intensity
(PERMANOVA; R?=0.37, F = 11.90, P = 0.001; Fig. 2) (Table S10 — Supplementary Material).
Solenopsis invicta (IndVal = 73.08), Pheidole mosenopsis (IndVal = 70.57), Camponotus bicolor
(IndVal = 64.62), Pheidole sp. 5 (IndVal = 64.62), Tapinoma melanocephalum (IndVal = 60.17),
and Camponotus crassus (IndVal = 60.09) were the species most strongly associated with higher
urbanization intensity (Fig. 2; Table S11 — Supplementary Material). Conversely, Crematogaster
brasiliensis (IndVal = 90.28), Neoponera sp. 1 (IndVal = 83.33), Odontomachus bauri (IndVal =
75.86), Pheidole sp. 1 (IndVal = 67.91), Solenopsis globularia (IndVal = 66.67), and Dorymyrmex
thoracicus (IndVal = 63.59) were most strongly associated with lower urbanization intensity (Fig.
2; Table S11 — Supplementary Material). Moving to functional group composition, community
composition also varied significantly with urbanization intensity (PERMANOVA; R2=0.25, F =
6.74, P =0.001; Fig. 3) (Table S12 — Supplementary Material). Epigaeic omnivores (generalists;
IndVval = 63.62) were most strongly associated with higher levels of urbanization intensity,
whereas epigaeic predators (specialists; IndVal = 78.45) showed the strongest association with
lower levels of urbanization intensity (Fig. 3; Table S13 — Supplementary Material). Moreover,
the replacement of specialist by generalist species, both in terms of species richness and
abundance, significantly increased with the intensity of urbanization (GLM; generalist/specialist
ratio of species richness: 1.04 + 0.40, t = 2.59, P = 0.02, Fig. 4A, Table S14 — Supplementary
Material; GLM; generalist/specialist ratio of ant abundance: 0.69 + 0.31, t = 2.23, P = 0.04, Fig.

4B, Table S15 — Supplementary Material).
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Ant foraging behavior

Bait occupancy in terms of species richness ranged from 0.37 to 0.80 for protein-based
baits and from 0.10 to 0.92 for carbohydrate-based baits (Table S5 — Supplementary Material).
Meanwhile, bait occupancy in terms of ant abundance ranged from 0.35 to 0.74 for protein baits
and from 0.21 to 0.65 for carbohydrate baits (Table S5 — Supplementary Material). Bait
occupancy in terms of species richness was not significantly affected by urbanization intensity
[GLM; 0.08 + 0.12 (slope estimate + SE), t = 0.68, P = 0.50], bait type (GLM; 0.14 £ 0.11, t =
1.29, P = 0.20), or the interaction between both factors (GLM: -0.07 £ 0.17, t = -0.44, P = 0.67)
(Table S16 — Supplementary Material). In contrast, bait occupancy in terms of ant abundance was
significantly influenced by bait type (GLM; 0.17 £ 0.08, t = 2.22, P = 0.03): more ants visited the
protein-based baits than the carbohydrate-based baits (Fig. 5). However, abundance-based bait
occupancy was not significantly affected by urbanization intensity (GLM; 0.10 + 0.08, t = 1.26,
P =0.22) or by the interaction between urbanization intensity and bait type (GLM; -0.08 + 0.12,
Z = -0.72, P = 0.48) (Table S17 — Supplementary Material). Interestingly, higher levels of
urbanization significantly reduced bait discovery time for the ant community (GLMM; -1.27 £
0.33,Z=-3.90, P =<0.001, Fig. 4C, Table S18 — Supplementary Material). However, neither bait
type (GLMM; -0.08 £ 0.11, Z = -1.32, P = 0.29, Table S18 — Supplementary Material) nor the
interaction between urbanization intensity and bait type (GLMM; 0.06 £0.11, Z=-0.51, P =0.61,

Table S14 — Supplementary Material) significantly influenced bait discovery time.
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317  Figure 2. Ant species found in the city of Recife, northeastern Brazil. The size of the bars
318  represents abundance. The distribution of species is arranged with respect to their distribution
319 along urbanization intensity, with the species above being dominant in more urbanized areas and

320 the species below dominating in less urbanized areas. S = specialist; G = generalist.
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Figure 3. Relative abundance of ant functional groups considered in this study along the
urbanization intensity gradient in Recife, northeastern Brazil. Abbreviations: S = specialist; G =

generalist.
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Figure 4. Significant effects of urbanization intensity on the generalist/specialist ratio in terms of
species richness (A) and ant abundance (B) and on bait discovery time by ants (C) in the city of
Recife, northeastern Brazil. The black dots represent mean values per sampling site; the black line
indicates the model fitted line; the gray-shaded area indicates the 95% confidence interval of the

model estimates.
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Discussion

We demonstrated that while increasing urbanization intensity does not significantly alter
overall ant species richness or abundance, it drives substantial shifts in community composition
and foraging behavior. As urbanization increases, ant communities shift towards a dominance of
generalist species and functional groups such as epigaeic omnivores, while specialist species and
functional groups as cryptic and epigaeic predators declined. This pattern reflects clear winner-
loser dynamics in response to urban pressures, with generalist species emerging as the primary

winners. Moreover, ant species in highly urbanized environments exhibit consistently shorter bait
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discovery times, regardless of resource type. These results highlight the broader implications of
land-use change on biodiversity and suggest potential shifts in ant-mediated ecological processes
within urban ecosystems.

Numerous studies have demonstrated that urbanization primarily drives changes in ant
community composition (e.g., Bestelmeyer & Wiens, 2001; Wang et al., 2001; Thompson &
McLachlan, 2007; Slipinski et al., 2012; Heterick et al., 2013; Estrada et al., 2014), a pattern
supported by our findings. Ultimately, higher urbanization intensity contributes to community
homogenization, leading to the decline of specialist species (the 'losers’) while promoting the
expansion of generalist species (the ‘winners’). Moreover, previous studies have highlighted
opposing responses of ant species richness and abundance to different levels of urbanization
intensity (e.g., Miguelena & Baker, 2019; Santos et al., 2019; Brooks et al., 2023). These studies
have shown that the effects of urbanization on ant species richness and abundance differ across
regions, influenced by habitat characteristics (Santos et al., 2019) and species adaptability
(Miguelena & Baker, 2019). While some environments, such as tropical forests and deserts,
support higher diversity under specific conditions (Santos et al., 2019; Miguelena & Baker, 2019),
others, including temperate ecosystems, exhibit minimal changes due to the resilience of local
species or the dominance of generalists in urbanized areas (Brooks et al., 2023).

Our study revealed that increasing urbanization is associated with a notable decline in
both cryptic and epigaeic predator populations, while simultaneously driving a significant rise in
epigaeic omnivores. On the one hand, this trend supports the findings of Leal et al. (2012), who
highlighted the heightened sensitivity of specialist predators to habitat loss and fragmentation in
the Atlantic Forest of northeast Brazil. The decline is likely attributed to urbanization impacts on
predator habitat, such as continuous natural forests, and essential resources these predators depend
on, such as leaf litter, rotting logs, and prey like living arthropods and their eggs (Leal et al., 2012;
Heterick et al., 2013). Cryptic predators generally nest in environments such as leaf litter and
decaying logs, where they feed on living arthropods and their eggs (Leal et al., 2012). In contrast,
epigaeic predators forage on the litter surface, specializing in hunting other arthropods (Leal et

al., 2012). The existence of these specialist predators is closely tied to the availability of resources
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consumed by their prey. Consequently, urbanization not only leads to the degradation of predator
habitats (e.g., continuous natural forests) but also results in the loss of prey habitats, directly
contributing to the decline of predator populations (Swihart et al., 2001; Ryall & Fahrig, 2006).
Conversely, epigaeic omnivores, as generalist predators and scavengers (Leal et al., 2012), may
capitalize on the novel resources (e.g., beef and chicken meat, and corn-based foods) introduced
by urbanization (Aronson et al., 2014; Penick et al., 2015). Our findings also reveal that generalist
native leaf-cutting ants can coexist with pioneer and/or exotic species and flourish in disturbed
habitats, as has already been reported by other studies (e.g., Wirth et al., 2007, Meyer et al., 2009,
Leal et al., 2014). Fragmentation, which often results from urbanization (Mitchell & Devisscher,
2022), can favor widespread generalist species. These unspecialized organisms can thrive in
diverse habitats, exhibit flexible nesting requirements, and maintain broad dietary preferences
(Andersen, 1995; Leal et al., 2012).

Contrary to our expectations and in contrast to previous studies (Barbee & Pinter-
Wollman, 2023; Bol & Pflieger, 2002; Penick et al., 2015), but consistent with findings from
Pearce-Duvet & Feener Jr. (2010), we found that ants preferentially foraged on protein-rich
resources over carbohydrate-rich ones, regardless of the area or level of urbanization intensity.
Similarly, as anticipated (e.g., Mitchell et al., 1990; Ydenberg et al., 1986), ants demonstrated
faster resource discovery with increasing urbanization intensity. However, contrary to our
expectations that ants would locate protein-rich resources more quickly than carbohydrate-rich
ones (Kay, 2004; Bihn et al., 2008; Ness et al., 2009; Pearce-Duvet & Feener Jr., 2010), we found
no significant differences between the two resource types. The observed patterns in bait
occupancy and discovery times further illustrate how urbanization influences ant communities.
These patterns can be attributed to the differing ecological roles that protein and carbohydrate
baits play in attracting ants, as well as the impact of urbanization on foraging behaviors. Protein-
based baits tend to attract more ants than carbohydrate-based baits regardless of the level of
urbanization intensity, likely due to the greater availability of protein resources across the urban
environments (e.g., Penick et al., 2015). This phenomenon can mainly be attributed to the

dominance of epigaeic omnivores and opportunistic species along the entire gradient, which
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exploit the more available resources because of their generalist foraging behaviors (Leal et al.,
2012). Additionally, the finding that bait discovery time decreases in highly urbanized areas
suggests that ants are adapting their foraging strategies, possibly due to the high risks such as
predation and thermal stress associated with urban environments. Moreover, the finding that bait
discovery time decreases in highly urbanized areas suggests that ants may be adapting their
foraging strategies in response to urban pressures, such as predation risks and thermal stress. This
could be related to the discovery-dominance trade-off (e.g., Fellers, 1987; Feener, 2000;
Andersen, 2008), in which subordinate ants tend to discover resources more quickly than
dominant ones, possibly due to their lower competitive abilities and need to locate food more
rapidly. Given that urban environments could potentially host, due to altered community
structures, more subordinate species, it is possible that more subordinate species dominate
foraging in these areas, leading to faster resource discovery times. Further studies exploring the
balance between species dominance and foraging efficiency in urbanized areas would be
important to fully understand this dynamic.

The transition from specialist to generalist species in urbanized environments has significant
implications for biological communities and the ecosystem services they provide (Filgueiras et
al., 2021). Urbanization can alter ant assemblages, resulting in shifts in trait distributions that
affect their ecosystem functions within urban environments (Chen & Neoh et al., 2023). Lastly,
faster assessments of bait availability or more efficient foraging strategies may enable ant
communities to optimize resource acquisition under urban pressures (Dattilo & MacGregor-Fors,

2021), potentially influencing the provision of ecosystem services.
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Table 1. Specialist-Generalist classification of ant species in the city of Recife, northeastern

Brazil, following Leal et al. (2012) and Filgueiras et al. (2019).

No Species Functional group Generalist/Specialist
1 Acanthogonatus sp. 1 Cryptic predator Specialist
2 Camponotus crassus Arboreal subordinate Specialist
3 Cephalotes pusillus Avrboreal subordinate Specialist
4  Crematogaster brasiliensis Arboreal subordinate Specialist
5 Crematogaster victima  Arboreal subordinate Specialist
6  Cyphomyrmex transversus Non-leaf-cutting Attini Specialist
7 Dolichoderus sp. 1 Arboreal dominant Specialist
8 Forelius brasiliensis Arboreal dominant Specialist
9 Neivamyrmex sp. 1 Army ant Specialist
10 Neoponera sp. 1 Epigaeic predator Specialist
11 Odontomachus bauri Epigaeic predator Specialist
12 Pseudomyrmex gracilis ~ Arboreal subordinate Specialist
13 Pseudomyrmex simplex  Arboreal subordinate Specialist
14 Solenopsis globularia Cryptic omnivore Specialist
15 Solenopsis invicta Cryptic omnivore Specialist
16 Solenopsis saevissima Cryptic omnivore Specialist
17 Solenopsis tridens Cryptic omnivore Specialist
18 Solenopsis virulens Cryptic omnivore Specialist
19 Atta sexdens Leaf-cutting Attini Generalist
20 Acromyrmex landolti Leaf-cutting Attini Generalist
21 Brachymyrmex heeri Opportunist Generalist

Brachymyrmex
22 Opportunist Generalist

patagonicus

23 Camponotus bicolor Epigaeic omnivore Generalist
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Table S1. Proportion of urban land cover per site in the city of Recife, northeastern Brazil.

) 50m 100 m buffer 200 m buffer 500 m buffer
Stte buffer radius radius radius radius
1 0 0 0 0
2 0 0 0 0.02
3 0 0 0.05 0.51
4 0 0 0 0.12
5 0.84 0.84 0.74 0.62
6 0.04 0.09 0.28 0.56
7 0.05 0.03 0.02 0.06
8 0.2 0.37 0.47 0.44
9 0.78 0.68 0.75 0.61
10 0.19 0.13 0.14 0.04
11 0.24 0.44 0.51 0.74
12 0.1 0.39 0.51 0.69
13 0.34 0.64 0.66 0.6
14 1 0.99 0.96 0.86
15 0.83 0.79 0.86 0.87
16 1 1 0.98 0.87
17 0.98 0.98 0.98 0.9
18 0.95 0.98 0.98 0.95
19 1 0.98 0.94 0.64
20 0.85 0.73 0.61 0.52
21 0.76 0.69 0.59 0.8
22 1 0.98 0.97 0.95




Table S2. Spearman rank correlation (p) between pairs of urbanization intensities across different buffer
scales. Significant relationships are in bold (P < 0.05).

Variable 1 Variable 2 p n P
Urban land cover within a Urban land cover within a 100 0.98 22 <0.0001
50 m buffer radius m buffer radius

Urban land cover withina 200  0.94 22 <0.0001
m buffer radius
Urban land cover withina500  0.79 22 <0.0001
m buffer radius
Urban land cover within a Urban land cover within a200  0.96 22 <0.0001
100 m buffer radius m buffer radius
Urban land cover withina 500  0.85 22 <0.0001
m buffer radius
Urban land cover within a Urban land cover within a500  0.89 22 <0.0001

200 m buffer radius m buffer radius




Table S3. Occurrences of each ant species per station per site in the city of Recife, northeastern Brazil. Bait: CARB = carbohydrate-based and PRO = protein-based; "1" indicates

presence and "0" indicates absence.

Station Abundance Total
Site Bait Species (Relative Richness
1 2 3 4 5 frequency) abundance
1 PRO Acanthogonatus sp. 1 0 01 0 O 0.2 2.8 9
1 PRO Brachymyrmex patagonicus 0 0 1 0 O 0.2
1 PRO Camponotus crassus 1 0 1 0 O 0.4
1 PRO Cyphomyrmex transversus 1 0 0 0 O 0.2
1 PRO Dorymyrmex thoracicus 1 0 0 0 O 0.2
1 PRO Neoponera sp. 1 0 1 0 0 O 0.2
1 PRO Odontomachus bauri 1 0 1 1 0 0.6
1 PRO Pheidole radoszkowskii 1 0 1 1 0 0.6
1 PRO Solenopsis globularia 0 1 0 0 O 0.2
1 CARB Crematogaster brasiliensis 0 1 1 0 1 0.6 2 6
1 CARB Crematogaster victima 0 1 0 0 O 0.2
1 CARB Neoponera sp. 1 1 0 0 1 O 0.4
1 CARB Odontomachus bauri 1 0 0 0 O 0.2
1 CARB Pheidole radoszkowskii 1 0 0 0 O 0.2
1 CARB Solenopsis globularia 0 1 1 0 O 0.4
2 PRO Brachymyrmex patagonicus 0 0 0 1 O 0.2 2.6 10
2 PRO Camponotus crassus 1 0 1 1 0 0.6
2 PRO Crematogaster brasiliensis 0 1 0 0 O 0.2
2 PRO Dorymyrmex thoracicus 0 0 1 0 O 0.2



2 PRO Forelius brasiliensis 0 1 0 0 O 0.2

2 PRO Odontomachus bauri 1 0 0 0 1 0.4

2 PRO Pheidole radoszkowskii 0 0 0 1 O 0.2

2 PRO Pheidole sp. 1 0 0 0 1 O 0.2

2 PRO Pseudomyrmex gracilis 0O 0 0 1 O 0.2

2 PRO Solenopsis virulens 0 0 1 0 O 0.2

2 CARB Crematogaster victima 1 1 0 0 O 0.4 1.8
2 CARB Neoponera sp. 1 1 0 0 1 O 04

2 CARB Odontomachus bauri 01 0 0 O 0.2

2 CARB Pheidole radoszkowskii 0 1 0 0 O 0.2

2 CARB Solenopsis globularia 0 1 0 1 1 0.6

3 PRO Brachymyrmex patagonicus 1 0 0 0 O 0.2 2.2
3 PRO Crematogaster brasiliensis 0 1 0 0 O 0.2

3 PRO Cyphomyrmex transversus 0 0 0 1 1 0.4

3 PRO Ectatomma muticum 0 0 0 1 1 0.2

3 PRO Gnamptogenys sulcata 0 0 1 0 1 0.4

3 PRO Odontomachus bauri 0 0 0 0 1 0.2

3 PRO Pheidole sp. 1 0 0 0 1 O 0.2

3 PRO Solenopsis globularia 1 0 0 0 O 0.2

3 CARB Acanthogonatus sp. 1 0 0 0 0 1 0.2 2
3 CARB Camponotus crassus 0 0 0 0 1 0.2

3 CARB Crematogaster brasiliensis 1 0 1 0 O 0.4

3 CARB Neoponera sp. 1 0 0 0 0 1 0.2

3 CARB Odontomachus bauri 1 0 0 1 O 0.4



3 CARB Pheidole radoszkowskii 1 0 0 0 O 0.2
3 CARB Solenopsis globularia 0 0 0 0 1 0.2
3 CARB Wasmannia auropunctata 0 0 0 0 1 0.2
4 PRO Brachymyrmex patagonicus 0 1 0 0 O 0.2 2.4 8
4 PRO Cyphomyrmex transversus 0O 0 0 1 1 0.4
4 PRO Dorymyrmex thoracicus 0 01 0 O 0.2
4 PRO Ectatomma muticum 0 1 0 0 O 0.2
4 PRO Neoponera sp. 1 0 01 0 O 0.2
4 PRO Odontomachus bauri 1 0 0 1 1 0.6
4 PRO Pheidole radoszkowskii 0 1 1 0 O 04
4 PRO Pheidole sp. 1 0 0 0 0 1 0.2
4 CARB Camponotus crassus 0O 1 0 1 O 0.4 3.8 12
4 CARB Crematogaster brasiliensis 1 0 0 0 O 0.2
4 CARB Crematogaster victima 0 0 1 0 O 0.2
4 CARB Cyphomyrmex transversus 0O 0 0 1 O 0.2
4 CARB Dorymyrmex thoracicus 1 0 0 0 O 0.2
4 CARB Ectatomma muticum 0 1 0 0 O 0.2
4 CARB Neoponera sp. 1 1 0 1 1 0 0.6
4 CARB Odontomachus bauri 1 1 0 0 O 0.4
4 CARB Pheidole radoszkowskii 0 1 0 0 O 0.2
4 CARB Pheidole sp. 1 1 0 1 0 O 0.4
4 CARB Solenopsis virulens 0 1 1 0 O 0.4
4 CARB Tapinoma melanocephalum 0 0 2 0 O 0.4
5 PRO Camponotus crassus 1 0 0 0 O 0.2 2.4 11



