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RESUMO 

Compreender como as espécies interagem entre si é essencial para avançar o nosso 

conhecimento em ecologia de comunidades. No entanto, ainda existem lacunas no que se refere 

a como interações interespecíficas influenciam e são influenciadas pela variação na 

composição de espécies que constituem as redes ecológicas. Em particular, estudos de 

diversidade beta são interessantes para entender como conjuntos de filtros bióticos podem 

influenciar a distribuição geográfica e persistência de espécies nas comunidades. Outra questão 

interessante é se variações na composição de espécies podem causar mudanças no modo como 

redes ecológicas são estruturadas. Nesta dissertação, propomos avaliar padrões de diversidade 

beta e estrutura de redes de interações inseto-planta. Especificamente, no primeiro capítulo 

visamos testar se a diversidade beta é influenciada pelo nível trófico ao qual a assembleia 

pertence, e pelo grau de especialização de espécies de níveis tróficos superiores às suas espécies 

hospedeiras. Para isso, utilizamos um sistema tritrófico composto por plantas da família 

Asteraceae, herbívoros endófagos e parasitoides amostrado em remanescentes de Cerrado 

brasileiro. Nossos principais resultados demonstram que a diversidade beta total de parasitoides 

(nível trófico superior) foi menor do que a dos demais níveis tróficos, enquanto que não houve 

diferença entre a diversidade beta total de plantas e herbívoros. Além disso, o grau de 

especialização das assembleias de herbívoros e parasitoides foi positivamente relacionado à 

diversidade beta destes grupos. No segundo capítulo, avaliamos se a diversidade beta de 

espécies entre locais influencia a dissimilaridade na estrutura de redes ecológicas, e se esta 

relação muda através do tempo. De modo geral, a relação entre diversidade beta espacial e 

dissimilaridade na estrutura de redes planta-herbívoro foi contexto-dependente, indicando 

assim que diferentes processos ecológicos (i.e., baseados em nicho e neutros) podem 

determinar a organização de redes antagonistas através do tempo.  

  



 

 

ABSTRACT 

Understanding how species interact with each other is essential to advance our knowledge on 

community ecology. However, there are still gaps regarding how interspecific interactions 

affect and are affected by the variation in the composition of species that constitute the 

ecological networks. In particular, studies of beta diversity are interesting to understand how 

sets of biotic filters may affect species’ geographic distribution and persistence on 

communities. Another interesting question is if variations in species composition may cause 

changes on how ecological networks are structured. In this dissertation, we propose to evaluate 

patterns of beta diversity and structure on insect-plant interaction networks. Specifically, in the 

first chapter we aimed to test if beta diversity is affected by the trophic level to which the 

assemblage belongs, and by the degree of specialization of species at higher trophic levels to 

their host species. For this, we used a tritrophic system comprising plants of the family 

Asteraceae, endophagous herbivores and parasitoids sampled in remnants of Brazilian Cerrado. 

Our main results show that total beta diversity of parasitoids (higher trophic level) was lower 

than those of the other trophic levels, while there was no difference between total beta diversity 

of plants and herbivores. Furthermore, the degree of specialization of the assemblages of 

herbivores and parasitoids was positively associated to the beta diversity of these groups. In 

the second chapter, we evaluated if species beta diversity among sites affects dissimilarity in 

network structure, and if this relationship changes across time. Overall, the relationship 

between spatial beta diversity and dissimilarity in plant-herbivore network structure was 

context-dependent, thus indicating that different ecological processes (i.e., niche-based and 

neutral) may drive the organization of antagonistic networks across time.
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INTRODUÇÃO GERAL 

Base Conceitual 

Um dos principais desafios da ecologia de comunidades tem sido entender as 

consequências de interações entre espécies para a manutenção da diversidade e funcionamento 

de ecossistemas (Schleuning et al. 2015, Coux et al. 2016, Tylianakis and Morris 2017). O 

interesse por interações interespecíficas é antigo, tendo sido inicialmente focado em redes 

alimentares, por meio das quais foi iniciada a compreensão sobre a complexidade das 

interações biológicas (Cohen et al. 1993). Embora o corpo literário que engloba padrões 

recorrentes de interações tenha crescido consideravelmente nas últimas décadas (e.g., 

Bascompte et al. 2003, Olesen et al. 2007, Vázquez et al. 2007, Dáttilo et al. 2014, Dorado et 

al. 2017; Tylianakis and Morris 2017), inclusive em escala macroecológica (e.g., Sebastián-

González et al. 2015, Dallas and Poisot 2017), ainda é um grande desafio entender como 

interações entre espécies influenciam e são influenciadas pela variação na composição de 

espécies que constituem as redes ecológicas.  

Medidas de diversidade de espécies estão entre as variáveis descritivas fundamentais 

de comunidades (Jost 2006). Ecólogos têm considerado que a diversidade de espécies pode ser 

particionada em diferentes componentes, sendo eles a diversidade alfa (i.e., diversidade de 

espécies em uma comunidade), diversidade beta (i.e., variação na composição de espécies entre 

comunidades) e diversidade gama (i.e., diversidade de espécies de uma região) (Koleff et al. 