5 PRO Cyphomyrmex transversus 0 01 0 O 0.2
5 PRO Dorymyrmex thoracicus 0 0 0 0 1 0.2
5 PRO Ectatomma muticum 1 0 0 0 O 0.2
5 PRO Neivamyrmex sp. 1 0 01 0 O 0.2
5 PRO Neoponera sp.1 1 0 0 0 1 0.4
5 PRO Odontomachus bauri 0 1 0 0 O 0.2
5 PRO Pheidole radoszkowskii 0 01 0 O 0.2
5 PRO Pheidole sp. 2 0 0 1 0 O 0.2
5 PRO Pseudomyrmex gracilis 0 0 0 1 O 0.2
5 PRO Solenopsis saevissima 0 0 0 0 1 0.2
5 CARB Brachymyrmex patagonicus 1 0 0 0 O 0.2 1.6 8
5 CARB Cephalotes pusillus 0 0 0 1 O 0.2
5 CARB Crematogaster brasiliensis 0 0 0 1 O 0.2
5 CARB Crematogaster victima 1 0 0 0 O 0.2
5 CARB Gnamptogenys sulcata 0 0 0 0 1 0.2
5 CARB Neoponera sp. 1 0 01 0 O 0.2
5 CARB Solenopsis virulens 1 0 0 0 O 0.2
5 CARB Tapinoma melanocephalum 0 0 1 0 O 0.2
6 PRO Brachymyrmex heeri 0 0 0 1 O 0.2 2.2 10
6 PRO Dorymyrmex thoracicus 0 0 1 0 O 0.2
6 PRO Forelius brasiliensis 0 0 01 O 0.2
6 PRO Gnamptogenys sulcata 0 0 0 1 O 0.2
6 PRO Neoponera sp. 1 0 0 1 0 O 0.2
6 PRO Odontomachus bauri 1 0 0 0 O 0.2



6 PRO Paratrechina sp. 1 0 1 0 0 O 0.2
6 PRO Pheidole radoszkowskii 1 0 0 0 O 0.2
6 PRO Pheidole sp. 2 1 0 0 1 O 0.4
6 PRO Pheidole sp. 3 0 0 0 1 O 0.2
6 CARB Camponotus crassus 0 0 0 0 1 0.2 2.2 10
6 CARB Dorymyrmex thoracicus 0O 0 0 0 1 0.2
6 CARB Ectatomma muticum 1 0 0 0 O 0.2
6 CARB Monomorium sp. 1 1 0 0 0 O 0.2
6 CARB Odontomachus bauri 0 1 0 0 1 0.4
6 CARB Pheidole radoszkowskii 0 0 0 0 1 0.2
6 CARB Pseudomyrmex simplex 0 0 0 1 O 0.2
6 CARB Solenopsis globularia 0 1 0 0 O 0.2
6 CARB Tapinoma melanocephalum 0 1 0 0 O 0.2
6 CARB Wasmannia auropunctata 0O 0 0 1 O 0.2
7 PRO Camponotus crassus 0 1 1 0 1 0.6 2.2 7
7 PRO Linepithema neotropicum 0 0 0 1 O 0.2
7 PRO Neoponera sp. 1 0 0 1 0 1 0.4
7 PRO Odontomachus bauri 0 01 0 1 0.4
7 PRO Pheidole sp. 2 0 0 0 1 O 0.2
7 PRO Solenopsis globularia 0 0 0 1 O 0.2
7 PRO Solenopsis saevissima 0 0 0 0 1 0.2
7 CARB Camponotus crassus 1 0 0 0 O 0.2 1.6 8
7 CARB Crematogaster brasiliensis 1 0 0 0 O 0.2
7 CARB Dorymyrmex thoracicus 0 1 0 0 O 0.2



7 CARB Pheidole sp. 1 0 1 0 0 O 0.2
7 CARB Pseudomyrmex gracilis 0 0 0 1 O 0.2
7 CARB Pseudomyrmex simplex 1 0 0 0 O 0.2
7 CARB Solenopsis virulens 0 1 0 0 O 0.2
7 CARB Wasmannia auropunctata 0 1 0 0 O 0.2
8 PRO Camponotus crassus 1 1 1 0 O 0.6 1.8
8 PRO Crematogaster brasiliensis 1 0 0 0 O 0.2
8 PRO Forelius brasiliensis 0 1 0 0 O 0.2
8 PRO Odontomachus bauri 1 0 1 0 O 0.4
8 PRO Pheidole sp. 4 1 0 0 0 O 0.2
8 PRO Wasmannia auropunctata 0 0 0 1 O 0.2
8 CARB Brachymyrmex patagonicus 0 0 0 1 O 0.2 1.8
8 CARB Crematogaster victima 0 0 0 1 O 0.2
8 CARB Crematogaster brasiliensis 1 0 0 0 O 0.2
8 CARB Dorymyrmex thoracicus 0 0 0 1 O 0.2
8 CARB Linepithema neotropicum 0 0 1 0 O 0.2
8 CARB Neoponera sp. 1 0 01 0 O 0.2
8 CARB Odontomachus bauri 0 1 0 0 O 0.2
8 CARB Pheidole sp. 2 0 0 0 1 O 0.2
8 CARB Solenopsis saevissima 1 0 0 0 O 0.2
9 PRO Camponotus crassus 0 1 1 1 0 0.6 2.2
9 PRO Crematogaster victima 1 0 0 0 O 0.2
9 PRO Forelius brasiliensis 1 0 0 0 O 0.2
9 PRO Odontomachus bauri 1 0 0 0 1 0.4



9 PRO Pheidole sp. 3 1 0 0 0 O 0.2
9 PRO Solenopsis tridens 0 0 1 0 O 0.2
9 PRO Solenopsis virulens 0 1.1 0 O 0.4
9 CARB Brachymyrmex patagonicus 0 0 0 1 O 0.2 2.4 12
9 CARB Camponotus crassus 0 01 0 O 0.2
9 CARB Cephalotes pusillus 0O 0 0 0 1 0.2
9 CARB Crematogaster victima 0O 0 0 0 1 0.2
9 CARB Dolichoderus sp. 1 0 1 0 0 O 0.2
9 CARB Dorymyrmex thoracicus 1 0 0 0 O 0.2
9 CARB Linepithema humile 0 0 1 0 O 0.2
9 CARB Neoponera sp. 1 0 0 0 0 1 0.2
9 CARB Paratrechina longicornis 0 0 0 1 O 0.2
9 CARB Pseudomyrmex gracilis 1 0 0 0 O 0.2
9 CARB Tapinoma melanocephalum 0 0 1 0 O 0.2
9 CARB Wasmannia auropunctata 0 01 0 O 0.2
10 PRO Camponotus crassus 1 1 0 1 0 0.6 3 10
10 PRO Crematogaster brasiliensis 1 0 1 0 O 0.4
10 PRO Linepithema neotropicum 0 0 0 0 1 0.2
10 PRO Neoponera sp. 1 0 1 0 0 O 0.2
10 PRO Odontomachus bauri 1 1 0 0 O 0.4
10 PRO Pheidole sp. 1 0 1 1 0 O 0.4
10 PRO Solenopsis saevissima 0 0 0 1 O 0.2
10 PRO Solenopsis tridens 1 0 0 0 O 0.2
10 PRO Solenopsis virulens 1 0 0 0 O 0.2



10 PRO Wasmannia auropunctata 0 0 0 1 O 0.2

10 CARB Camponotus crassus 0 01 0 O 0.2 1.6 7
10 CARB Crematogaster victima 0 0 1 0 O 0.2

10 CARB Oxyepoecus myops 1 0 0 1 O 0.4

10 CARB Pheidole sp. 1 0 1 0 0 O 0.2

10 CARB Pheidole sp. 3 0 01 0 O 0.2

10 CARB Solenopsis virulens 0 1 0 0 O 0.2

10 CARB Solenopsis saevissima 0O 0 0 1 O 0.2

11 PRO Camponotus bicolor 0 0 0 1 O 0.2 4 14
11 PRO Camponotus crassus 1 1 1 1 1 1

11 PRO Crematogaster victima 0 0 0 0 1 0.2

11 PRO Odontomachus bauri 0 0 01 O 0.2

11 PRO Paratrechina longicornis 0 0 1 0 O 0.2

11 PRO Pheidole mosenopsis 0 0 0 0 1 0.2

11 PRO Pheidole sp. 2 1 0 0 0 O 0.2

11 PRO Pheidole sp. 4 0 0 1 0 O 0.2

11 PRO Pheidole sp. 5 0 0 1 0 1 0.4

11 PRO Pseudomyrmex simplex 0 0 0 0 1 0.2

11 PRO Solenopsis saevissima 0 0 1 1 0O 0.4

11 PRO Solenapsis tridens 0 0 1 0 O 0.2

11 PRO Solenopsis invicta 0 0 0 0 1 0.2

11 PRO Wasmannia auropunctata 1 0 0 0 O 0.2

11 CARB Acromyrmex landolti 0 1 0 0 O 0.2 3.2 10
11 CARB Camponotus crassus 1 1 0 1 1 0.8



11 CARB Crematogaster victima 0 0 1 0 O 0.2
11 CARB Dolichoderus sp. 1 0 0 0 0 1 0.2
11 CARB Linepithema humile 0 0 0 0 1 0.2
11 CARB Pheidole sp. 3 0 1 0 0 O 0.2
11 CARB Pseudomyrmex gracilis 0 0 0 1 O 0.2
11 CARB Solenopsis saevissima 1 1 0 1 1 0.8
11 CARB Solenopsis invicta 0 0 0 1 O 0.2
11 CARB Tapinoma melanocephalum 1 0 0 0 O 0.2
12 PRO Acromyrmex landolti 1 0 0 0 O 0.2 5 14
12 PRO Brachymyrmex patagonicus 0 1 0 1 O 04
12 PRO Camponotus bicolor 1 0 0 0 O 0.2
12 PRO Camponotus crassus 0 0 1 0 1 0.4
12 PRO Crematogaster victima 1 0 0 0 O 0.2
12 PRO Cyphomyrmex transversus 0 1 0 0 O 0.2
12 PRO Forelius brasiliensis 01 0 0 1 0.4
12 PRO Linepithema humile 0 0 0 1 1 0.4
12 PRO Linepithema neotropicum 0 1 1 0 O 0.4
12 PRO Paratrechina longicornis 0 1 0 0 1 0.4
12 PRO Pheidole sp. 3 0 0 0 0 1 0.2
12 PRO Pheidole sp. 4 1 1 1 1 0 0.8
12 PRO Solenopsis saevissima 0 1 0 1 1 0.6
12 PRO Wasmannia auropunctata 0 1 0 0 O 0.2
12 CARB Camponotus crassus 1 0 0 0 O 0.2 2.2 8
12 CARB Crematogaster victima 1 0 0 0 O 0.2



12 CARB Dorymyrmex thoracicus 0 01 0 O 0.2
12 CARB Linepithema neotropicum 1 0 0 0 O 0.2
12 CARB Neoponera sp. 1 0 0 0 0 1 0.2
12 CARB Pheidole sp. 2 1 0 0 0 O 0.2
12 CARB Solenopsis virulens 1 1 1 1 O 0.8
12 CARB Wasmannia auropunctata 0 1 0 0 O 0.2
13 PRO Camponotus crassus 1 0 1 0 1 0.6 2.6 7
13 PRO Dorymyrmex thoracicus 0 0 1 1 O 04
13 PRO Ectatomma muticum 0 0 1 0 O 0.2
13 PRO Odontomachus bauri 1 1 0 0 O 0.4
13 PRO Pheidole radoszkowskii 1 0 0 0 O 0.2
13 PRO Pheidole sp. 5 0 1 0 0 1 0.4
13 PRO Solenopsis invicta 0 0 1 1 0O 0.4
13 CARB Camponotus crassus 0 01 0 O 0.2 2.6 10
13 CARB Crematogaster victima 1 0 0 0 O 0.2
13 CARB Dorymyrmex thoracicus 0 0 0 0 1 0.2
13 CARB Paratrechina longicornis 1 0 0 0 O 0.2
13 CARB Pheidole sp. 4 0 1 0 0 O 0.2
13 CARB Pheidole radoszkowskii 0 0 01 O 0.2
13 CARB Pseudomyrmex gracilis 0 0 0 1 O 0.2
13 CARB Solenopsis saevissima 0 1 1 0 1 0.6
13 CARB Solenopsis virulens 0 0 1 0 O 0.2
13 CARB Wasmannia auropunctata 1 0 1 0 O 0.4
14 PRO Brachymyrmex heeri 0 0 01 O 0.2 3 8



14 PRO Camponotus crassus 0 1 1 1 1 0.8
14 PRO Gnamptogenys striatula 0 0 0 1 O 0.2
14 PRO Linepithema neotropicum 0 1 0 0 O 0.2
14 PRO Odontomachus bauri 1 0 1 0 1 0.6
14 PRO Pheidole sp. 5 0 1 0 1 O 04
14 PRO Solenopsis invicta 0 0 0 1 O 0.2
14 PRO Wasmannia auropunctata 0 01 1 O 0.4
14 CARB Acromyrmex landolti 0 0 0 1 O 0.2 2.4 9
14 CARB Camponotus crassus 0 01 0 O 0.2
14 CARB Cyphomyrmex transversus 0 0 1 0 O 0.2
14 CARB Forelius brasiliensis 0 0 1 0 O 0.2
14 CARB Pheidole sp. 4 1 0 1 0 1 0.6
14 CARB Pseudomyrmex simplex 0 1 0 0 O 0.2
14 CARB Solenopsis saevissima 1 1 0 0 O 0.4
14 CARB Solenopsis invicta 0 0 0 1 O 0.2
14 CARB Tapinoma melanocephalum 1 0 0 0 O 0.2
15 PRO Brachymyrmex patagonicus 1 0 0 0 1 0.4 3.2 12
15 PRO Camponotus crassus 1 0 0 1 O 0.4
15 PRO Crematogaster brasiliensis 1 0 0 1 O 0.4
15 PRO Cyphomyrmex transversus 0 0 1 0 1 0.4
15 PRO Dolichoderus sp. 1 0 1 0 0 O 0.2
15 PRO Dorymyrmex thoracicus 0 1 0 0 O 0.2
15 PRO Pheidole radoszkowskii 0 0 1 0 O 0.2
15 PRO Pheidole sp. 1 0 0 0 0 1 0.2



15 PRO Pheidole sp. 2 0 0 0 0 1 0.2
15 PRO Pseudomyrmex simplex 0 0 1 0 O 0.2
15 PRO Solenopsis virulens 0 0 1 0 O 0.2
15 PRO Solenopsis invicta 0 1 0 0 O 0.2
15 CARB Atta sexdens 0 0 0 1 O 0.2 14 6
15 CARB Camponotus crassus 1 1 0 0 O 0.4
15 CARB Odontomachus bauri 0 1 0 0 O 0.2
15 CARB Pheidole sp. 3 0 0 0 1 O 0.2
15 CARB Solenopsis saevissima 0 0 1 0 O 0.2
15 CARB Solenopsis tridens 0 0 0 1 O 0.2
16 PRO Camponotus bicolor 1 0 0 1 O 0.4 3.2 11
16 PRO Camponotus crassus 0 1 0 0 1 0.4
16 PRO Crematogaster victima 0 0 0 0 1 0.2
16 PRO Neivamyrmex sp. 1 0 1 0 0 O 0.2
16 PRO Odontomachus bauri 0 0 0 0 1 0.2
16 PRO Paratrechina longicornis 0 0 1 0 O 0.2
16 PRO Pheidole mosenopsis 0 1 0 1 O 0.4
16 PRO Pheidole sp. 4 0 1 0 0 O 0.2
16 PRO Pheidole radoszkowskii 0 1 0 0 O 0.2
16 PRO Solenopsis saevissima 0 1 1 1 0 0.6
16 PRO Wasmannia auropunctata 0 1 0 0 O 0.2
16 CARB Atta sexdens 1 0 0 0 O 0.2 1.8 7
16 CARB Camponotus crassus 0 1. 1 0 O 0.4
16 CARB Crematogaster victima 1 0 0 0 O 0.2



16 CARB Pheidole mosenopsis 1 0 0 0 O 0.2
16 CARB Pheidole sp. 5 0 0 0 0 1 0.2
16 CARB Solenopsis invicta 0 1 0 1 O 0.4
16 CARB Tapinoma melanocephalum 1 0 0 0 O 0.2
17 PRO Camponotus bicolor 0 0 1 0 O 0.2 2.2 8
17 PRO Camponotus crassus 0 1 1 0 O 0.4
17 PRO Crematogaster victima 0O 0 0 0 1 0.2
17 PRO Forelius brasiliensis 1 0 0 0 O 0.2
17 PRO Linepithema neotropicum 1 0 0 0 O 0.2
17 PRO Pheidole mosenopsis 1 0 0 1 O 0.4
17 PRO Solenopsis invicta 0 0 0 0 1 0.2
17 PRO Wasmannia auropunctata 0 1 0 0 1 0.4
17 CARB Camponotus crassus 0 1 1 0 O 0.4 1 4
17 CARB Crematogaster victima 1 0 0 0 O 0.2
17 CARB Pseudomyrmex gracilis 1 0 0 0 O 0.2
17 CARB Tapinoma melanocephalum 0 0 0 0 1 0.2
18 PRO Camponotus bicolor 0 0 0 0 1 0.2 2 5
18 PRO Camponotus crassus 1 0 0 0 1 0.4
18 PRO Pheidole sp. 4 1 0 1 0 O 0.4
18 PRO Pheidole mosenopsis 0 1 1 1 1 0.8
18 PRO Solenopsis saevissima 0 0 0 1 O 0.2
18 CARB Atta sexdens 0 1 0 0 O 0.2 3.2 11
18 CARB Camponotus bicolor 0 1 1 0 O 0.4
18 CARB Camponotus crassus 0 1. 1 0 O 0.4



18 CARB Crematogaster victima 1 0 0 0 O 0.2
18 CARB Linepithema neotropicum 0 01 0 O 0.2
18 CARB Linepithema humile 0 0 0 0 1 0.2
18 CARB Pheidole radoszkowskii 0 0 0 0 1 0.2
18 CARB Pheidole sp. 5 0 0 0 1 O 0.2
18 CARB Pheidole mosenopsis 0O 0 0 1 O 0.2
18 CARB Solenopsis saevissima 1 1 1 1 0 0.8
18 CARB Tapinoma melanocephalum 0 01 0 O 0.2
19 PRO Acromyrmex landolti 0 1 0 0 O 0.2 1.6 7
19 PRO Camponotus bicolor 0 0 0 0 1 0.2
19 PRO Camponotus crassus 0 0 0 1 O 0.2
19 PRO Crematogaster victima 0 0 0 1 O 0.2
19 PRO Odontomachus bauri 1 0 0 0 O 0.2
19 PRO Pheidole mosenopsis 1 0 0 0 O 0.2
19 PRO Solenopsis saevissima 0 1 1 0 O 0.4
19 CARB Camponotus bicolor 1 0 0 0 O 0.2 2 7
19 CARB Camponotus crassus 1 0 0 0 O 0.2
19 CARB Forelius brasiliensis 0 01 0 O 0.2
19 CARB Pheidole mosenopsis 0 1 0 0 1 0.4
19 CARB Solenopsis saevissima 0 1 0 1 O 0.4
19 CARB Tapinoma melanocephalum 0 0 0 1 O 0.2
19 CARB Wasmannia auropunctata 0 0 1 0 1 0.4
20 PRO Camponotus bicolor 1 1 0 1 0 0.6 5 13
20 PRO Camponotus crassus 1 1 1 1 0 0.8



20 PRO Crematogaster victima 0 0 0 0 1 0.2
20 PRO Ectatomma muticum 0 0 1 1 O 0.4
20 PRO Forelius brasiliensis 1 0 1 0 O 0.4
20 PRO Linepithema neotropicum 0 1 0 0 O 0.2
20 PRO Pheidole radoszkowskii 1 0 1 0 1 0.6
20 PRO Pheidole sp. 5 0O 0 0 0 1 0.2
20 PRO Pheidole mosenopsis 1 0 0 0 O 0.2
20 PRO Solenopsis saevissima 0O 0 0 1 1 0.2
20 PRO Solenopsis invicta 1 0 0 0 1 0.4
20 PRO Tapinoma melanocephalum 0 0 0 0 1 0.2
20 PRO Wasmannia auropunctata 0 1 0 0 1 0.4
20 CARB Atta sexdens 1 0 0 1 O 0.4 3 10
20 CARB Brachymyrmex patagonicus 0 1 0 0 O 0.2
20 CARB Camponotus bicolor 0 0 0 0 1 0.2
20 CARB Camponotus crassus 0O 1 1 1 1 0.8
20 CARB Crematogaster victima 1 0 0 0 O 0.2
20 CARB Paratrechina longicornis 0 1 1 0 O 0.4
20 CARB Pheidole sp. 4 1 0 0 0 O 0.2
20 CARB Solenopsis invicta 1 0 0 0 O 0.2
20 CARB Solenopsis saevissima 0 0 1 0 O 0.2
20 CARB Tapinoma melanocephalum 0 1 0 0 O 0.2
21 PRO Camponotus bicolor 0 0 1 0 O 0.2 1.6 6
21 PRO Camponotus crassus 1 0 0 0 O 0.2
21 PRO Crematogaster victima 0 0 1 0 O 0.2



21 PRO Pheidole sp. 3 0 0 1 0 O 0.2
21 PRO Pheidole radoszkowskii 0 0 0 0 1 0.2
21 PRO Solenopsis invicta 1 1 0 1 O 0.6
21 CARB Camponotus crassus 0 0 0 0 1 0.2 1.6
21 CARB Crematogaster victima 0 0 0 1 O 0.2
21 CARB Linepithema humile 0 1 0 0 O 0.2
21 CARB Paratrechina longicornis 0 0 0 0 1 0.2
21 CARB Pheidole radoszkowskii 0 0 0 0 1 0.2
21 CARB Pheidole sp. 5 1 0 0 0 O 0.2
21 CARB Solenopsis saevissima 0 1 0 0 O 0.2
21 CARB Tapinoma melanocephalum 0 0 1 0 O 0.2
22 PRO Camponotus bicolor 1 0 0 0 O 0.2 1.4
22 PRO Crematogaster victima 0 0 1 0 O 0.2
22 PRO Ectatomma muticum 01 0 0 O 0.2
22 PRO Pheidole sp. 5 0 0 1 0 O 0.2
22 PRO Pheidole mosenopsis 0 0 0 1 O 0.2
22 PRO Solenopsis invicta 0 0 0 0 1 0.2
22 PRO Wasmannia auropunctata 0 1 0 0 O 0.2
22 CARB Camponotus bicolor 0 1 0 0 1 0.4 2.6
22 CARB Camponotus crassus 1 1 0 1 0 0.6
22 CARB Linepithema humile 0 0 1 0 1 0.4
22 CARB Pheidole radoszkowskii 1 0 0 0 1 0.4
22 CARB Pheidole sp. 5 0 0 1 1 0 0.4
22 CARB Solenopsis invicta 0 0 1 0 O 0.2



22

CARB

Tapinoma melanocephalum

0.2




Table S4. Generalist / specialists ratio of species richness and ant abundance per site in the city of Recife,

northeastern Brazil.

Generalist / specialist

Site ratio

Richness  Abundance

1 0.43 0.40
2 0.57 0.36
3 1.00 0.58
4 0.83 0.79
5 0.60 0.60
6 2.00 1.83
7 0.63 0.42
8 1.20 0.60
9 0.63 0.36
10 0.50 0.43
11 1.00 0.40
12 1.67 1.38
13 0.86 0.73
14 1.17 0.79
15 0.70 0.50
16 1.17 0.67
17 1.00 0.75
18 2.67 1.50
19 0.80 1.00
20 2.50 1.20
21 1.25 0.75
22 2.33 2.17




Table S5. Protein- and carbohydrate-bait occupancy indices in the city of Recife, northeastern Brazil

Bait occupancy index

Site Richness Abundance

Protein  Carbohydrate  Protein  Carbohydrate

1 0.65 0.55 0.47 0.42
2 0.77 0.31 0.59 0.33
3 0.62 0.49 0.50 0.40
4 0.62 0.92 0.39 0.61
5 0.61 0.44 0.60 0.40
6 0.47 0.47 0.40 0.40
7 0.40 0.34 0.46 0.25
8 0.37 0.55 0.40 0.40
9 0.41 0.71 0.48 0.52
10 0.71 0.34 0.74 0.21
11 0.70 0.50 0.57 0.43
12 0.74 0.42 0.69 0.31
13 0.50 0.57 0.52 0.39
14 0.53 0.60 0.56 0.44
15 0.71 0.28 0.71 0.23
16 0.73 0.47 0.64 0.36
17 0.80 0.32 0.69 0.25
18 0.42 0.92 0.38 0.62
19 0.70 0.10 0.44 0.56
20 0.76 0.59 0.62 0.38
21 0.55 0.73 0.50 0.50
22 0.64 0.64 0.35 0.65




Table S6. Ant bait discovery time per station per site in the city of Recife, northeastern Brazil. Bait: CARB
= carbohydrate-based and PRO = protein-based.

Bait
Site Bait Station Species discovery
time (min)
1 PRO 1 Camponotus crassus 15
1 PRO 1 Cyphomyrmex transversus 10
1 PRO 1 Dorymyrmex thoracicus 5
1 PRO 1 Odontomachus bauri 1
1 PRO 1 Pheidole radoszkowskii 5
1 PRO 2 Neoponera sp. 1 10
1 PRO 2 Solenopsis virulens 15
1 PRO 3 Brachymyrmex patagonicus 5
1 PRO 3 Camponotus crassus 2
1 PRO 3 Odontomachus bauri 11
1 PRO 3 Pheidole radoszkowskii 1
1 PRO 4 Acanthogonatus sp. 1 15
1 PRO 4 Odontomachus bauri 15
1 PRO 4 Pheidole radoszkowskii 20
1 CARB 1 Neoponera sp. 1 10
1 CARB 1 Odontomachus bauri 10
1 CARB 1 Pheidole radoszkowskii 15
1 CARB 2 Crematogaster victima 15
1 CARB 2 Crematogaster brasiliensis 5
1 CARB 2 Pheidole sp. 1 10
1 CARB 2 Solenopsis virulens 15
1 CARB 3 Crematogaster brasiliensis 20
1 CARB 3 Solenopsis virulens 5
1 CARB 4 Neoponera sp. 1 15
1 CARB 5 Crematogaster brasiliensis 5
1 CARB 5 Pheidole sp. 1 5
2 PRO 1 Camponotus crassus 5
2 PRO 1 Odontomachus bauri 15
2 PRO 1 Pheidole sp. 1 3
2 PRO 2 Crematogaster brasiliensis 10
2 PRO 2 Forelius brasiliensis 5
2 PRO 3 Camponotus crassus 15
2 PRO 3 Dorymyrmex thoracicus 1
2 PRO 3 Solenopsis virulens 15
2 PRO 4 Brachymyrmex patagonicus 10



2 PRO 4 Camponotus crassus 10
2 PRO 4 Pheidole radoszkowskii 10
2 PRO 4 Pseudomyrmex gracilis 10
2 PRO 5 Odontomachus bauri 10
2 CARB 1 Crematogaster victima 15
2 CARB 1 Neoponera sp. 1 5
2 CARB 2 Crematogaster victima 15
2 CARB 2 Odontomachus bauri 20
2 CARB 2 Pheidole radoszkowskii 15
2 CARB 2 Solenopsis virulens 5
2 CARB 4 Neoponera sp. 1 10
2 CARB 4 Solenopsis virulens 15
2 CARB 5 Solenopsis virulens 3
3 PRO 1 Brachymyrmex patagonicus 20
3 PRO 1 Solenopsis virulens 20
3 PRO 2 Crematogaster brasiliensis 20
3 PRO 3 Gnamptogenys sulcata 15
3 PRO 4 Cyphomyrmex transversus 15
3 PRO 4 Ectatomma muticum 15
3 PRO 4 Pheidole sp. 1 5
3 PRO 5 Cyphomyrmex transversus 15
3 PRO 5 Ectatomma muticum 15
3 PRO 5 Gnamptogenys sulcata 10
3 PRO 5 Odontomachus bauri 10
3 CARB 1 Crematogaster brasiliensis 1
3 CARB 1 Odontomachus bauri 15
3 CARB 1 Pheidole radoszkowskii 15
3 CARB 3 Crematogaster brasiliensis 1
3 CARB 4 Neoponera sp. 1 15
3 CARB 4 Odontomachus bauri 15
3 CARB 5 Acanthogonatus sp. 1 15
3 CARB 5 Camponotus crassus 15
3 CARB 5 Neoponera sp. 1 1
3 CARB 5 Solenopsis virulens 15
3 CARB 5 Wasmannia auropunctata 5
4 PRO 1 Odontomachus bauri 15
4 PRO 1 Odontomachus bauri 15
4 PRO 2 Brachymyrmex patagonicus 10
4 PRO 2 Camponotus crassus 1
4 PRO 2 Ectatomma muticum 3



4 PRO 2 Odontomachus bauri 5
4 PRO 2 Pheidole radoszkowskii 1
4 PRO 2 Pheidole radoszkowskii 5
4 PRO 3 Dorymyrmex thoracicus 15
4 PRO 3 Neoponera sp. 1 15
4 PRO 3 Neoponera sp. 1 5
4 PRO 3 Pheidole radoszkowskii 5
4 PRO 4 Cyphomyrmex transversus 5
4 PRO 4 Cyphomyrmex transversus 10
4 PRO 4 Odontomachus bauri 15
4 PRO 5 Cyphomyrmex transversus 5
4 PRO 5 Odontomachus bauri 5
4 PRO 5 Pheidole sp. 1 10
4 CARB 1 Crematogaster victima 5
4 CARB 1 Crematogaster brasiliensis 1
4 CARB 1 Neoponera sp. 1 3
4 CARB 1 Solenopsis virulens 15
4 CARB 2 Ectatomma muticum 5
4 CARB 2 Neoponera sp. 1 15
4 CARB 2 Solenopsis virulens 15
4 CARB 2 Tapinoma melanocephalum 15
4 CARB 3 Crematogaster victima 15
4 CARB 3 Neoponera sp. 1 15
4 CARB 3 Pheidole sp. 1 5
4 CARB 4 Camponotus crassus 15
4 CARB 5 Crematogaster brasiliensis 10
4 CARB 5 Dorymyrmex thoracicus 10
5 PRO 1 Camponotus crassus 20
5 PRO 1 Ectatomma muticum 2
5 PRO 1 Neoponera sp. 1 1
5 PRO 2 Odontomachus bauri 20
5 PRO 3 Cyphomyrmex transversus 15
5 PRO 3 Neivamyrmex sp. 1 10
5 PRO 3 Pheidole radoszkowskii 5
5 PRO 3 Pheidole sp. 2 15
5 PRO 4 Pseudomyrmex gracilis 20
5 PRO 5 Dorymyrmex thoracicus 20
5 PRO 5 Neoponera sp. 1 5
5 PRO 5 Solenopsis saevissima 15
5 CARB 1 Crematogaster victima 2



5 CARB 1 Solenopsis virulens 1
5 CARB 2 Brachymyrmex patagonicus 10
5 CARB 3 Crematogaster brasiliensis 15
5 CARB 3 Neoponera sp. 1 15
5 CARB 3 Tapinoma melanocephalum 15
5 CARB 4 Cephalotes pusillus 10
5 CARB 5 Gnamptogenys sulcata 15
6 PRO 1 Odontomachus bauri 5
6 PRO 1 Pheidole radoszkowskii 15
6 PRO 1 Pheidole sp. 2 5
6 PRO 2 Paratrechina longicornis 5
6 PRO 3 Dorymyrmex thoracicus 5
6 PRO 3 Neoponera sp. 1 5
6 PRO 4 Brachymyrmex heeri 5
6 PRO 4 Forelius brasiliensis 5
6 PRO 4 Gnamptogenys sulcata 5
6 PRO 4 Pheidole sp. 2 10
6 PRO 4 Pheidole sp. 3 15
6 CARB 1 Ectatomma muticum 15
6 CARB 1 Monomorium sp. 1 15
6 CARB 2 Odontomachus bauri 15
6 CARB 2 Solenopsis virulens 1
6 CARB 2 Tapinoma melanocephalum 10
6 CARB 4 Pseudomyrmex simplex 10
6 CARB 4 Wasmannia auropunctata 15
6 CARB 5 Camponotus crassus 15
6 CARB 5 Dorymyrmex thoracicus 20
6 CARB 5 Odontomachus bauri 15
6 CARB 5 Pheidole radoszkowskii 3
7 PRO 2 Camponotus crassus 2
7 PRO 3 Neoponera sp. 1 15
7 PRO 3 Odontomachus bauri 10
7 PRO 4 Linepithema neotropicum 15
7 PRO 4 Pheidole sp. 2 15
7 PRO 4 Solenopsis virulens 15
7 PRO 5 Camponotus crassus 5
7 PRO 5 Neoponera sp. 1 15
7 PRO 5 Odontomachus bauri 20
7 PRO 5 Solenopsis saevissima 20
7 CARB 1 Camponotus crassus 5



7 CARB 1 Pseudomyrmex simplex 10
7 CARB 2 Crematogaster victima 1
7 CARB 2 Pheidole sp. 1 5
7 CARB 2 Solenopsis virulens 5
7 CARB 2 Wasmannia auropunctata 1
7 CARB 4 Dorymyrmex thoracicus 15
7 CARB 4 Pseudomyrmex gracilis 20
8 PRO 1 Camponotus crassus 2
8 PRO 1 Crematogaster victima 10
8 PRO 1 Odontomachus bauri 15
8 PRO 1 Pheidole sp. 4 10
8 PRO 2 Camponotus crassus 10
8 PRO 2 Forelius brasiliensis 10
8 PRO 3 Camponotus crassus 10
8 PRO 3 Odontomachus bauri 5
8 PRO 4 Wasmannia auropunctata 10
8 CARB 1 Crematogaster victima 10
8 CARB 1 Solenopsis saevissima 20
8 CARB 2 Odontomachus bauri 15
8 CARB 3 Linepithema neotropicum 15
8 CARB 3 Neoponera sp. 1 15
8 CARB 4 Brachymyrmex patagonicus 15
8 CARB 4 Crematogaster victima 15
8 CARB 4 Dorymyrmex thoracicus 15
8 CARB 4 Pheidole sp. 2 15
9 PRO 1 Crematogaster victima 1
9 PRO 1 Forelius brasiliensis 5
9 PRO 1 Odontomachus bauri 5
9 PRO 1 Pheidole sp. 3 5
9 PRO 2 Camponotus crassus 5
9 PRO 2 Solenopsis virulens 1
9 PRO 3 Camponotus crassus 5
9 PRO 3 Solenopsis virulens 5
9 PRO 3 Solenopsis tridens 1
9 PRO 4 Camponotus crassus 1
9 PRO 5 Odontomachus bauri 15
9 CARB 1 Dorymyrmex thoracicus 10
9 CARB 1 Pseudomyrmex gracilis 10
9 CARB 2 Dolichoderus sp. 1 20
9 CARB 3 Camponotus crassus 15



9 CARB 3 Linepithema humile 15
9 CARB 3 Tapinoma melanocephalum 15
9 CARB 3 Wasmannia auropunctata 15
9 CARB 4 Brachymyrmex patagonicus 10
9 CARB 4 Paratrechina longicornis 15
9 CARB 5 Cephalotes pusillus 5
9 CARB 5 Crematogaster victima 5
9 CARB 5 Neoponera sp. 1 5
10 PRO 1 Camponotus crassus 5
10 PRO 1 Crematogaster brasiliensis 5
10 PRO 1 Odontomachus bauri 5
10 PRO 1 Solenopsis virulens 10
10 PRO 1 Solenopsis tridens 10
10 PRO 2 Camponotus crassus 15
10 PRO 2 Neoponera sp. 1 5
10 PRO 2 Odontomachus bauri 15
10 PRO 2 Pheidole sp. 1 15
10 PRO 3 Crematogaster brasiliensis 15
10 PRO 3 Pheidole sp. 1 20
10 PRO 4 Camponotus crassus 15
10 PRO 4 Solenopsis saevissima 15
10 PRO 4 Wasmannia auropunctata 15
10 PRO 5 Linepithema neotropicum 1
10 CARB 1 Oxyepoecus myops 15
10 CARB 2 Pheidole sp. 1 15
10 CARB 2 Solenopsis virulens 15
10 CARB 3 Camponotus crassus 2
10 CARB 3 Crematogaster victima 15
10 CARB 3 Pheidole sp. 3 15
10 CARB 4 Oxyepoecus myops 5
10 CARB 4 Oxyepoecus myops 1
10 CARB 4 Solenopsis saevissima 1
11 PRO 1 Camponotus crassus 15
11 PRO 1 Pheidole sp. 2 10
11 PRO 1 Wasmannia auropunctata 15
11 PRO 2 Camponotus crassus 15
11 PRO 3 Paratrechina longicornis 5
11 PRO 3 Pheidole sp. 4 15
11 PRO 3 Pheidole sp. 5 5
11 PRO 3 Solenopsis saevissima 5



11 PRO 3 Solenopsis tridens 10
11 PRO 4 Camponotus bicolor 5
11 PRO 4 Camponotus crassus 5
11 PRO 4 Odontomachus bauri 1
11 PRO 4 Solenopsis saevissima 1
11 PRO 5 Camponotus crassus 5
11 PRO 5 Crematogaster victima 1
11 PRO 5 Pheidole sp. 5 1
11 PRO 5 Pheidole mosenopsis 5
11 PRO 5 Pseudomyrmex simplex 5
11 PRO 5 Solenopsis invicta 10
11 CARB 1 Camponotus crassus 5
11 CARB 1 Solenopsis saevissima 5
11 CARB 1 Tapinoma melanocephalum 5
11 CARB 2 Acromyrmex landolti 2
11 CARB 2 Camponotus crassus 2
11 CARB 2 Pheidole sp. 3 5
11 CARB 2 Solenopsis saevissima 1
11 CARB 3 Crematogaster victima 5
11 CARB 4 Camponotus crassus 1
11 CARB 4 Pseudomyrmex gracilis 2
11 CARB 4 Solenopsis invicta 2
11 CARB 4 Solenopsis saevissima 5
11 CARB 5 Camponotus crassus 1
11 CARB 5 Dolichoderus sp. 1 2
11 CARB 5 Linepithema humile 10
11 CARB 5 Solenopsis saevissima 5
12 PRO 1 Acromyrmex landolti 2
12 PRO 1 Camponotus bicolor 2
12 PRO 1 Crematogaster victima 1
12 PRO 1 Pheidole sp. 4 4
12 PRO 2 Brachymyrmex patagonicus 5
12 PRO 2 Cyphomyrmex transversus 1
12 PRO 2 Forelius brasiliensis 1
12 PRO 2 Linepithema neotropicum 1
12 PRO 2 Paratrechina longicornis 1
12 PRO 2 Pheidole sp. 4 1
12 PRO 2 Solenopsis saevissima 1
12 PRO 2 Wasmannia auropunctata 5
12 PRO 3 Camponotus crassus 1



12 PRO 3 Linepithema neotropicum 1
12 PRO 3 Pheidole sp. 4 4
12 PRO 4 Brachymyrmex patagonicus 5
12 PRO 4 Linepithema humile 2
12 PRO 4 Pheidole sp. 4 10
12 PRO 4 Solenopsis saevissima 5
12 PRO 5 Camponotus crassus 5
12 PRO 5 Forelius brasiliensis 5
12 PRO 5 Linepithema humile 5
12 PRO 5 Paratrechina longicornis 5
12 PRO 5 Pheidole sp. 3 5
12 PRO 5 Solenopsis saevissima 5
12 CARB 1 Camponotus crassus 2
12 CARB 1 Crematogaster victima 5
12 CARB 1 Linepithema neotropicum 5
12 CARB 1 Pheidole sp. 2 5
12 CARB 1 Solenopsis virulens 5
12 CARB 2 Solenopsis virulens 2
12 CARB 2 Wasmannia auropunctata 2
12 CARB 3 Dorymyrmex thoracicus 5
12 CARB 3 Solenopsis virulens 2
12 CARB 4 Solenopsis virulens 2
12 CARB 5 Neoponera sp. 1 5
13 PRO 1 Camponotus crassus 2
13 PRO 1 Odontomachus bauri 1
13 PRO 1 Pheidole radoszkowskii 5
13 PRO 2 Odontomachus bauri 5
13 PRO 2 Pheidole sp. 5 5
13 PRO 3 Camponotus crassus 1
13 PRO 3 Dorymyrmex thoracicus 5
13 PRO 3 Ectatomma muticum 5
13 PRO 3 Solenopsis invicta 10
13 PRO 4 Dorymyrmex thoracicus 5
13 PRO 4 Solenopsis invicta 5
13 PRO 5 Camponotus crassus 5
13 PRO 5 Pheidole sp. 5 2
13 CARB 1 Crematogaster victima 1
13 CARB 1 Paratrechina longicornis 1
13 CARB 1 Wasmannia auropunctata 5
13 CARB 2 Pheidole sp. 4 1



13 CARB 2 Solenopsis saevissima 1
13 CARB 3 Camponotus crassus 1
13 CARB 3 Pheidole radoszkowskii 1
13 CARB 3 Solenopsis virulens 1
13 CARB 3 Solenopsis saevissima 10
13 CARB 3 Wasmannia auropunctata 1
13 CARB 4 Dorymyrmex thoracicus 5
13 CARB 4 Pseudomyrmex gracilis 5
13 CARB 4 Solenopsis saevissima 5
14 PRO 1 Odontomachus bauri 5
14 PRO 2 Camponotus crassus 5
14 PRO 2 Linepithema neotropicum 5
14 PRO 2 Pheidole sp. 5 5
14 PRO 3 Odontomachus bauri 10
14 PRO 3 Wasmannia auropunctata 5
14 PRO 4 Brachymyrmex heeri 5
14 PRO 4 Camponotus crassus 5
14 PRO 4 Gnamptogenys striatula 10
14 PRO 4 Pheidole sp. 5 1
14 PRO 4 Solenopsis invicta 5
14 PRO 4 Wasmannia auropunctata 5
14 PRO 5 Camponotus crassus 1
14 PRO 5 Odontomachus bauri 10
14 CARB 1 Pheidole sp. 4 5
14 CARB 1 Solenopsis saevissima 1
14 CARB 1 Tapinoma melanocephalum 5
14 CARB 2 Pseudomyrmex simplex 5
14 CARB 2 Solenopsis saevissima 1
14 CARB 3 Camponotus crassus 5
14 CARB 3 Cyphomyrmex transversus 10
14 CARB 3 Forelius brasiliensis 10
14 CARB 3 Pheidole sp. 4 1
14 CARB 4 Acromyrmex landolti 1
14 CARB 4 Solenopsis invicta 1
14 CARB 5 Pheidole sp. 4 1
15 PRO 1 Brachymyrmex patagonicus 1
15 PRO 1 Camponotus crassus 5
15 PRO 1 Crematogaster brasiliensis 5
15 PRO 2 Dolichoderus sp. 1 1
15 PRO 2 Dorymyrmex thoracicus 5



15 PRO 2 Solenopsis invicta 2
15 PRO 3 Cyphomyrmex transversus 5
15 PRO 3 Pheidole radoszkowskii 1
15 PRO 3 Pseudomyrmex simplex 1
15 PRO 3 Solenaopsis virulens 5
15 PRO 4 Camponotus crassus 5
15 PRO 4 Crematogaster brasiliensis 2
15 PRO 5 Brachymyrmex patagonicus 2
15 PRO 5 Cyphomyrmex transversus 2
15 PRO 5 Pheidole sp. 1 2
15 PRO 5 Pheidole sp. 2 5
15 CARB 2 Camponotus crassus 1
15 CARB 3 Odontomachus bauri 5
15 CARB 4 Solenopsis saevissima 5
15 CARB 5 Atta sexdens 10
15 CARB 5 Pheidole sp. 3 2
15 CARB 5 Solenopsis tridens 5
16 PRO 1 Camponotus bicolor 5
16 PRO 2 Camponotus crassus 5
16 PRO 2 Neivamyrmex sp. 1 1
16 PRO 2 Pheidole sp. 4 5
16 PRO 2 Pheidole radoszkowskii 15
16 PRO 2 Pheidole mosenopsis 2
16 PRO 2 Solenopsis saevissima 5
16 PRO 2 Wasmannia auropunctata 1
16 PRO 3 Camponotus bicolor 5
16 PRO 3 Paratrechina longicornis 5
16 PRO 3 Pheidole mosenopsis 5
16 PRO 3 Solenopsis saevissima 5
16 PRO 4 Camponotus bicolor 5
16 PRO 4 Pheidole mosenopsis 5
16 PRO 4 Solenopsis saevissima 5
16 PRO 5 Camponotus crassus 5
16 PRO 5 Crematogaster victima 5
16 PRO 5 Odontomachus bauri 5
16 CARB 1 Atta sexdens 10
16 CARB 1 Crematogaster victima 5
16 CARB 1 Pheidole mosenopsis 5
16 CARB 1 Tapinoma melanocephalum 5
16 CARB 2 Camponotus crassus 5



16 CARB 2 Solenopsis invicta 5
16 CARB 3 Camponotus crassus 2
16 CARB 4 Solenopsis invicta 1
17 PRO 1 Linepithema neotropicum 5
17 PRO 1 Pheidole mosenopsis 5
17 PRO 2 Camponotus crassus 5
17 PRO 2 Wasmannia auropunctata 10
17 PRO 3 Camponotus bicolor 5
17 PRO 3 Camponotus crassus 5
17 PRO 4 Pheidole mosenopsis 5
17 PRO 5 Crematogaster victima 10
17 PRO 5 Forelius brasiliensis 10
17 PRO 5 Solenopsis invicta 2
17 PRO 5 Wasmannia auropunctata 5
17 CARB 1 Pheidole sp. 5 5
17 CARB 2 Crematogaster victima 2
17 CARB 2 Pseudomyrmex gracilis 5
17 CARB 3 Camponotus crassus 5
17 CARB 4 Camponotus crassus 5
17 CARB 5 Tapinoma melanocephalum 5
18 PRO 1 Camponotus crassus 5
18 PRO 1 Pheidole sp. 4 5
18 PRO 2 Pheidole mosenopsis 5
18 PRO 3 Pheidole sp. 4 1
18 PRO 3 Pheidole mosenopsis 5
18 PRO 4 Pheidole mosenopsis 1
18 PRO 4 Solenopsis saevissima 1
18 PRO 5 Camponotus bicolor 1
18 PRO 5 Camponotus crassus 1
18 PRO 5 Pheidole mosenopsis 1
18 CARB 1 Crematogaster victima 5
18 CARB 1 Solenopsis saevissima 5
18 CARB 2 Atta sexdens 5
18 CARB 2 Camponotus bicolor 5
18 CARB 2 Camponotus crassus 5
18 CARB 2 Solenopsis saevissima 1
18 CARB 3 Camponotus bicolor 2
18 CARB 3 Linepithema neotropicum 2
18 CARB 3 Tapinoma melanocephalum 2
18 CARB 4 Camponotus crassus 2



18 CARB 4 Pheidole sp. 5 10
18 CARB 4 Pheidole mosenopsis 2
18 CARB 4 Solenopsis saevissima 5
18 CARB 5 Linepithema humile 5
18 CARB 5 Pheidole radoszkowskii 2
19 PRO 1 Crematogaster victima 1
19 PRO 1 Odontomachus bauri 5
19 PRO 1 Pheidole mosenopsis 1
19 PRO 2 Acromyrmex landolti 1
19 PRO 2 Solenopsis saevissima 1
19 PRO 3 Solenopsis saevissima 1
19 PRO 4 Camponotus crassus 5
19 PRO 4 Crematogaster victima 1
19 PRO 5 Camponotus bicolor 2
19 CARB 1 Camponotus bicolor 5
19 CARB 1 Camponotus crassus 1
19 CARB 2 Pheidole mosenopsis 1
19 CARB 2 Solenopsis saevissima 1
19 CARB 3 Forelius brasiliensis 1
19 CARB 3 Wasmannia auropunctata 2
19 CARB 4 Solenopsis saevissima 2
19 CARB 4 Tapinoma melanocephalum 1
19 CARB 5 Pheidole mosenopsis 1
19 CARB 5 Wasmannia auropunctata 2
20 PRO 1 Camponotus bicolor 1
20 PRO 1 Camponotus crassus 1
20 PRO 1 Ectatomma muticum 1
20 PRO 2 Crematogaster victima 1
20 PRO 2 Ectatomma muticum 1
20 PRO 2 Pheidole radoszkowskii 1
20 PRO 2 Solenopsis saevissima 5
20 PRO 2 Wasmannia auropunctata 5
20 PRO 3 Camponotus bicolor 1
20 PRO 3 Linepithema neotropicum 1
20 PRO 3 Pheidole radoszkowskii 1
20 PRO 3 Solenopsis invicta 1
20 PRO 3 Wasmannia auropunctata 1
20 PRO 4 Camponotus bicolor 5
20 PRO 4 Camponotus crassus 1
20 PRO 4 Forelius brasiliensis 1



20 PRO 4 Pheidole radoszkowskii 1
20 PRO 5 Camponotus crassus 1
20 PRO 5 Forelius brasiliensis 1
20 PRO 5 Pheidole radoszkowskii 1
20 PRO 5 Pheidole sp. 5 1
20 PRO 5 Pheidole mosenopsis 1
20 PRO 5 Solenopsis invicta 1
20 PRO 5 Solenopsis saevissima 5
20 PRO 5 Tapinoma melanocephalum 5
20 CARB 1 Camponotus crassus 1
20 CARB 2 Camponotus crassus 1
20 CARB 3 Atta sexdens 5
20 CARB 3 Brachymyrmex patagonicus 1
20 CARB 3 Crematogaster victima 5
20 CARB 3 Paratrechina longicornis 5
20 CARB 3 Pheidole sp. 4 5
20 CARB 3 Solenopsis invicta 5
20 CARB 3 Tapinoma melanocephalum 5
20 CARB 4 Atta sexdens 5
20 CARB 4 Paratrechina longicornis 5
20 CARB 4 Solenopsis saevissima 1
20 CARB 5 Camponotus bicolor 1
20 CARB 5 Camponotus crassus 1
20 CARB 5 Crematogaster victima 5
20 CARB 5 Solenopsis invicta 1
21 PRO 1 Camponotus crassus 1
21 PRO 1 Solenopsis invicta 1
21 PRO 2 Solenopsis invicta 1
21 PRO 3 Camponotus bicolor 1
21 PRO 3 Crematogaster victima 1
21 PRO 3 Pheidole sp. 3 1
21 PRO 4 Solenopsis invicta 1
21 PRO 5 Pheidole radoszkowskii 1
21 CARB 1 Pheidole sp. 5 5
21 CARB 2 Linepithema humile 1
21 CARB 2 Solenopsis saevissima 2
21 CARB 3 Tapinoma melanocephalum 2
21 CARB 4 Crematogaster victima 5
21 CARB 5 Camponotus crassus 2
21 CARB 5 Paratrechina longicornis 5




21 CARB 5 Pheidole radoszkowskii 5
22 PRO 1 Camponotus bicolor 1
22 PRO 2 Ectatomma muticum 10
22 PRO 2 Wasmannia auropunctata 5
22 PRO 3 Crematogaster victima 5
22 PRO 3 Pheidole radoszkowskii 1
22 PRO 4 Pheidole sp. 5 1
22 PRO 4 Pheidole mosenopsis 1
22 PRO 5 Solenopsis invicta 1
22 CARB 1 Camponotus crassus 2
22 CARB 2 Camponotus bicolor 1
22 CARB 3 Linepithema humile 5
22 CARB 3 Pheidole sp. 5 1
22 CARB 3 Solenopsis invicta 1
22 CARB 3 Tapinoma melanocephalum 1
22 CARB 4 Pheidole radoszkowskii 1
22 CARB 4 Pheidole sp. 5 1
22 CARB 5 Linepithema humile 5
22 CARB 5 Pheidole radoszkowskii 1




Table S7. Moran’s | autocorrelation test of model residuals. Values of observed and expected (assuming no spatial

autocorrelation) Moran’s | are shown. P-values (P) > 0.05 indicate lack of spatial autocorrelation.

. Moran’s |
Model ID (Response variable Moran’s | expected P
observed
Ant richness -0.19 -0.02 0.86
Ant abundance -0.20 -0.02 0.88
Generalist/specialist replacement of species
) -0.74 -0.05 0.97
richness
Generalist/specialist replacement of ant
-0.08 -0.05 0.54
abundance
Bait discovery time -0.03 -0.0 1
Bait occupancy index (based on species
) -0.37 -0.02 0.99
richness)
Bait occupancy index (based on ant
-0.53 -0.02 0.02

abundance)

Table S8. Response of ant richness to urbanization intensity. The table presents estimates and standard errors (SE)
from linear models assessing ant richness in response to urbanization intensity, with sites as random effects.
Asterisks indicate significance (P<0.05).

Predictor Estimate SE z P
Intercept 2.14" 0.11° 20.16 <0.001"
Urbanization intensity 0.03 0.16 0.16 0.87

Table S9. Response of ant abundance to urbanization intensity. The table presents estimates and standard errors
(SE) from mixed-effects models assessing ant abundance in response to urbanization intensity, with sites as
random effects. Asterisks indicate significance (P<0.05).

Predictor Estimate SE t P
Intercept 241 0.29° 8.25 <0.001"
Urbanization intensity 0.02 0.45 0.04 0.97

Random effect variance



Site 0.08

Fixed effect variance <0.001
Number of sites 22
Number of observations 44
Marginal R? 0
Conditional R? 0.10

Table S10. Statistical outputs from the PERMANOVA analysis used to test the effects of urbanization intensity

on ant taxonomic composition. Significant values are in bold (P<0.05); DF: degrees of freedom; SS: Sum of

squares.
Variables DF SS R? F P
Urbanization intensity 1 0.98 0.39 11.64 0.001"
Residuals 20 1.55 0.61
Total 21 2.52 1

Table S11. Threshold indicator taxa analysis (TITAN) of ant species in response to urbanization intensity.

Species Threshold Response  IndVal z
Crematogaster brasiliensis 0.52 Decrease 90.28 5.93
Neoponera sp. 1 0.28 Decrease 83.33 4.92
Odontomachus bauri 0.52 Decrease 75.86 3.82

Pheidole sp. 1 0.28 Decrease 67.91 5
Solenopsis globularia 0.28 Decrease 66.67 4.86
Dorymyrmex thoracicus 0.72 Decrease 63.49 3.29
Solenopsis virulens 0.28 Decrease 52.31 1.93
Pheidole radoszkowskii 0.61 Decrease 50.28 1.3
Brachymyrmex patagonicus 0.54 Decrease 47.62 1.57
Ectatomma muticum 0.63 Decrease 43.48 2.26
Forelius brasiliensis 0.72 Decrease 36 0.53
Cyphomyrmex transversus 0.52 Decrease 30.86 0.22
Pheidole sp. 2 0.77 Decrease 30.63 0.38
Pseudomyrmex gracilis 0.77 Decrease 29.47 0.34
Gnamptogenys sulcata 0.63 Decrease 25 1.5
Acanthogonatus sp. 1 0.52 Decrease 21.43 0.9

Solenopsis invicta 0.67 Increase 73.08 4.57



Pheidole mosenopsis 0.87 Increase 70.57 3.97

Camponotus bicolor 0.63 Increase 64.62 3.38
Pheidole sp. 5 0.72 Increase 64.02 3.79
Tapinoma melanocephalum 0.52 Increase 60.17 2.25
Camponotus crassus 0.72 Increase 60.09 1.21
Wasmannia auropunctata 0.28 Increase 56.32 1.23
Solenopsis saevissima 0.62 Increase 51.04 1.28
Atta sexdens 0.87 Increase 50.16 3.52
Linepithema humile 0.67 Increase 50 3.18
Crematogaster victima 0.58 Increase 49.13 0.3
Pheidole sp. 4 0.28 Increase 46.73 2.1
Paratrechina longicornis 0.52 Increase 46.67 2.07
Pheidole sp. 3 0.54 Increase 33.18 1.07
Linepithema neotropicum 0.67 Increase 30.41 0.2
Acromyrmex landolti 0.63 Increase 30 2.3
Pseudomyrmex simplex 0.72 Increase 27.16 0.68
Dolichoderus sp. 1 0.61 Increase 25 1.63
Solenopsis tridens 0.61 Increase 17.86 0.15

Table S12. Statistical outputs from the PERMANOVA analysis used to test the effects of urbanization intensity

on ant functional composition. Significant values are in bold (P<0.05); DF: degrees of freedom; SS: Sum of

squares.
Variables DF SS R? F P
Urbanization intensity 1 0.29 0.25 6.74 0.001"
Residuals 20 0.85 0.74
Total 21 1.14 1

Table S13. Threshold indicator taxa analysis (TITAN) of ant functional groups in response to urbanization

intensity.
Functional group Threshold Response  IndVal z
Epigaeic predator 0.63 Decrease  78.45 4.61
Opportunist 0.63 Decrease 59.7 1.3
Non-leaf-cutting Attini 0.52 Decrease  30.88 0.47
Cryptic predator 0.52 Decrease  25.03 1.02
Epigaeic omnivore 0.52 Increase 63.62 3.34

Cryptic omnivore 0.63 Increase 56.93 1.02



Arboreal subordinate 0.72 Increase 53.81 0.39
Leaf-cutting Attini 0.63 Increase 50.92 3.12
Arboreal dominant 0.28 Increase 45.32 0.74

Table S14. Response of generalist / specialist ratio of species richness to urbanization intensity. The table presents
estimates and standard errors (SE) from linear models assessing generalist / specialist ratio of species richness in
response to urbanization intensity. Asterisks indicate significance (P<0.05).

Predictor Estimate SE t P
Intercept 0.57" 0.26" 2.24" 0.04"
Urbanization intensity 1.04" 0.40" 2.59" 0.02"

Table S15. Response of generalist / specialist ratio of ant abundance to urbanization intensity. The table presents
estimates and standard errors (SE) from linear models assessing generalist / specialist ratio of ant abundance in
response to urbanization intensity. Asterisks indicate significance (P<0.05).

Predictor Estimate SE t P
Intercept 0.44" 0.20° 2.20° 0.04"
Urbanization intensity 0.69 0.31" 2.23" 0.04"

Table S16. Response of bhait occupancy index based on species richness to urbanization intensity. The table
presents estimates and standard errors (SE) from linear models assessing protein-bait occupancy index in response
to urbanization intensity, with sites as random effects. Asterisks indicate significance (P<0.05).

Predictor Estimate SE t P
Intercept 0.47 0.08" 6.19" <0.001"
Urbanization intensity 0.08 0.12 0.68 0.50
Bait type 0.14 0.11 1.29 0.20
Urbanization -0.07 0.17 -0.44 0.67

intensity:Bait type

Table S17. Response of bait occupancy index based on ant abundance to urbanization intensity. The table presents
estimates and standard errors (SE) from linear models assessing carbohydrate-bait occupancy index in response to
urbanization intensity, with sites as random effects. Asterisks indicate significance (P<0.05).



Predictor Estimate SE t P
Intercept 0.35" 0.05" 6.64" <0.001"
Urbanization intensity 0.10 0.08 1.26 0.22
Bait type 0.17" 0.08" 2.22" 0.03"
Urbanization -0.08 0.12 -0.72 0.48

intensity:Bait type

Table S18. Response of ant bait discovery time to urbanization intensity. The table presents estimates and standard

errors (SE) from mixed-effects models assessing ant bait discovery time in response to urbanization intensity, with

sites as random effects. Asterisks indicate significance (P<0.05).

Predictor Estimate SE z P
Intercept 2.48" 0.21 11.91° <0.001"
Urbanization intensity -1.27 0.33" -3.90° <0.001"
Bait type -0.08 0.06 -1.31 0.19
Urbanization 0.06 0.11 -0.51 0.61

intensity:Bait type

Random effect variance

Site 0.22
Fixed effect variance 0.15
Number of sites 22

Number of observations 534
Marginal R? 0.29

Conditional R?

0.73
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Abstract

Urbanization is a significant environmental change that might impact the functional attributes of
plant and animal species, particularly among ectothermic organisms like ants. Alterations in the
functional traits of ant species due to increasing urbanization can compromise the provision of
ecosystem functions and services. This study investigates how urbanized areas affect the thermal
maximum tolerance and morphological traits of eight common ant species along an urbanization
gradient in the Metropolitan Region of Recife, Brazil. We selected 22 urban sites representing a
wide gradient of urbanization intensity, measured as the percentage of urban land cover within
500 m radius buffers. In each area we collected 10 workers from the ant species using bait traps
and used a dry bath machine to measure thermal maximum tolerance. The thermal tolerance
amplitude across species varied between 30°C and 60°C. We also measured seven morphological
attributes related to the ants' adaptive functions. Our results indicated that overall thermal
tolerance remained largely conserved across the urban gradient, with no significant changes.
Similarly, morphological traits did not exhibit changes associated with urbanization when
analyzed across all species. However, when examining species individually, we observed a
significant relationship between urbanization and certain morphological traits. Atta sexdens
exhibited a reduction in relative mandible and leg length with increasing urbanization intensity.
Additionally, this species showed a marginally significant trend of increasing head length in more
urbanized areas. For Camponotus crassus, a marginally significant reduction in mandible size
was observed, suggesting a subtle response in feeding habits due to urban pressures. These
findings imply that while urban environments may not universally drive adaptations in thermal
tolerance, specific species such as A. sexdens may develop morphological traits to better navigate
urban challenges, with potential impacts on their role as herbivores. This underscores the need
for further research into species-specific adaptations and the ecological implications of
urbanization on ant communities, as well as the potential impacts on the ecosystem services and

disservices provided by these organisms.
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Introduction

Human-induced modifications to ecosystems drive significant habitat loss and
fragmentation, altering environmental gradients and depleting resources vital for biological
communities (Curtis et al., 2018). While the impacts of these habitat changes on biodiversity are
widely recognized, less attention has been given to the underlying ecological processes that
govern population dynamics and community structure (Okie & Brown, 2009). In particular,
understanding how populations and communities adjust to these alterations—reflected in their
foraging behaviors, dietary preferences, and habitat choices—can be informed by examining their
functional traits (Dehling et al., 2016; Pigot et al., 2020). These functional traits encompass a
range of phenological, physiological, and behavioral attributes that enable organisms to respond
to environmental changes (Tilman et al., 2001). Furthermore, these traits serve as proxies for the
environmental conditions essential for survival, providing insights into the ecological niche

dimensions pertinent to specific species or communities (Kearney et al., 2010; Pigot et al., 2016).

Urban areas represent one of the main landscapes that have been significantly
transformed by human activity, featuring extensive infrastructure and a scarcity of natural habitats
(Week, 2010). These modifications associated with urban development can result in alterations
on plant and animal population size and distribution (McKinney, 2008; Liang et al., 2008), as
well as affect the distribution of functional traits when transitioning from natural ecosystems to
urbanized environments (Groffman et al., 2014). The rapid expansion of urban areas creates
scenarios conducive to the manifestation of plastic phenotypic responses, which may become
targets of natural selection (Diamond et al., 2018; Diamond & Martin, 2020; Levis & Pfennig,
2016; Santos et al., 2021; Santangelo et al., 2022). In this context, ants serve as an excellent model
for studying how functional traits respond to urbanization, given that their physiology,
morphology, and behavior are closely tied to environmental conditions (Menke et al., 2011).
Additionally, while earlier studies have largely concentrated on the impact of urbanization on ant
community composition (Ivanov & Keiper, 2010; Liu et al., 2019; Nooten et al., 2019; Savage et

al., 2015; Uno et al., 2010), it remains plausible that ecosystem processes could be relatively
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unaffected by changes in biodiversity (Naomi & Wright, 2003). Therefore, it is essential to
evaluate functional traits related to species morphology, physiology and behaviour for
anticipating how the distribution of organisms and the functioning of ecosystems will be altered
in response to environmental changes (Arnan & Bliithgen, 2015; Arnan et al., 2015; Deutsch et

al., 2008; Nascimento et al., 2024).

One of the most significant environmental changes associated with urbanization, which
directly impacts ant functional traits, is the rise in temperature. Urbanization leads to the urban
heat island effect, where cities experience higher temperatures due to the replacement of natural
surfaces with impervious materials like concrete and asphalt (Grimmond, 2007; Oke, 1982;
Arnfield, 2003; Diamond et al., 2012, 2017, 2018, 2020). This rise in temperature has significant
implications for ectothermic species, such as ants, whose physiological functions are highly
sensitive to their thermal environment (Angilletta, 2009). One of the key physiological traits
affected by urbanization is the critical thermal maximum (CTMax), the temperature at which an
organism experiences muscular spasms or death (Sinclair et al., 2016). These thermal limits are
critical in shaping species distributions and abundance on both local and regional scales (Kearney
& Porter, 2009; Diamond et al., 2012; Arnan & Bliithgen, 2015; Gardner et al., 2019; Nascimento
et al., 2022). As urban areas warm, smaller, heat-tolerant species, including generalists and
invasive ants, may thrive, while native and specialized species face the risk of migration or
population declines (Diamond et al., 2012). Furthermore, Yilmaz et al. (2019) found that urban
populations of Temnothorax curvispinosus (Myrmicinae) ants exhibited higher running speeds
and metabolic rates than their rural counterparts, indicating adaptations to the hotter urban
climate. Moreover, these urban ants showed greater thermal plasticity, with individuals tolerating
higher CTMax temperatures than ants from rural areas (Diamond et al., 2018). This increased
thermal tolerance reflects broader patterns in ant communities, where differences in species'
abilities to cope with heat enable them to exploit varying thermal conditions within their habitats

(Cerda et al., 1997, 1998; Bestelmeyer, 2000; Lessard et al., 2009).
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Alongside these physiological adaptations, urbanization can also influence the
morphological traits of ants. Studies suggest that not all species are equally affected by
urbanization in terms of their morphological traits. While some research demonstrates that larger-
bodied ants can adapt to harsh urban environments and tolerate higher temperatures (Peng et al.,
2020; Rajesh et al., 2022; Cerda & Retana, 2000), other studies indicate that smaller ants also
tend to thrive in highly urbanized areas (Bolger et al., 2000; Diamond et al., 2012; Egerer €t al.,
2017). Additionally, traits like leg length may also be influenced by urban conditions, with longer
legs contributing to greater mobility (Weiser & Kaspari, 1999) and helping ants lift their bodies
off the hot surfaces of urban environments during foraging, thus protecting them from heat

(Angiletta et al., 2007; Yilmaz et al., 2019).

In this study, we investigated the morphological functional responses of eight widely
distributed ant species along an urbanization intensity gradient in the city of Recife, northeastern
Brazil, a large neotropical metropolis. We hypothesized that increasing urbanization intensity
alters morphological traits (e.g., body size, relative eye length, relative scape length, relative
mandible length, relative clypeus length, and relative leg length) as a result of plastic responses
to habitat alterations associated with urban development. Specifically, we predicted that
individuals inhabiting more urbanized areas would exhibit higher CTMax and smaller body sizes
than those in contexts surrounded by higher proportions of woody cover, as these characteristics

facilitate survival in warmer environments due to the urban heat island effect (Howard, 1833).

Materials and methods

Study area and urbanization levels

The study was conducted in the city of Recife, Pernambuco, northeastern Brazil
(34.8780° — 34.9757°S, 7.9405° — 8.1450°W; Fig. 1). Recife is the third most densely populated
metropolitan area in Brazil (IBGE, 2021) and is also recognized as one of the most deforested

regions of the Brazilian Atlantic Forest (Bernard et al., 2023). The average annual temperature in
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the region ranges from 25°C to 30°C, with humidity levels around 64% (APAC, 2017). We
selected 22 sites within the metropolitan area to represent an urbanization gradient extending from
the city center to suburban areas, located in the western and southern regions. Each site was
situated at least 2 kilometers apart. The intensity of urbanization was assessed by calculating the
proportion of urban cover at each site. This was achieved through a supervised classification of
Planet Scope satellite imagery with a resolution of 3m and four spectral bands, acquired in August
2021 (Planet Labs PBC, 2021). Three primary land cover classes were identified: woody
vegetation, herbaceous vegetation, hydrography and urban cover. Buffers of varying sizes (50,
100, 200, and 500 m radius) were defined around each site, and the proportion of urban cover
within each buffer was calculated (Table S1 — Supplementary Material). We conducted Spearman
rank correlations to evaluate the relationships between the proportion of urban cover across all
buffers. Due to high correlations (Spearman p > 0.7), we used only the 500 m radius buffer in
subsequent analyses, as it is representative of the landscape area that directly influences ant habitat
availability, resource distribution, and ecosystem dynamics (e.g., Cordonnier et al., 2019, 2020;
Koréanyi et al., 2021). The proportion of urban cover within the 500 m radius buffers represents a
broad gradient of urbanization intensity ranging from 0 to 95% (Table S1 — Supplementary

Material).
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We selected eight ant species [i.e., Atta sexdens L. (Myrmicinae), Pheidole radoszkowskii
Mayr (Myrmicinae), Solenopsis invicta Buren (Myrmicinae),Camponotus crassus Mayr
(Formicinae), Tapinoma melanocephalum (Fabricius) (Dolichoderinae), Odontomachus bauri
Emery (Ponerinae), Pseudomyrmex gracilis (Fabricius) (Pseudomyrmecinae), Ectatomma
muticum Mayr (Ectatomminae)] for this study based firstly on their distribution along the urban
gradient (see Chapter 1 for more detail on ant distribution along the urbanization gradient). We
chose species that occur across the entire urbanization gradient studied, ensuring a representative
and consistent sampling across different levels of environmental impact. Additionally, we
selected representatives from different ant subfamilies, providing a phylogenetically diverse
approach. The chosen subfamilies include species that are phylogenetically distant from each
other, which allows us to detect patterns of responses to urbanization across different evolutionary
lineages. This phylogenetic approach enhances our understanding of the specific adaptations of
each group and helps identify whether the impacts of urbanization manifest convergently or
divergently in species that share similar functional traits. Among the represented subfamilies, we
highlight Myrmicinae, the most diverse, with 149 genera, from which we included in this study
the species Atta sexdens, Pheidole radoszkowskii, and Solenopsis invicta. The Formicinae
subfamily, with 50 genera, included Camponotus crassus, while Dolichoderinae, with 48 genera,
is represented by Tapinoma melanocephalum. The Ponerinae, with 47 genera, were included the
species Odontomachus bauri, while the Ectatomminae, with a total of 12 genera, is represented
in this study by Ectatomma muticum. Finally, the Pseudomyrmecinae subfamily, the least diverse

subfamily, with only three genera, is represented by Pseudomyrmex gracilis.

Ant Sampling

We randomly sampled 20 workers from each species at each site along the urbanization
gradient. Collections took place from June to September 2024, focusing on tree trunks, soil, and
lawns within the designated radius for each area along the gradient. Sampling occurred both in
the morning and afternoon. Carbohydrate- and protein-based baits were used to attract the ants

when necessary; however, the baits were exclusively employed to lure the ants without being
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consumed (Freires et al., 2023; Nascimento et al., 2024). Immediately after collection, the
individuals were placed in 50 ml Falcon tubes, each containing a small cotton ball soaked in water
to prevent desiccation of the ants. This methodology follows established protocols in
entomological research, emphasizing the importance of maintaining specimen viability post-
collection (L6pez-Guerrero et al., 2020; Roulston & Goodell, 2011). Additionally, the use of
attractants helps enhance sampling efficiency and ensures a more representative collection of

species (Boulton et al., 2014).

Maximum Thermal Tolerance

We measured maximum thermal tolerance following established protocols used in
various studies (e.g., Diamond et al., 2012). Thermal tolerance assays were conducted with a
minimum of ten individuals from each species within four hours post-collection, with visibly
injured ants excluded from the analyses. The individuals were placed in 1.5 ml microcentrifuge
tubes (one individual per tube) sealed with cotton to prevent the ants from using the tube's end as
a thermal refuge and to ensure they were exposed to the desired experimental temperature (Oberg
et al., 2012). Each tube was randomly arranged in a slot of a pre-heated dry bath incubator set at
30°C. This temperature was chosen as the initial condition since preliminary analyses indicated
that no species had a maximum thermal tolerance (CTmax) lower than this value. Although the
rate of temperature increase can affect absolute CTmax (Roeder et al., 2021), this was not a
concern in our study due to our focus on comparing workers subjected to the same protocol. The
heating block temperature was raised by 1°C every 3 minutes (Arnan et al., 2022). At the end of
each 3-minute interval, we assessed the ants' movement levels, recording either their mobility or
mortality. Additionally, at least two individuals from each species were kept outside the device
as controls to monitor for stress-induced mortality. The temperature at which an ant lost muscular
coordination or succumbed was defined as its CTmax (Diamond et al., 2012). This methodology

is crucial for understanding the thermal limits of species and can reveal potential adaptations to
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urban environments where temperature extremes are more prevalent (Dattilo et al., 2016; Riddell

et al., 2020).

Morphological Traits

We utilized ten workers per species from each site along the urbanization gradient to
measure the morphological traits that may explain responses to environmental changes,
particularly those related to temperature conditions (see Table 1 for more details on the
implication to adaptation of each trait). The measurements were taken using a stereomicroscope
and included: (1) head size as a representative measure of body size, and (2) relative leg size
calculated as the ratio of leg length (femur + tibia) to head length. These traits provide insights
into adaptations in foraging strategies influenced by rising temperatures, as they relate to the
mobility capacity of the ants (Bihn et al., 2010; Kaspari & Weiser 1999). Additionally, we
measured (3) clypeus size and (4) mandible size, as these metrics relate to water loss (Davidson
et al., 2004; Weiser & Kaspari, 2006). The size of the (5) antennae and (6) eyes were also
recorded, as they indicate sensory capabilities; larger antennae can increase the area available for
sensory organs, while eye size reflects the foraging behavior of the ant (Bihn et al., 2010; Kaspari
& Weiser 1999). Species with low thermal tolerance may prefer nocturnal foraging, typically
associated with smaller eyes (Kaspari & Weiser 1999; Gordon, 2010). Finally, we assessed (7)
eye positioning (distance between the eyes), which relates to predation, as greater eye separation
is characteristic of visual predators (Lopez-Guerrero et al., 2020; Hoélldobler & Wilson, 1990;
Cerda et al., 1997). We standardized all trait measurements (except head length) by dividing each
by the head length to limit correlations with body size. This comprehensive approach to measuring
morphological attributes allows for a better understanding of how these traits may enable ants to
adapt to the challenges posed by urban environments, particularly in relation to thermal stress and

resource acquisition.
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Statistical Analyses

To assess whether functional traits, including maximum thermal tolerance and
morphological attributes (i.e., body size, relative eye length, relative scape length, relative
mandible length, relative clypeus length, and relative leg length), varied in response to
urbanization intensity, we performed both analyses for each species individually and across all
species collectively using Generalized Linear Mixed Models (GLMMs) using a Gaussian error
distribution. Site was included as a random effect in all models to account for repeated
measurements of individuals, while species was also included as a random effect in the analysis
of traits across all species collectively. We assessed the models for overdispersion, and when this
assumption was violated, we log-transformed the response variables to meet the assumptions of
normality and homoscedasticity of the data.. All analyses were conducted in R (v. 4.1.3; R Core

Team, 2022). GLMMs were performed using the Ime4 (v. 1.1-7; Bates et al., 2020).

Results

Variation in maximal thermal tolerance and morphological attributes

Regarding the thermal tolerance of the ants collected along the urban gradient, we found
that Pheidole radoszkowskii exhibited the greatest variation (93.8%), with a temperature range of
32°C to 62°C. This was followed by Camponotus crassus, with a variation of 68.8% (32°C to
54°C), Tapinoma melanocephalum, which showed a variation of 56.4% (39°C to 61°C), and
Solenopsis invicta, who exhibited a variation of 50% (36°C to 54°C). Atta sexdens presented a
variation of 38.9% (36°C to 50°C), while Pseudomyrmex gracilis, of 27.5% (40°C to 51°C), and
Ectatomma muticum, of 14.6% (41°C to 47°C). Finally, Odontomachus bauri exhibited the

smallest variation, at 9.5%, with a temperature range of 42°C to 46°C.

The variation in morphological traits among the ant species collected along the urban
gradient revealed notable differences. Regarding leg length, Atta sexdens exhibited significantly

greater variation than Tapinoma melanocephalum, with its legs increasing in size approximately
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twice as much as those of the latter. Similarly, Atta sexdens showed the largest variation in head
length, with an increase about five times greater than that observed in Solenopsis invicta. For eye
distance, Camponotus crassus displayed a much more pronounced variation, around twice as
great as the variation observed in Solenopsis invicta. Regarding eye length, Atta sexdens again
exhibited the greatest variation, approximately five times greater than Solenopsis invicta. In terms
of clypeus length, Pheidole radoszkowskii showed considerably larger variation, around four
times greater than Odontomachus bauri. Mandible length presented an even more remarkable
variation in Pheidole radoszkowskii, with an increase about ten times greater than that of
Ectatomma muticum. Finally, in antenna length, Atta sexdens demonstrated a more pronounced

variation, approximately 1.5 times greater than Tapinoma melanocephalum.

Variation of maximal thermal tolerance and morphological traits along the urbanization intensity

gradient

The maximal thermal tolerance of each species showed no significant response to
urbanization, even when considering all species collectively (Table 2). Similarly, the
morphological traits did not show any variation related to urbanization intensity when analyzed
all species collectively (Table 2). However, when analyzing species individually, a significant
relationship between urbanization and morphological traits was observed for Atta sexdens, which
exhibited reduced relative mandible and leg length with greater urbanization intensity (Table 2,
Fig. 2). Additionally, a marginally significant positive effect of urbanization on head length was

observed in Atta sexdens. None of the other relationships analyzed were significant (Table 2).
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Figure 2. Significant effects of urbanization intensity on the relative mandible length (A), relative
leg length (B) of Atta sexdens workers in the city of Recife, Pernambuco, northeastern Brazil. The
black dots represent mean values per sampling site; the black line indicates the model fitted line;

the gray-shaded area indicates the 95% confidence interval of the model estimates.

Discusion

In this study, we sought to understand how urban intensity influences the maximum
thermal tolerance and several morphological traits related to eight ant species in Recife,
northeastern Brazil. Initially, we hypothesized that ants in urban areas would exhibit higher
thermal tolerance and smaller body sizes—traits that facilitate survival in warmer environments
due to the urban heat island effect (Howard, 1833). However, our findings revealed no significant

evidence of changes in thermal tolerance morphological traits along the urbanization intensity
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gradient when analysing all species together and individually, except for Atta sexdens that exhibit
reduce relative mandible and relative leg length with greater urbanization intensity. Our findings
suggest that ants may rely on behavioral strategies, such as altering their foraging times or seeking

cooler microhabitats, to mitigate the effects of elevated temperatures of urban areas.

Our results did not corroborate previous studies demonstrating that ants respond to
environmental changes caused by urban intensification by alterating their thermal tolerance
and/or morphological attributes (Angilletta et al., 2007; Kaspari & Weiser 2007; Diamond et al.,
2018). With the sole exception of Atta sexdens, all focal species maintained the thermal tolerance
and morphological attributes unalred across the urban intensity gradient. This leads us to propose
that ants rely on behavioral strategies to cope with the environmental conditions altered by
urbanization. Previous studies have documented such behavioral adjustments in ants (Silva et al.,
2019; Esch et al., 2017), suggesting that these strategies may be as effective—or more so—than
physiological adaptations. Regarding Atta sexdens, high plasticity in physiological, and
behavioral attributes have been observed in previous studies (Snell-Rood, 2013; Bustamante,
2017; Bustamante & Amarillo-Suarez, 2019). For instance, colonies of Atta sexdens in the
Atlantic Forest are able to identify highly preferred plant material as soon as it appears in their
foraging areas and adjust their foraging networks accordingly (Silva et al 2012, 2013). Similarly,
colonies of Atta opaciceps adjust the plant parts and species harvested across disturbance
gradients in the Caatinga dry forest (Siqueira et al., 2018). Such high plasticity in foraging
strategies has been proposed as a key factor enabling leaf-cutting ants to persist or even proliferate

in human-modified landscapes, from dry forests to rainforests (Bueno, Campos & Morini, 2017).

The lack of significant alterations in physiological and morphological attributes across
the urganization gradient reported for most focal species may reflect varying degrees of
vulnerability and adaptive flexibility. Some species may already possess pre-adapted traits that
confer resilience in urban environments, while others may face barriers to developing new traits
(Alberti & Marzluff 2004). This dynamic supports the hypothesis that urbanization acts more as

an environmental filter—favoring species with broader niches or superior acclimation
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capacities—rather than inducing widespread phenotypic changes (Bueno, Campos & Morini,
2017). Beyond methodological considerations, our findings suggest that urbanization is not a
universal driver of phenotypic change but rather a selective phenomenon that depends on species,
environmental context, and the type of pressure exerted (Alberti, Marzluff, & Hunt, 2017).
Another consideration is that urban environments, while generally warmer, are highly
heterogeneous. The presence of shaded areas, moist soils, and built structures can provide thermal
refuges, reducing the necessity for widespread physiological changes and then also explaining the
lack of alteration in termal tolerance and morphological attributes for most species we evaluated.
This variability might act as an "environmental buffer,” allowing species to maintain relatively
conserved physiological and morphological traits while exploiting diverse urban niches. The
stability of thermal tolerance across all studied species, despite varying levels of urban intensity,
also raises the hypothesis that this trait is inherently conservative. In other words, maximum
thermal tolerance (CTmax) may be more tightly regulated by phylogenetic constraints than by
immediate environmental pressures (Nascimento et al. 2022). Thus, urbanization might not exert
a sufficiently strong selective force to alter this trait, especially in contexts like Recife, where the

urban temperature gradient may be less pronounced compared to other global cities.

As an exception to the general patterns described here, Atta sexdens exhibited a
significant reduction in the relative length of its mandibles and legs with increasing urban
intensity (Table 2, Fig. 2), coupled with a marginally significant increase in head length. These
findings diverge from our initial hypotheses, yet they may reflect specific functional adaptations
to urban demands. The reduction in mandible and leg length could indicate shifts in foraging
behavior and resource manipulation in urban settings, where spatial constraints and the
availability of novel food resources might require different biomechanical strategies. In contrast,
the marginal increase in head length may be associated with enhanced development of the
muscular system—potentially improving food processing and defense capabilities. These
morphological changes align with findings from studies on worker polymorphism in leaf-cutting

ants (Wheeler, 1991; Muratore et al., 2023), where variations in traits such as the head, mandibles,
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and legs have been linked to task performance. It was seen that in smaller workers, high levels of
morphological integration facilitate the execution of complex, multifunctional tasks, whereas
larger workers tend to exhibit greater modularity, allowing for specialized functions like efficient
leaf cutting and fungal gardening (Muratore et al., 2023). Modifications in leg morphology may
optimize the biomechanics of leaf cutting, where the legs act as anchors during a circular cutting
motion (Roces and Holldobler, 1994). However, the reduction in leg length observed in this study
may indicate that ants in urban areas are altering their morphology or utilizing smaller workers to
perform this task in a less intensive way or with different mechanics. Adjustments in head
morphology may reflect increased investment in the musculature necessary for powerful bites
(Gronenberg et al., 1997; Paul and Gronenberg, 1999). This plasticity may be a response to
changes in the available resources or to the altered conditions of the urban habitat, which influence

the need to perform leaf cutting as intensively as in natural areas.

It is important to note that the Atta genus is highly polymorphic (Wheeler, 1991), a
characteristic that may underlie such adaptive morphological plasticity. Moreover, previous
studies have documented that Atta sexdens not only proliferates in disturbed areas but also
increases its consumption and herbivory rates in these habitats (Urbas et al., 2007; Siqueira et al.,
2017, 2018). Thus, the morphological adjustments observed in our study raise intriguing
questions about the role of phenotypic plasticity in the ecological success of leaf-cutting ants
under urban pressures. Future studies should further explore how these shifts in integration and
modularity among key morphological traits contribute to the functional efficiency and

adaptability of Atta sexdens in increasingly urbanized landscapes.

In syntesis, our study reveals the complex nature of ants' responses to urbanization,
indicating that adaptation to the urban environment may occur through mechanisms that go
beyond changes in physiological and morphological traits. While we anticipated high plasticity
of urban ant species, such as variation in thermal tolerance and morphological traits in response
to the environmental changes of cities, the relative stability of these characteristics suggests that

the urban environment studied may not be imposing a strong enough filter to drive significant
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changes in these attributes. Additionally, alternative strategies such as behavioral flexibility,
environmental acclimation, and selective adjustments in specific traits, may be more effective
ways for ants to cope with urban stress, allowing some species to thrive despite challenging
conditions. These insights emphasize the importance of considering a broader range of adaptive
responses and the influence of the specific environment studied when trying to understand how

species face the challenges of urbanized habitats.
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Table 1. Morphological traits measured in this study, along with the description, references and

implications for adaptation, which highlight how these characteristics contribute to the survival

and foraging strategies of ants, particularly in relation to environmental conditions.

Trait Description Reference Implication for Adaptation
Representative measure of Kaspari & Weiser, Reflects overall body size, influencin
Head Size body size. Measured by head P ’ . , DOCY 5125, £
) 1999 the ability to withstand thermal stress.
length and width.
Relative  Ratio of leg length (femur + Kaspari '& Weiser, Indlcgtes mob111'ty capacr[}'f fpr
. o 1999; Bihn et al., foraging strategies under rising
Leg Size  tibia) to head length.
2010 temperatures.
A he fi f the head. . . .
Clypeus rea at the front of the head Davidson et al.,  Related to water loss, important in hot
. Measured by clypeus length .
Size . 2004 and dry environments.
and width.
Mandible . Weiser & Kaspari, Contrlbgtes o t h.e .regulauor'l of Water
. Length of the mandibles. loss during activities, especially in
Size 2006 .
warm climates.
Increases the area available for sensory
Aptenna Length of the antennac. Weiser & Kaspari, organs, famhtaﬂpg foraglng in
Size 2006 environments with varying
urbanization.
. Reflects foraging behavior; species
Eye Size 5‘:;(1)1 of eye length and Bihn et al., 2010  with low thermal tolerance tend to
' forage at night and have smaller eyes.
Eve Indicates sensory and adaptive
PZsition Distance between the eyes.  Bihn et al., 2010 capability to detect prey and threats in

different light conditions.




780  Table 2. Effects of urbanization intensity on morphological functional traits of ants in the city of Recife, Pernambuco, northeastern Brazil. Significant p-values

781  are highlighted in bold; SE: Standard error; DF: Degrees of freedom.

Response Species Transformation Predictor Estimate SE DF t-value p-value

Body size [head length

All species Log (x +1) Intercept 7.05 0.07 15.09 102.75 <0.001
(um)]
Urbanization intensity 0.03 0.11 14.15 0.26 0.80
Atta sexdens Log (x +1) Intercept 7.28 0.17 7.96 42.06 <0.001
Urbanization intensity 0.59 0.26 7.85 2.24 0.06
Camponotus crassus Log (x +1) Intercept 7.47 0.34 5.00 21.83 <0.001
Urbanization intensity -0.48 0.67 5.00 -0.72 0.50
Ectatomma muticum Log (x +1) Intercept 7.82 0.05 13.00 157.99 <0.001
Urbanization intensity -0.03 0.08 12.96 -0.33 0.75

Odontomachus bauri Log (x +1) Intercept 7.41 0.09 13.10 85.45 <0.001



Urbanization intensity 0.06 0.15 13.08 0.43 0.68

Pheidole radoszkowskii Log (x +1) Intercept 6.64 0.20 10.15 32.94 <0.001
Urbanization intensity -0.17 0.31 10.14 -0.55 0.60

Pseudomyrmex gracilis Log (x +1) Intercept 6.98 0.03 15.22 213.41 <0.001
Urbanization intensity 0.02 0.05 14.09 0.30 0.77

Solenopsis invicta Log (x +1) Intercept 6.68 0.15 3.03 45.67 <0.001
Urbanization intensity 0.08 0.21 3.03 0.36 0.74

Tapinoma melanocephalum Log (x + 1) Intercept 5.98 0.06 12.25 99.96 <0.001
Urbanization intensity 0.05 0.10 12.35 0.47 0.65

Relative eye length (um) All species - Intercept 0.23 0.03 13.32 7.52 <0.001
Urbanization intensity 0.02 0.05 13.06 0.32 0.75
Atta sexdens - Intercept 0.11 0.03 7.99 3.71 0.01
Urbanization intensity 0.01 0.04 7.90 0.25 0.81




Camponotus crassus Intercept 0.19 0.06 5.00 3.06 0.03
Urbanization intensity 0.02 0.12 5.01 0.13 0.90
Ectatomma muticum Intercept 0.26 0.02 13.03 15.04 <0.001
Urbanization intensity 0.02 0.03 12.98 0.69 0.50
Odontomachus bauri Intercept 0.23 0.04 13.11 5.22 <0.001
Urbanization intensity -0.09 0.07 13.10 -1.24 0.24
Pheidole radoszkowskii Intercept 0.47 0.17 10.26 2.79 0.02
Urbanization intensity -0.15 0.26 10.25 -0.57 0.58
Pseudomyrmex gracilis Intercept 0.22 0.06 13.32 3.73 0.002
Urbanization intensity 0.01 0.10 13.20 0.19 0.85
Solenopsis invicta Intercept 0.19 0.05 3.01 3.99 0.03
Urbanization intensity 0.07 0.07 3.01 0.96 0.41
Tapinoma melanocephalum Intercept 0.17 0.10 11.98 1.73 0.11



Urbanization intensity 0.21 0.17 11.99 1.24 0.24
Inter-ocular distance (um)  All species Intercept 0.64 0.06 13.64 10.44 <0.001
Urbanization intensity 0.001 0.10 13.34 0.01 0.99
Atta sexdens Intercept 0.79 0.13 7.94 5.96 <0.001
Urbanization intensity -0.14 0.20 7.83 -0.67 0.52
Camponotus crassus Intercept 0.56 0.25 4.99 2.29 0.07
Urbanization intensity 0.001 0.48 4.99 0.002 1
Ectatomma muticum Intercept 0.68 0.04 13.01 16.65 <0.001
Urbanization intensity 0.04 0.07 12.98 0.57 0.58
Odontomachus bauri Intercept 0.46 0.08 13.17 6.10 <0.001
Urbanization intensity -0.17 0.13 13.16 -1.37 0.19
Pheidole radoszkowskii Intercept 0.91 0.43 10.17 2,11 0.06
Urbanization intensity -0.03 0.66 10.17 -0.04 0.97




Pseudomyrmex gracilis - Intercept 0.46 0.01 14.66 38.59 <0.001
Urbanization intensity -0.02 0.02 12.87 -1.06 0.31
Solenopsis invicta - Intercept 0.68 0.23 3.01 2.94 0.06
Urbanization intensity 0.05 0.34 3.01 0.15 0.89
Tapinoma melanocephalum — Intercept 0.81 0.03 13.11 24.95 <0.001
Urbanization intensity -0.003 0.05 13.47 -0.07 0.94
Relative mandible length
All species - Intercept 0.67 0.08 13.08 8.16 <0.001
(um)
Urbanization intensity -0.02 0.14 12.91 -0.18 0.86
Atta sexdens - Intercept 0.71 0.06 7.52 11.13 <0.001
Urbanization intensity -0.27 0.10 6.81 -2.79 0.03
Camponotus crassus - Intercept 0.37 0.11 5.01 3.23 0.02
Urbanization intensity -0.03 0.22 5.01 -0.14 0.89




Ectatomma muticum - Intercept 0.80 0.05 13.01 16.44 <0.001
Urbanization intensity 0.04 0.08 12.97 0.53 0.60
Odontomachus bauri - Intercept 0.90 0.07 13.14 12.05 <0.001
Urbanization intensity -0.13 0.13 13.11 -0.99 0.34
Pheidole radoszkowskii - Intercept 1.03 0.31 10.43 3.30 0.01
Urbanization intensity -0.36 0.48 10.43 -0.74 0.48
Pseudomyrmex gracilis - Intercept 0.39 0.03 19.25 13.44 <0.001
Urbanization intensity -0.03 0.05 16.77 -0.70 0.49
Solenopsis invicta - Intercept 0.49 0.08 3.03 6.28 0.01
Urbanization intensity -0.09 0.11 3.03 -0.74 0.51
Tapinoma melanocephalum — Intercept 0.58 0.21 12.04 2.78 0.02
Urbanization intensity 0.24 0.35 12.05 0.68 0.51




Relative clypeus length

(nm)

All species Intercept 0.27 0.04 13.43 6.26 <0.001
Urbanization intensity 0.05 0.07 13.14 0.76 0.46
Atta sexdens Intercept 0.14 0.03 7.91 4.26 0.003
Urbanization intensity 0.04 0.04 7.79 0.75 4.48
Camponotus crassus Intercept 0.17 0.05 4.99 3.25 0.02
Urbanization intensity 0.03 0.10 5.01 0.31 0.77
Ectatomma muticum Intercept 0.51 0.03 13.02 16.85 <0.001
Urbanization intensity 0.02 0.05 12.99 0.36 0.72
Odontomachus bauri Intercept 0.08 0.01 13.18 10.10 <0.001
Urbanization intensity 0.01 0.01 13.13 0.64 0.53
Pheidole radoszkowskii Intercept 0.52 0.26 10.20 2.04 0.07
Urbanization intensity -0.04 0.40 10.20 -0.11 0.91




Pseudomyrmex gracilis - Intercept 0.25 0.02 15.62 11.03 <0.001
Urbanization intensity -0.01 0.04 14.55 -0.22 0.83
Solenopsis invicta - Intercept 0.21 0.02 3.06 9.53 0.002
Urbanization intensity 0.05 0.03 3.07 1.65 0.20
Tapinoma melanocephalum — Intercept 0.24 0.12 11.98 2.07 0.06
Urbanization intensity 0.18 0.20 11.99 0.91 0.38
Relative antenna length
All species - Intercept 1.11 0.12 13.79 9.27 <0.001
(um)
Urbanization intensity 0.30 0.20 13.27 1.52 0.15
Atta sexdens - Intercept 1.04 0.30 8.08 3.47 0.01
Urbanization intensity -0.10 0.45 7.25 -0.23 0.82
Camponotus crassus - Intercept 0.96 0.32 5.02 3.05 0.03
Urbanization intensity 0.25 0.62 5.04 0.41 0.70




Ectatomma muticum - Intercept 1.03 0.06 13.02 16.94 <0.001
Urbanization intensity 0.04 0.10 12.98 0.35 0.73

Odontomachus bauri - Intercept 1.12 0.15 13.86 7.22 <0.001
Urbanization intensity -0.09 0.26 13.82 -0.35 0.73
Pheidole radoszkowskii - Intercept 1.79 0.59 10.38 3.03 0.01
Urbanization intensity 0.97 0.91 10.38 1.06 0.31

Pseudomyrmex gracilis - Intercept 1.06 0.06 18.87 16.47 <0.001
Urbanization intensity -0.24 0.10 16.36 -2.30 0.04
Solenopsis invicta - Intercept 0.95 0.58 3.02 1.66 0.20
Urbanization intensity 0.43 0.84 3.02 0.51 0.65
Tapinoma melanocephalum — Intercept 0.93 0.42 12.02 2.21 0.05
Urbanization intensity 0.68 0.71 12.04 0.96 0.36

Relative leg length (um) All species - Intercept 2.32 0.27 19.60 8.54 <0.001



Urbanization intensity -0.12 0.35 13.77 -0.35 0.73
Atta sexdens Intercept 3.78 0.35 107 10.74 <0.001
Urbanization intensity -1.99 0.51 107 -3.88 <0.001
Camponotus crassus Intercept 2.39 0.43 5.00 5.61 <0.001
Urbanization intensity 0.37 0.83 5.02 0.44 0.68
Ectatomma muticum Intercept 231 0.12 13.00 18.61 <0.001
Urbanization intensity 0.08 0.21 12.95 0.37 0.72
Odontomachus bauri Intercept 1.82 0.15 13.25 12.44 <0.001
Urbanization intensity -0.03 0.25 13.21 -0.14 0.90
Pheidole radoszkowskii Intercept 2.84 1.14 10.24 2.50 0.03
Urbanization intensity 0.41 1.76 10.24 0.23 0.82
Pseudomyrmex gracilis Intercept 1.47 0.23 14.60 6.43 <0.001
Urbanization intensity 0.05 0.38 13.73 0.13 0.90




Solenopsis invicta Log (x +1) Intercept 1.16 0.27 3.05 4.25 0.02
Urbanization intensity -0.05 0.40 3.06 -0.14 0.90

Tapinoma melanocephalum — Intercept 1.86 0.12 12.87 15.04 <0.001
Urbanization intensity -0.06 0.21 13.05 -0.28 0.78

CTMax (°C) All species Log (x +1) Intercept 3.84 0.02 18.74 181.66 <0.001
Urbanization intensity 0.004 0.03 13.52 0.16 0.88

Atta sexdens Log (x +1) Intercept 3.87 0.02 9.06 233.36 <0.001
Urbanization intensity -0.01 0.02 8.80 -0.45 0.66

Camponotus crassus Log (x +1) Intercept 3.93 0.06 4.99 63.27 <0.001
Urbanization intensity -0.18 0.12 4.99 -1.50 0.19

Ectatomma muticum Log (x +1) Intercept 3.79 0.03 12.97 115.13 <0.001
Urbanization intensity 0.003 0.05 12.76 0.07 0.95

Odontomachus bauri Log (x +1) Intercept 3.79 0.03 14.001 109.06 <0.001
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Urbanization intensity 0.001 0.06 13.85 0.03 0.98
Pheidole radoszkowskii Log (x +1) Intercept 3.89 0.04 10.68 103.18 <0.001
Urbanization intensity -0.07 0.06 10.73 -1.21 0.25
Pseudomyrmex gracilis Log (x +1) Intercept 3.78 0.02 13.77 192.12 <0.001
Urbanization intensity 0.06 0.03 13.51 1.71 0.11
Solenopsis invicta Log (x +1) Intercept 3.89 0.04 3.08 96.62 <0.001
Urbanization intensity -0.003 0.06 3.10 -0.05 0.97
Tapinoma melanocephalum Log (x + 1) Intercept 3.80 0.05 12.02 78.10 <0.001
Urbanization intensity 0.10 0.08 12.03 1.24 0.24
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Table S1. Characteristics and distribution of the ant species analyzed in the study, including their food
preferences, environmental adaptations, and relevant references. The species include leaf-cutting ants,
predatory ants, generalists, and specialists, with varying behaviors and relationships to urban and natural

environments.

Species Occurrence Characteristics Reference

Forti et al., 2020;
Leaf-cutting ant considered generalist, Mehdiabadi et al., 2012;
Widely distributed in  uses plant material to cultivate fungi ~ Wirth et al., 2007; Meyer et

Atta sexdens Brazil and the in its underground nests. Prefers open al., 2009; Dohm et al., 2011;
Neotropics. habitats, proliferating after Siqueira et al., 2018;
anthropogenic disturbances. Perfecto & Philpott, 2023;

Swanson et al., 2019

Distributed across

. . Epigaeic omnivore ant considered Benitez & Perfecto, 1990;
Neotropical regions,

Pheidole especiallv in Brazil generalist, collects a variety of foods, Nestel & Dickschen, 1990;
radoszkowskii Cef)ntral a)r: d South " including arthropods and plant Assis et al., 2018; Mertl et
exudates. al., 2010; Perfecto, 1991

America.

Cryptic omnivore considered
Found in South aggressive ant, forms large colonies  Wurm et al., 2011; Bragard
America and various and adapts to various environments, et al., 2023; Chan &
Solenopsis invicta regions worldwide,  including urban and agricultural. It is Guénard, 2020; Holway et
including the United  known as an invasive species with al., 2002; Adams, 1986;
States. negative impacts on health and Wang et al., 2010
agriculture.

Found in several

. Arboreal subordinate ants with castes
regions of South

varying in size and function. It has a Leal et al,, 2014; Fagundes

Camponotus America, including L . Lo etal., 2016; Camara et al.,
. . mutualistic relationship with plants, i .
crassus Brazil, Argentina, . . 2018; Santos, 2016; Ronque
. protecting them from herbivores and
Colombia, Paraguay, . etal., 2018
and Peru helping control pests.

Opportunist ant considered generalist,
with coloration that blends into

Widely distributed backgrounds, commonly found in Wetterer, 2009; Kamura et

;?erl);rr]]gg?)halum \g?;?l\/::;’oiﬁzrd " urban gnvironment_s. Known for its _ al., 2007; F(_)wler etal.,
; potential to transmit pathogens, and is 1993; Moreira et al., 2005
regions. :
one of the most prevalent ants in
hospitals.
Epigaeic predator ants considered
Found in Brazil and  specialist with highly developed Holldobler & Wilson, 1990;
Odontomachus  other tropical and mandibles, used for capturing prey Oliveira & Holldobler, 1989;
bauri subtropical regions of and defense. Forages individually, Wetterer, 2010; Vogt et al.,
South America. preying on arthropods and 2019

decomposing organic matter.




Species Occurrence Characteristics Reference

Opportunist ant considered generalist,
Found in tropical and collects sugary exudates, and exhibits Nettel-Hernanz et al., 2015;
subtropical forests of aggressive behavior. Can benefit from Goémez et al., 2004; Fowler
South America. urban food sources like food scraps et al., 1991; Vogt et al., 2019
and garbage.

Ectatomma
muticum

Arboreal subordinate ant considered  Boulton et al., 2000;

Distributed in tropical specialist of plants with extrafloral Holldobler & Wilson, 1990;

Pseudomyrmex  regions of the New

racilis World. especially in nectaries, capable of preying on Fowler et al., 1991; Ward,
g » €SP y various insects. May be aggressive, ~ 1985; Wetterer et al., 2022;
forests and savannas. . .
damaging plants it protects. Kramer et al., 2017
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Abstract

Ant-mediated seed dispersal is a critical ecological process that contributes to the maintenance
and regeneration of plant communities. Urbanization can significantly alter these interactions via
the reduction or even depletion of native ant dispersers, leading to shifts in biodiversity and
ecosystem function. In this study, we assessed the effects of urbanization on seed dispersal by
ants in the Metropolitan Region of Recife, Brazil. We established 22 sampling sites along an
urbanization gradient, and offered artificial seeds to monitor interactions between ants and seeds.
We recorded a total of 443 ants from 29 species and five subfamilies interacting with 2,705
artificial seeds. Of these, 26.4% were removed (>5 cm displacement), while 73.6% were only
cleaned (elaiosome consumed without seed transport). Pheidole was responsible for 47.6% of all
interactions and removing 35.8% of the seeds. Species from genera such as Ectatomma,
Gnamptogenys, Neoponera, and Odontomachus were restricted to less urbanized areas (<30%
urban cover) and were characterized as high-quality dispersers. Odontomachus bauri was the
most representative among these, removing 7.37% of seeds. On the other hand, Pheidole,
Camponotus, and Solenopsis, were classified as low-quality dispersers and dominated more
urbanized environments. Furthermore, these genera also exhibited the greatest mean removal
distances (=88 cm, 72.62 cm, and 64.83 cm, respectively). Overall, our results revealed a
significant decrease in seed removal rate with increasing urbanization intensity, while seeds
cleaned increased. While the composition of seed-dispersing ant communities shifted markedly
along the gradient, dispersal distances and ant abundance and richness were not influenced by
urbanization. These findings highlight the influence of urbanization on ant-mediated seed
dispersal, with shifts in species composition and foraging behavior affecting dispersal efficiency
and potential ecological functions.

Key-words: Artificial seeds; Urban ants; Removal seeds; Urban ecosystem
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Introduction

Urbanization is one of the most significant global changes affecting ecosystems
worldwide, deeply impacting biodiversity and the ecological interactions essential for ecosystem
functioning (Fuller et al., 2010). It modifies local and regional climates through the urban heat
island effect and alterations in precipitation patterns (EImquvist et al., 2013). Furthermore, as urban
populations grow, the demand for land and resources increases, while in some declining urban
areas, abandoned spaces present both challenges and opportunities for biodiversity recovery
(EImquvist et al., 2013). Biodiversity recovery depends on a range of complex, interconnected
natural processes that sustain life, such as suitable climatic conditions, water availability, nutrient
cycling, organic matter decomposition, and the presence and abundance of ecological partners
(Lal, 2004; Grimm et al., 2008; McKinney, 2006).

Although often considered secondary, other ecosystem functions related to biodiversity,
such as pest control, pollination, and seed dispersal, also play crucial roles in maintaining the
stability and functionality of ecosystems (Leal & Oliveira, 1998; Melathopoulos et al., 2015;
Boesing et al., 2018; Vale et al., 2023). These processes often work together to ensure that
ecological systems remain balanced and resilient in the face of change (Kiers et al., 2010). Among
these ecosystem services, seed dispersal stands out as a fundamental process for plant
regeneration and the maintenance of diversity, facilitating colonization of new environments and
connectivity between habitats (Lengyel et al., 2010; Penn & Crist, 2018). This process not only
sustains the continuity of plant populations but also contributes to the dynamics of ecological
communities, especially in urban areas where natural processes are often altered or disrupted
(Guerrero et al., 2016; McKinney, 2008).

In fact, urbanization can disrupt natural ecological processes due to habitat loss and
fragmentation, as well as the introduction of exotic and/or invasive species, which can reduce the
effectiveness of seed dispersal and negatively impact biodiversity recovery (Goddard et al., 2009;
Shochat et al., 2006). Many animals participate in seed dispersal mutualisms, but diaspore traits
can indicate the main dispersers for a given plant species (Valenta and Nevo, 2020). Fleshy fruits

are generally dispersed by vertebrates. Brightly colored, thin-skinned fruits are associated with
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bird dispersal, while dull, highly aromatic fruits are associated with mammal dispersal (Herrera,
1989, 2002; Sinnott-Armstrong et al., 2018). The presence of an elaiosome (a food body attached
to a seed) indicates that the seed is primarily dispersed by ants (Jules, 1996). Elaiosomes are
generally described as nutrient-rich food bodies attached to seeds that act as a food reward
attracting and rewarding seed-dispersing ants (Karnish, 2024).

Seed dispersal by ants (myrmecochory) is a widely distributed strategy involving 11,000
species of angiosperms from 77 botanical families (Leal et al., 2007; Lengyel et al., 2010; Penn
& Crist, 2018). Myrmecochorous plants are particularly abundant and diverse in habitats such as
temperate forests of the Northern Hemisphere and sclerophyllous shrubs in Mediterranean
climates of South Africa, Australia, southern Europe, and South America (Berg, 1975; Beattie,
1985; Bond & Slingsby, 1983; Westoby et al., 1991; Lengyel et al., 2009; Leal et al., 2007). Ants
are attracted to diaspores that fall to the ground and remove the elaiosome, a process that may
facilitate dormancy break and increase germination success (Hughes & Westoby, 1992; Canner
et al., 2012; Pacini, 1990; Lobstein & Rockwood, 1993). Additionally, by transporting seeds to
their nests, ants reduce predation beneath the mother plant (Horvitz, 1981; Howe & Smallwood,
1982) and competition among seedlings (Westoby et al., 1982), while depositing them in nutrient-
rich sites favorable for germination (Rissing, 1986). The removal of the elaiosome may also
decrease fungal attacks, contributing to successful seedling establishment (Oliveira et al., 1995;
Leal & Oliveira, 1998). The average dispersal distance and the shape of the dispersal curve play
crucial roles in the colonization rates of propagules at new sites (Portnoy & Willson, 1993). After
the initial transport to the nest, seeds may be discarded in distant locations through secondary
dispersal (Beaumont et al., 2012). Ants respond to seed and elaiosome size; generally, ants prefer
to collect larger seeds and seeds with larger elaiosomes, likely because this increases the food
reward relative to the cost of moving a seed (Gunther & Lanza, 1989; Gorb & Gorb, 2003). While
numerous ant species are involved in seed cleaning and removal, the most effective dispersal is
often carried out by a small group of key species (Andersen, 1988; Gove et al., 2007; Zelikova &

Ratchford, 2008).



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

High-quality seed dispersal services are typically provided by larger ant species because
they collect seeds readily and transport them over long distances (Andersen & Morrison, 1998;
Leal et al., 2014). Low-quality dispersers (i.e., ant species that cleaned elaiosomes without
moving seeds or move seeds only short distances; Andersen & Morrison, 1998) do not show
preferences for elaiosome or seed mass (Leal et al., 2014). Less frequent long-distance dispersal
events and the behavior of discarding seeds near ant colony waste piles further extend the reach
of this ecosystem service, influencing the fate and distribution of seeds (Berg, 1975; Lubertazzi
et al., 2010). Although few ant species are high-quality dispersers, these species disperse a large
number of seeds, routinely removing over 75% of the seeds offered by plants (Warren & Giladi,
2014). However, large ant species are especially sensitive to disturbances (Gibb et al., 2018; Leal,
Andersen, & Leal, 2014), which can result in severe reductions in the quality of seed dispersal
services in disturbed habitats (Almeida et al., 2013; Gove, Majer, & Dunn, 2007; Leal, Andersen,
& Leal, 2014; Ness, Bronstein, Andersen, & Holland, 2004). This is particularly relevant in urban
environments, where anthropogenic pressures significantly influence the abundance, frequency,
and composition of potential seed dispersers (Schneiberg et al., 2020; Teixido et al., 2022).

Urban ecosystems present unique conditions that influence ant behavior and seed
dispersal dynamics. Physical barriers such as roads and buildings limit the movement of
dispersers and alter natural vegetation regeneration patterns (McKinney, 2008; Ziter et al., 2019).
Despite the limitations imposed by habitat fragmentation and degradation, ants exhibit significant
ecological plasticity, which may help them persist in urban environments and continue to play
functional roles in cities (Parr et al., 2007; Vissoto et al., 2023). Many urban ant species with
generalist behavior persist or even benefit from simplified foraging landscapes and/or the
availability of new types of food resources (Palfi & Robinson, 2017). However, the maintenance
of ecosystem services provided by these species, such as seed dispersal, may be compromised by
transformations imposed by urbanization. A recent review highlighted the need for integrative
studies that address how these mutualisms respond to environmental changes, especially in urban

landscapes where ecological interactions are often altered (Teixido et al., 2022).
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In this context, this study is essential for understanding the vulnerability of plant-animal
mutualisms in urban environments, evaluating how seed dispersal by ants can contribute to
vegetation regeneration and ecological connectivity in cities (Harrison & Winfree, 2015; Seto et
al., 2012; Palfi & Robinson, 2017). By filling this gap, it provides valuable insights for
biodiversity conservation and the management of green spaces as reservoirs of ecosystem services
(Thomson et al., 2010; Sorrells & Warren, 2011). We investigated the effects of urbanization
intensity on seed dispersal provided by the ant community along a pre-established urbanization
gradient in the Metropolitan Region of Recife, in Northeastern Brazil. We used artificial seeds to
assess the potential seed dispersal service provided by ants. Our general hypothesis was that
urbanization intensity reduces the quality of seed dispersal services due to a decrease in the ant
disperser community, caused by habitat modifications, changes in the availability of different
food resources, and increased risks associated with foraging as consequences of urbanization. We
predicted that with increasing urbanization intensity, there will be (1) a reduction in removal rate,

and (2) an increase in cleaned seeds.

Material and Methods
Study site

The study was carried out in the Metropolitan Region of Recife, Pernambuco, located in
northeastern Brazil (34.8780° — 34.9757°S, 7.9405° — 8.1450°W; Fig. 1). Recife is known for
being the third most densely populated metropolitan area in Brazil (IBGE, 2021) and one of the
most deforested regions of the Brazilian Atlantic Forest (Bernard et al., 2023). The city has an
average annual temperature of 27.7 °C and receives around 2200 mm of rainfall each year (APAC,
2017). The predominant vegetation in Recife is characteristic of the Atlantic Forest, specifically
the Lowland Dense Ombrophilous Forest, which historically covered much of the region (Lima
et al., 2019). However, urban expansion over time has led to significant fragmentation and
degradation of this vegetation.

We selected 22 locations across the region to study urbanization influences on seed

dispersal, ranging from the city center to suburban areas in the southwest near rural zones. Each
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site was chosen based on the centroid of each grid cell, and experimental procedures were
performed in sidewalks, small green spaces, or parks, to represent different urbanization contexts.
To select these sites, we first applied a grid over the study area, then created buffers around each
site and measured the amount of built cover as a proxy for urbanization intensity. For this, we
used Planet Scope satellite images from August 2021, with a 3 m resolution and four spectral
bands (Planet Labs PBC, 2021). We identified three main land cover types: woody vegetation,
herbaceous vegetation, and built cover. We added the hydrography by merging the classified
raster map with layers originally obtained in vector format at the Recife Municipal Government
website (https://dados.recife.pe.gov.br/dataset/area-urbana/resource/47964772-09e5-4f6e-b9e3-
3b829f475eec?inner_span=True).

We defined buffers of different sizes (50, 100, 200, and 500 meters) around each site and
measured the built cover proportion within each buffer. Spearman rank correlations were used to
check the relationship between built cover across all buffers. Since the correlations were high
(Spearman p > 0.7), we focused on the 500-meter buffer in further analysis, as it best represents
the area influencing ant habitat, resource distribution, and ecosystem dynamics (e.g., Cordonnier
et al., 2019, 2020; Koranyi et al., 2021). The built cover proportion within the 500-meter buffers

represents a broad gradient of urbanization, ranging from 0 to 95%.
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Figure 1. Land cover map of Recife (Pernambuco, Brazil) surrounded by its political boundary
(black line) highlighting the sites were the study was developed and their surrounding 500m

radius buffers.

Experimental procedure

We conducted seed dispersal experiments by ants at the 22 sites along the urbanization
gradient (Fig. 1). Due to extensive anthropogenic management of vegetation in cities (gardens in
squares, selection of plant types on sidewalks), we did not find a sufficient quantity of naturally
occurring myrmecochorous seeds in the study region. Therefore, we used artificial seeds that
exhibit characteristics similar to natural seeds for the seed removal experiments (Bieber et al.

2014; Fontenele & Schmidt, 2021). These artificial seeds were comprised by an orange bead (0.03



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

g, 2 mm diameter) involved by a hand-made pulp composed by vegetable fat (75%), fructose
(4.8%), sucrose (0.5%), glucose (4.7%), casein (7%), calcium carbonate, and maltodextrin (5%)
(Raimundo et al. 2004; Bieber et al. 2014; Rabello et al. 2014; Fontenele & Schmidt, 2021). At
each sampling site, we placed 10 observation stations separated from each other by 10m to
maintain independence (Leal et al. 2007). At each station, 20 artificial seeds were placed on a
paper card, and the interaction of ants with the seeds was monitored and described within the
period from 8 am to 12 pm. We recorded seed removals for 20 minutes at each sampling point
and actively collected the ants that removed the seeds (Da Silva et al., 2020; Fontenele & Schmidt,
2021). During monitoring, we recorded the ant species identity and its behavior: (1) removal rate
— i.e. the proportion of seeds that were removed by ants considering a removal event if the seed
is moved > 5 cm outside the station, and (2) cleaned- in which case ants removed part of, or the
whole, elaiosome. In the first case, the displacement distance of seed removal was measured as a

proxy for dispersal quality. (Leal et al., 2007; Oliveira et al., 2019)

Statistical analysis

To investigate how urbanization intensity affects the quality of seed dispersal services
provided by ants, we conducted generalized linear mixed models (GLMM), generalized linear
models (GLM), permutational multivariate analysis of variance (PERMANOVA), and principal
component analysis (PCA). We used GLMM to assess the influence of built cover on multiple
aspects of ant-seed interactions (removal rate and cleaning), as well as on mean dispersal
distances. We performed GLM to analyze the effects of built cover on the richness and total
abundance (i.e., the sum of the relative frequency of all seed-dispersing ant species per site) of
seed dispersers. For the number of interactions and species richness, we used a Poisson
distribution; for seed removal rates, we used a binomial distribution (removal success vs. failure);
for mean dispersal distances and abundance, we used a Gaussian distribution. All models were
evaluated for overdispersion, and in cases where it was detected, a Poisson-lognormal model was
employed (Harrison, 2014). We also performed a PERMANOVA using Bray-Curtis dissimilarity

with 999 permutations to assess the impact of urban land cover on the species composition of the
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seed-dispersing ant community. Additionally, PCA was used to visually represent changes in
species composition along the urbanization gradient.

All analyses were performed in R (v. 4.1.3.; R Core Team, 2022). GLMM was conducted
using the Ime4 R package (v. 1.1-35.1; Bates et al., 2023), GLM was performed using the stats R
package (v. 4.3.0; R Core Team, 2022), and the PERMANOVA and PCA analyses were
conducted using the vegan (v. 2.6-2; Oksanen et al., 2022) and stats (v. 4.3.0; R Core Team, 2022)

R packages.

Results

We recorded 443 ants from 29 different species and 5 subfamilies interacting with 2,705
artificial seeds (Table. S1). Of these, 312 seeds were removed (i.e. moved by ants for distances >
5 cm), representing 26.4% of the total artificial seeds exposed to ants (Table. S1). The remaining
2,393 artificial seeds were cleaned (i.e., the elaiosome were without transporting the seeds),
accounting for 73.6% of the total (Table. S1). Ant interactions with the seeds per area varied
from 50 to 329 per area, maintaining a proportion pattern of 30% of seeds removed and 70% of
seed cleaned (Table S1). The ants of the genus Pheidole (five species) were the most important
group of ants interacting with seeds, accounting for 1,140 interactions, representing 47.6% of all
interactions (Table S1). This genus removed most seeds (=120), accounting for 35.8% of the
removal events, as well as the most important seed cleaner, consuming the highest number of
elaiosomes without removing the seeds in 1028 interactions (42.96%). Within this genus,
Pheidole radoszkowskii was responsible for the highest number of seed removals (15.38%), and
Pheidole sp. 3 for the highest number of seeds consumed (13.25%). Camponotus (four species)
was the second most active genus, with 617 interactions, representing 25.8% of the overall
number of interactions. Among these, 32 seeds were removed (10.20%) and 590 seeds were
cleaned (24.66%). Camponotus crassus was the most representative species of this group, with
the highest number of seeds removed (14) and cleaned (268), followed closely by Camponotus
bicolor (7 and 233 seeds removed and cleaned, respectively). Notably, these species of

Camponotus predominantly removed seeds in areas with medium levels of urbanization, between
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30% and 60%, while Pheidole removed throughout the entire urban gradient. The species that
interacted with the seeds only in areas with a low percentage of urbanization (< 20% urbanized),
such as Ectatomma, Gnamptogenys, Neoponera, and Odontomachus, were characterized as high-
quality dispersers (Leal et al., 2014). Odontomachus bauri was the most representative species of
this group, with the highest number of seeds removed (7.37%) and 2.72% of seeds consumed.
Considering all 312 removed seed, removal distance varied from 10cm to 380cm (mean + SD:
58,7 + 88,9, Table S2). The genera presenting higher removal distance were Pheidole,
Camponotus, and Solenopsis (mean~88cm, 72.62cm, and 64.83cm respectively). Pheidole sp. 3
also recorded the greatest distance for seed removal, with a maximum of 380 cm, where the seed
was lost among busy highways. For the species that removed seeds only in the less urbanized
areas, the one that stood out with the greatest removal distance among these groups was
Neoponera sp.1, with 190 cm.

The total number of interactions between ants and seeds showed a positive effect of
urbanization (Estimate = 0.49, SE = 0.25, z-value = 2.01, p-value = 0.04, Table 1), suggesting
that the frequency of these interactions tends to increase in urbanized areas. When we analyzed
the number of seeds cleaned also showed a significant effect of urbanization (Estimate = 0.89, SE
=0.32, z-value = 2.8, p-value = 0.001, Table 1, Figure 2B), indicating that ants in more urbanized
areas consume more seeds. However, the seed removal rate was negatively impacted by
urbanization (Estimate = -0.64, SE = 0.2, z-value = -3.3, p-value = 0.02, Table 1, Figure 2A). The
seed dispersal distance showed no significant effect of urbanization (Estimate = -2.86, SE = 3.48,
z-value =-0.82, p-value = 0.41, Table 1), suggesting that urbanization does not directly influence

this aspect of the seed dispersal ecosystem service.
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Figure 2. Significant effects of urban land cover on (A) the removal rate and (B) number of seeds
cleaned by ants in the Metropolitan Region of Recife, Northeastern Brazil. The red line indicates

the fitted line of the model; black dots represent averages.
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Figure 3. The principal component analysis (PCA; Axis 1 x Axis 2) of the seed-dispersing ant
community in the Metropolitan Region of Recife, Northeastern Brazil. Points represent sites; the
color gradient indicates the urban land cover percentage at each location, with greener points

indicating lower proportion of urban cover and grayer points indicating higher urban cover.

Discussion

The results of this study show that the potential for seed dispersal by ants in urban
ecosystems is significantly impacted by increasing urbanization, as seed removal rates decrease
while seed cleaning increases. Furthermore, while species abundance and richness remain

unchanged, the ant community composition is altered along the urbanization gradient. Low-
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quality seed dispersers occur throughout the urbanization gradient, but there is a significant
increasing in more urbanized areas. On the other hand, although the removal distance is not altered
by urbanization, high-quality disperser ants were recorded interacting with seeds only in less
urbanized environments. This result supports our hypothesis that increased urbanization
compromises the quality of seed dispersal services due to changes in the ant disperser community
structure. Therefore, urbanization, by altering the composition and functionality of the ant
disperser community, impairs the maintenance of essential ecological processes for plant
regeneration and the resilience of urban ecosystems.

Our findings align with previous research showing that anthropogenic activities
negatively impact ant-mediated seed dispersal, reducing both removal rates and dispersal
distances (Almeida et al., 2013; Leal et al., 2014a; Rocha-Ortega et al., 2017). In the broader
context of anthropogenic disturbances, prior studies indicate that removals over distances greater
than two meters are drastically reduced in highly disturbed environments, suggesting a significant
loss in dispersal efficiency (Leal et al., 2014a; Queiroz et al., 2021; Fontenele & Schmidt, 2021).
Ant genera considered high quality seed disperser in this study (i.e. Ectatomma, Ghamptogenys,
Neoponera, and Odontomachus) were previously described as providing long distance dispersal
events (Leal et al. 2007 and 2017A; Leal et al. 2014A and 2014B, Oliveira et al. 2022). The same
pattern was observed for low quality seed dispersers, with Pheidole and Camponotus commonly
observed in previous studies just cleaning the seeds locally without removal, also recorded in
Recife (Leal et al. 2007 and 2017A; Leal et al. 2014A and 2014B; Queiroz et al., 2021; Oliveira
et al. 2022).

Changes in the quality of seed dispersal services provided by ants are generally related to
shifts in the composition of ant disperser species (Oliveira et al., 2019). Ants characterized by
their large body size, predatory behavior, and specialized tendencies, are recognized as high-
quality seed dispersers because of their ability to achieve higher seed removal rates and distances
(Andersen & Morrison, 2006; Ness et al., 2004; Leal et al., 2014b, 2017; Oliveira et al., 2019).
These large-bodied and specialized ant species are especially sensitive to disturbances (Gibb et

al., 2018; Leal, Andersen, & Leal, 2014), which may result in severe reductions in seed dispersal
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quality in disturbed habitats (Almeida et al., 2013; Gove, Majer, & Dunn, 2007; Leal, Andersen,
& Leal, 2014; Ness, Bronstein, Andersen, & Holland, 2004). On the other hand, generalist
species, such as those from the genera Pheidole and Camponotus, were present along the whole
urbanization gradient, but were abundant in more urbanized areas. These species are considered
low-quality dispersers, meaning they consume elaiosomes in situ without moving seeds or move
them only short distances (Anderson & Morrison, 1998; Leal et al. 2014A, 201B: Oliveira et al.
2020). This is consistent with the idea that human disturbances in general leads to a winner-loser
replacement (see Filgueiras et al. 2021), i.e. few generalist and disturbance-adapted species
proliferate while several specialist and disturbance sensitive species are lost (see also McKinney,
2008; Arnan et al., 2018). This same pattern was described in the first chapter of this thesis when
evaluating the whole ant community occurring across the urbanization gradient.

The favoring of generalist species over specialists as urbanization intensity increases
implicate in alteration in the type of services ants provide in urban ecosystems, reducing seed
dispersal and increasing the seed cleaning. But the simple consumption and removal of the
elaiosome by ants can directly benefit seed germination (Leal et al. 1998, 2007). By cleaning the
elaiosome, ants may inject saliva and perform scarifications that enhance the germination process
(Hughes & Westoby, 1992). The high degree of elaiosome cleaning observed in urban
environments, where nutritional resources tend to be scarcer, suggests that ants find an important
nutritional alternative in these areas, benefiting from this resource. Elaiosomes are calorie-dense
sources of proteins and fats, serving as a vital food source for ants, especially in environments
with limited access to other resources (Karnish, 2024). Although seed cleaning is often considered
an opportunistic interaction between ants and seeds (Bronstein 2001), it can also be viewed as a
form of mutualism. In this process, ants remove the elaiosome from the seeds, providing
themselves with an energy-rich food source, while simultaneously benefiting the plants by
enhancing seed dispersal and reducing predation. This mutualistic relationship, in which both
parties benefit from interaction, highlights the intricate ecological balance that persists even in

urban ecosystems.
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In anthropogenic environments, where the presence of vertebrates is limited, ants can
become key dispersers, favoring the persistence of certain plant species (Leal et al., 2014).
Although most studies on ant-mediated seed dispersal focus on the negative impacts of generalist
species, especially those acting as low-quality dispersers, it is crucial to expand the perspective
and consider the various roles these ants can offer, particularly in more urbanized and disturbed
environments. For example, Pheidole, although considered low-quality seed dispersers, seed
predators, and "cheating" ants that hinder seed recruitment from higher-quality dispersers
(Bronstein, 2001; Vasconcelos et al., 2018; Leal et al., 2014b; Ewers et al., 2015), was the genus
recorded in this study as having removed the most seeds and covered the greatest removal
distances. This behavior can be viewed as a significant aspect of this category, as these ants are
often more abundant in disturbed habitats, where opportunities for other, more specialized species
are limited. Therefore, understanding the multiple dimensions of the interaction between ants and
seeds can provide a more comprehensive view of the services these organisms can provide.

Our study significantly contributes to understanding ant-seed interactions along an urban
gradient, particularly given the lack of research that directly addresses urbanization as a
disturbance and its impact on ecosystem services. Our findings revealed a decline in the quality
of seed dispersal services provided by ants in more urbanized areas, along with an increase in
seed cleaning. By focusing on the importance of maintaining these ecosystem services,
particularly in an increasingly urbanized context, our study emphasizes the urgent need to adopt
urban management strategies that favor biodiversity and promote the preservation of fundamental
ecological interactions. Creating small, high-quality semi-urban fragments connected by green
corridors can promote the dispersal and colonization of both flora and fauna (Sadler et al., 2010).
Additionally, these spaces can foster the coexistence of specialist and generalist species, ensuring
the maintenance of ecological interactions and associated ecosystem services, such as seed
dispersal (Schwarz et al., 2017). These strategies may help to maintain or enhance seed dispersal

services in cities, contributing to ecological resilience and long-term urban sustainability.
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Table 1. Effects of built cover on the quality of the ant-mediated seed dispersal service in the

Metropolitan Region of Recife, northeastern Brazil. Significant p-values are in bold; SE: Standard

error.
Element Variables Estimate SE z-value p-value
Number of interactions (Total) Intercept 1.22 0.16 7.43 1.08x1013
Built cover 0.49 0.25 2.01 0.04
Number of seeds cleaned Intercept 0.53 0.22 2.40 0.02
Built cover 0.89 0.32 2.8 0.001
Removal rate Intercept -3.6 0.26  -13.85 2x10716
Built cover -0.64 0.2 -3.3 0.02
Dispersal distance Intercept 8.34 2.28 3.67 0.0003
Built cover -2.86 3.48 -0.82 0.41
Richness Intercept 2.43 0.1 24.19 2x10°6
Built cover -0.2 0.16 -1.22 0.22
Abundance Intercept 1.89 0.19 9.84  4.13x10°
Built cover 0.14 0.29 0.48 0.64

Table 2. Results of PERMANOVA analysis of the effects of built cover on the seed-dispersing

ant community composition of the Metropolitan Region of Recife, northeastern Brazil.

Significant values are in bold; DF: degrees of freedom; SS: Sum of squares.

Variables DF SS R? F p-value
Built cover 1 13 0.27 7.31 0.001
Residual 20 3.55 0.73

Total 21 4.84 1
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Table S1. The table presents the interactions of ants with seeds in areas with different percentages of
urban cover. The columns "Seeds consumed" and "Seeds removed" show the amount of seeds consumed
or removed by different ant species in areas with urban cover ranging from 3% to 98% along the
urbanization gradient in the city of Recife, PE

Urban land cover Species ant Seeds consumed Seeds removed
Camponotus atriceps 5 0
Crematogaster sp.1 7 0
Ectatomma muticum 5 0
Gnaptogenys sp.1 1 3
Neoponera sp.1 2 3

3%
Odontomachus baurii 5 0
Pheidole radoszkowiskii 7 8
Pheidole sp.3 11 2
Pseudomyrmex gracilis 2 1
Pseudomyrmex sp.2 5 0
Solenopsis sp.1 0 4
Solenopsis sp.1 0 2
Pseudomyrmex gracilis 8 0
Crematogaster sp.1 3 5
Gnaptogenys sp.1 5 5
Ectatomma muticum 5 0

7%
Camponotus atriceps 0 6
Neoponera sp.1 4 6
Pheidole radoszkowiskii 5 8
Camponotus crassus 5 0
Pseudomyrmex sp.2 5 0
Camponotus crassus 1 1

12%

Cephalotes atratus 3 0




Urban land cover

Species ant

Seeds consumed

Seeds removed

Crematogaster brasiliensis 5 0
Crematogaster sp.1 6 0
Ectatomma muticum 5 0
Neoponera sp.1 3 6
Odontomachus baurii 0 2
Pheidole 0 5
Pheidole radoszkowiskii 8 0
Pheidole sp.3 10 8
Pseudomyrmex gracilis 1 0
Pseudomyrmex sp.2 4 0
Solenopsis sp.2 6 4
Solenopsis sp.4 0 4
Crematogaster sp.1 6 2
Odontomachus baurii 10 2
Odontomachus sp.2 0 3
Pheidole 9 0
15% Pheidole radoszkowiskii 3 0
Pheidole sp.3 47 5
Pheidole sp.4 6 0
Pseudomyrmex gracilis 4 0
Solenopsis sp.3 2 5
Solenopsis trisden 9 5
Cephalotes atratus 2 0
Crematogaster brasiliensis 0 17
18% Dorymyrmex thoracicus 13 0
Ectatomma muticum 6 0
Ectatomma sp.1 4 3




Urban land cover

Species ant

Seeds consumed

Seeds removed

Gnaptogenys sp.1 3 3
Neoponera sp.1 0 2
Odontomachus baurii 8 3
Odontomachus sp.2 0 4
Pheidole radoszkowiskii 8 0
Pheidole sp.3 20 0
Pseudomyrmex gracilis 2 0
Solenopsis sp.2 18 0
Camponotus atriceps 3 0
Camponotus crassus 4 1
Crematogaster 4 0
Crematogaster sp.1 4 0
Dorymyrmex thoracicus 5 0
2 1% Ectatomma sp.1 8 8
Odontomachus baurii 7 2
Pheidole radoszkowiskii 9 2
Pheidole sp.3 18 5
Pheidole sp.4 9 2
Solenopsis sp.1 8 2
Solenopsis sp.2 0 5
Camponotus bicolor 6 0
Camponotus crassus 5 0
Crematogaster sp.1 7 4
24% Dorymyrmex thoracicus 0 2
Ectatomma muticum 0 1
Odontomachus baurii 8 0
Pheidole radoszkowiskii 7 1




Urban land cover Species ant Seeds consumed Seeds removed
Pheidole sp.3 0 4
Solenopsis sp.3 5 0
Camponotus crassus 6 0
Crematogaster sp.1 3 4
Dorymyrmex thotacicus 5 0
Gnaptogenys sp.1 3 1
Odontomachus baurii 8 4
26% Pheidole radoszkowiskii 0 2
Pheidole sp.2 0 2
Pheidole sp.3 3 2
Solenopsis sp.1 6 3
Solenopsis trisden 8 0
Wasmannia auropunctata 0 10
Camponotus bicolor 10 0
Camponotus crassus 5 0
Ectatomma muticum 5 0
Odontomachus baurii 5 0
Pheidole radoszkowiskii 6 6
32%
Pheidole sp.3 10 3
Pheidole sp.4 4 0
Pseudomyrmex gracilis 2 0
Solenopsis sp.3 5 0
Wasmannia auropunctata 3 0
Atta sexdens 2 0
Camponotus bicolor 5 0
37%
Crematogaster sp.1 6 0
Odontomachus baurii 6 3




Urban land cover Species ant Seeds consumed Seeds removed
Pheidole sp.3 45 0
Solenopsis trisden 1 3
Wasmannia auropunctata 5 2
Camponotus bicolor 10 0
Crematogaster sp.1 9 0
42% Pheidole radoszkowiskii 17 5
Pheidole sp.3 52 0
Wasmannia auropunctata 12 0
Camponotus atriceps 2 0
Camponotus bicolor 4 0
Camponotus crassus 16 3
Crematogaster brasiliensis 16 3
Pheidole radoszkowiskii 18 0
49% Pheidole sp.3 13 0
Pheidole sp.4 17 6
Solenopsis sp.3 24 0
Solenopsis sp.4 2 1
Solenopsis trisden 4 0
Wasmannia auropunctata 5 0
Camponotus atriceps 19 0
Camponotus bicolor 15 0
Camponotus crassus 26 5
Crematogaster brasiliensis 9 0
54%
Crematogaster sp.1 2 0
Pheidole radoszkowiskii 20 3
Pheidole sp.3 2 0
Pheidole sp.4 28 0




Urban land cover Species ant Seeds consumed Seeds removed
Solenopsis sp.3 14 9
Solenopsis sp.4 12 0
Wasmannia auropunctata 5 0
Camponotus atriceps 7 0
Camponotus bicolor 15 0
Camponotus crassus 21 5
Crematogaster sp.1 16 0
Dorymyrmex thoracicus 7 0
59% Pheidole radoszkowiskii 37 4
Pheidole sp.3 17 0
Pheidole sp.4 1 7
Solenopsis sp.3 24 0
Solenopsis sp.4 8 0
Solenopsis trisden 0 2
Atta sexdens 8 0
Camponotus atriceps 9 0
Camponotus bicolor 1 5
Camponotus crassus 7 0
Crematogaster sp.1 21 0
61%
Pheidole radoszkowiskii 35 5
Pheidole sp.3 5 0
Pheidole sp.4 31 0
Solenopsis sp.3 9 0
Solenopsis sp.4 2 0
Atta sexdens 9 0
67% Camponotus bicolor 8 0
Camponotus crassus 14 0




Urban land cover

Species ant

Seeds consumed

Seeds removed

Crematogaster sp.1 4 0
Pheidole radoszkowiskii 18 0
Pheidole sp.4 14 0
Solenopsis sp.2 9 0
Solenopsis sp.3 9 0
Solenopsis sp.4 5 0
Camponotus bicolor 54 0
Camponotus crassus 21 0
Pheidole radoszkowiskii 19 0
69% Pheidole sp.4 17 0
Solenopsis sp.3 5 0
Solenopsis sp.4 19 0
Wasmannia auropunctata 3 0
Atta sexdens 5 0
Camponotus bicolor 12 0
Camponotus crassus 11 0
Camponotus sp.3 5 5
Crematogaster brasiliensis 4 0
75% Pheidole radoszkowiskii 4 0
Pheidole sp.4 24 0
Pheidole sp.5 13 0
Solenopsis sp.4 12 0
Solenopsis trisden 3 0
Wasmannia auropunctata 9 0
Camponotus bicolor 8 0
82% Camponotus crassus 24 0
Pheidole radoszkowiskii 4 4




Urban land cover Species ant Seeds consumed Seeds removed
Pheidole sp.4 17 0
Pheidole sp.5 17 0
Solenopsis sp.3 9 0
Solenopsis sp.4 7 0
Camponotus bicolor 8 0
Camponotus crassus 31 0
Camponotus sp.3 5 0
85% Pheidole radoszkowiskii 25 0
Pheidole sp.4 18 0
Pheidole sp.5 29 0
Solenopsis sp.3 18 0
Camponotus bicolor 8 0
Camponotus crassus 32 0
Camponotus sp.3 28 0
Crematogaster sp.1 4 0
Pheidole radoszkowiskii 7 0
91%
Pheidole sp.4 14 0
Pheidole sp.5 39 0
Solenopsis sp.3 15 0
Solenopsis sp.4 9 0
Wasmannia auropunctata 8 0
Camponotus bicolor 69 1
Camponotus crassus 40 0
Crematogaster sp.1 5 0
98%
Pheidole radoszkowiskii 14 0
Pheidole sp.4 68 0
Pheidole sp.5 55 0




Urban land cover Species ant Seeds consumed Seeds removed

Solenopsis sp.3 14 0
Solenopsis trisden 31 0
Wasmannia auropunctata 32 0

Table S2. Maximum distances (in cm) traveled by ants when removing seeds from the station. The
values represent the greatest distance recorded for each ant species during the seed remove rate
process.

Urban land cover Ants Distance max (cm)
Pheidole radoszkowiskii 12
Pheidole sp.3 39
Pseudomyrmex gracilis 190
3% Solenopsis sp.1 23
Crematogaster sp.1 10
Pheidole sp.3 79
Camponotus atriceps 207
7% Gnaptogenys sp.1 69
Pheidole radoszkowiskii 88
Solenopsis sp.3 85
Pheidole sp.3 99
Camponotus crassus 80
12% Neoponera sp.1 190
Solenopsis trisden 79
Pheidole sp.3 81
Odontomachus baurii 50
15% Crematogaster sp.1 19
Crematogaster brasiliensis 109
Odontomachus sp.2 99
Crematogaster sp.2 19
18% Odontomachus baurii 22
Solenopsis sp.2 39
Camponotus crassus 44
21% Ectatomma sp.1 43
Pheidole sp.3 47
Dorymyrmex thoracicus 100
Pheidole sp.3 28
24% Ectatomma muticum 20
Pheidole radoszkowiskii 22

26% Pheidole sp.4 29




Wasmannia auropunctata 29

Pheidole radoszkowiskii 54

32% Pheidole sp.3 380
Camponotus crassus 60

49% Solenopsis sp.4 90
54% Solenopsis sp.3 73
Pheidole radoszkowiskii 100

Pheidole sp.4 48

59% Camponotus crassus 31
Camponotus bicolor 30

61% Pheidole radoszkowiskii 69
75% Camponotus sp.3 101
82% Pheidole radoszkowiskii 329
98% Camponotus bicolor 28

Table S3. Ant species that interacted with seeds during the seed removal rate in the most and least
urbanized areas of the urbanization gradient. Also presents the functional group classification of each
species, along with their categorization as specialists or generalists, according to the author’s Leal et al.

(2012) and Filgueiras et al. (2019).

Urban land cover category Ant genus Functional group  Generalist/Specialist
Interacting with seeds in:
Camponotus Arboreal subordinate Specialist
Cephalotes Arboreal subordinate Specialist
Crematogaster  Arboreal subordinate Specialist
Dorymyrmex Opportunist Generalist
Less urbanized areas (<30%)
Ectatomma Opportunist Generalist
Gnaptogenys Epigaeic omnivore Generalist
Neoponera Epigaeic predator Specialist
Odontomachus Epigaeic predator Specialist
Pheidole Epigaeic omnivore Generalist
Pseudomyrmex  Arboreal subordinate Specialist
Solenopsis Cryptic omnivore Specialist
Atta Leaf-cutting Attini Generalist
Camponotus Arboreal subordinate Specialist
More urbanized areas (>50%)
Crematogaster  Arboreal subordinate Specialist
Pheidole Epigaeic omnivore Generalist




Urban land cover category Ant genus Functional group  Generalist/Specialist

Solenopsis Cryptic omnivore Specialist

Wasmannia Epigaeic omnivore Generalist




3 CONSIDERACOES FINAIS

Nossos resultados representam uma contribuicdo significativa para a
compreensao dos efeitos da urbanizacdo nas comunidades de formigas e nos
servicos ecossistémicos prestados por esses organismos, com foco na disperséo de
sementes (Capitulo 3). Observamos que, embora a riqueza e abundancia das
formigas se mantenham constantes ao longo do gradiente de urbanizacdo (Capitulo
1), a composicao das comunidades de formigas se altera consideravelmente com o
aumento da urbanizacdo, favorecendo espécies generalistas em detrimento de
espécies especialistas. Isso sugere que a urbanizacdo pode impactar as interacfes
ecoldgicas essenciais e modificar o papel das formigas nos ecossistemas urbanos.
Além disso, os resultados do Capitulo 2 indicaram que a urbanizag¢do nao influenciou
diretamente a tolerancia térmica maxima das formigas, mas que algumas alteracdes
morfoldgicas, como a reducéo do tamanho das mandibulas e pernas de Atta sexdens,
ocorreram em areas mais urbanizadas. Esses resultados apontam para a plasticidade

das formigas frente as modificacdes no ambiente urbano.

Quanto a dispersdo de sementes, os achados do Capitulo 3 demonstraram
uma reducdo na taxa de remocdo de sementes com o aumento da urbanizacéo,
sugerindo que a qualidade desse servico ecossistémico diminui a medida que o nivel
de urbanizacédo se intensifica. As formigas de areas urbanizadas, como Pheidole,
Camponotus e Solenopsis, foram classificadas como dispersores de baixa qualidade,
removendo as sementes a distancias menores e realizando uma limpeza das
sementes sem efetivamente remové-las. Em contrapartida, espécies de areas menos
urbanizadas, como Odontomachus bauri, mostraram ser dispersores mais eficientes,
removendo sementes a distancias maiores e contribuindo de forma mais eficaz para
a regeneracdo vegetal. Esses resultados indicam que a urbanizacdo pode afetar
diretamente os processos ecoldgicos essenciais, como a regeneracao da vegetacao,

ao alterar as comunidades de formigas e a eficiéncia da dispersdo de sementes.

Essas descobertas sdo de relevancia significativa, pois evidenciam como a
urbanizacéo pode impactar ndo apenas a composi¢ao das comunidades de formigas,
mas também a qualidade dos servi¢os ecoldgicos que elas prestam, como a disperséo
de sementes. A substituicdo de formigas especialistas por generalistas e a diminui¢cao

da eficiéncia na remocao de sementes sugerem que a regeneracao da vegetacdo nas



areas mais urbanizadas pode ser comprometida. Esse cenéario é especialmente
importante considerando o crescente ritmo de urbanizagdo e a necessidade de
estratégias de conservacdo que integrem a preservacdo da biodiversidade e dos
servigos ecossistémicos nas cidades.

Para uma compreensao mais aprofundada dos impactos da urbanizacédo na
biodiversidade e nos servicos ecossistémicos, seria importante realizar estudos
adicionais que investiguem os efeitos da urbanizacéo sobre diferentes aspectos do
comportamento das formigas, como a sua atividade de forrageamento e as interagdes
com outras espécies. Além disso, estudos mais detalhados sobre as comunidades de
formigas em areas verdes urbanas e a quantificagdo dos impactos da reducéo da
dispersédo de sementes podem fornecer informacdes cruciais para o desenvolvimento
de estratégias de manejo e conservacado em ambientes urbanos, visando a promocéao

da sustentabilidade e o equilibrio ecolégico nas cidades.
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