2003, Carvalho et al. 2012). Em particular, estudos relacionados à diversidade beta visam 

responder o porquê de assembleias serem mais similares ou dissimilares através do espaço ou 

tempo, e quais são os processos ecológicos por trás destas variações na composição (Koleff et 

al. 2003, Baselga 2010). É sabido, por exemplo, que a diversidade beta é determinada por dois 

processos distintos (i.e., substituição de espécies e a perda de espécies), e que a separação 
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destes componentes pode ser utilizada para esclarecer os mecanismos que geram os padrões 

observados de diversidade beta (Baselga 2010, Carvalho et al. 2012).  

Um dos mecanismos-chave para o entendimento de padrões de diversidade beta é a 

maneira como as espécies interagem entre si. De fato, sob a perspectiva da Teoria do Nicho, o 

conjunto de filtros bióticos (e.g., interações com presas, hospedeiros, predadores ou patógenos) 

à qual uma espécie está submetida pode influenciar diretamente a sua distribuição geográfica 

e persistência nas comunidades (Ødegaard 2006, Poisot et al. 2017). Embora o conjunto de 

filtros bióticos com o qual as espécies devem lidar seja um fator importante para determinar a 

diversidade beta, a importância relativa destes filtros pode variar dependendo da posição das 

espécies na rede trófica. Por exemplo, considerando que em redes antagonistas espécies de 

níveis tróficos superiores são geralmente mais dependentes de espécies de níveis tróficos 

inferiores do que o oposto (Price 2002), é plausível inferir que a importância relativa das 

interações bióticas é maior para consumidores do que para espécies produtoras. Deste modo, 

podemos esperar que espécies de níveis tróficos superiores devam superar um conjunto maior 

e mais heterogêneo de filtros bióticos do que espécies em níveis tróficos basais, potencialmente 

aumentando a diversidade beta dentre consumidores de topo. Entretanto, este efeito é 

dependente do grau de especialização das espécies, visto que espécies especialistas de dieta são 

mais suscetíveis às mudanças na composição de seus recursos do que espécies generalistas 

(Peralta et al. 2018), que por sua vez possuem maior potencial de ocorrerem em diferentes 

comunidades. 

Recentemente, houve um considerável aumento no interesse sobre como estruturas de 

redes de interações podem ser alteradas pela variação na composição de espécies que 

constituem estas redes (Dáttilo et al. 2013, Dallas and Poisot 2017, Kemp et al. 2017, 

Tylianakis and Morris 2017). Estruturas de redes ecológicas refletem propriedades emergentes 

das interações entre espécies, e são usualmente avaliadas por meio de medidas que utilizam o 
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número de espécies nas redes (nós), o número de interações desenvolvidas por elas (ligações), 

e o número médio de interações realizadas pelas espécies (Dormann et al. 2009, 2017). 

Biologicamente, estas medidas podem representar padrões não aleatórios de interações, sendo 

assim indicativas de que as redes são estruturadas, ao menos em parte, por restrições impostas 

por nicho, como interações proibidas (“forbidden links”) ou escolhas preferenciais das 

espécies. Estas, por sua vez, são mediadas por atributos específicos relacionadas à história 

natural das espécies envolvidas, como traços morfológicos, comportamentais e fisiológicos 

(Jordano 1987, Olesen et al. 2011, Olito and Fox 2015). Neste contexto, os atributos funcionais 

das espécies podem ser fundamentais para moldar a organização das propriedades emergentes 

de redes ecológicas. Por outro lado, padrões neutros de interações podem emergir caso as 

espécies interajam randomicamente de acordo com suas abundâncias relativas, de modo que 

espécies mais frequentes têm maior probabilidade de interagirem entre si (Vázquez et al. 2007, 

Dáttilo et al. 2014). No entanto, é importante notar que o papel das abundâncias relativas é 

dependente do tipo de rede analisada e da unidade que é consumida pelas espécies dos níveis 

tróficos superiores (Vázquez et al. 2005, Canard et al. 2014). Embora tanto processos baseados 

em nicho quanto a neutralidade tenham sido amplamente testados nos últimos anos (e.g., 

Vázquez et al. 2005, 2007, Canard et al. 2014, Maruyama et al. 2014), ainda há controvérsias 

sobre quais processos ecológicos e evolutivos são mais importantes para gerar as estruturas 

observadas de redes empíricas. 

Na presente dissertação, pretendemos avançar no conhecimento acerca de redes de 

interações antagonistas inseto-planta. Especificamente, no primeiro capítulo, intitulado: 

“Efeito do nível trófico e do grau de especialização ao hospedeiro na diversidade beta de redes 

inseto-planta”, buscamos entender, para um sistema tritrófico composto por plantas da família 

Asteraceae, herbívoros endófagos e parasitoides, se o nível trófico e o grau de especialização 

de interações influenciam a variação na composição de espécies das assembleias estudadas. 
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Partindo do princípio de que a importância relativa dos filtros bióticos é maior para espécies 

pertencentes a níveis tróficos superiores, a primeira hipótese testada é a de que a diversidade 

beta entre locais é maior para a assembleia de parasitoides, intermediaria para a assembleia de 

herbívoros e menor para a assembleia de plantas. Além disso, considerando que espécies 

especialistas estão restritas a ocorrerem nos locais onde suas poucas espécies de hospedeiras 

ocorrem, espera-se que o grau de especialização de assembleias de herbívoros e parasitoides às 

suas plantas hospedeiras seja positivamente relacionado à diversidade beta destes grupos.  

No segundo capítulo, intitulado: “A relação entre diversidade beta de espécies e 

dissimilaridade na estrutura de redes planta-herbívoro através do tempo”, visamos testar se a 

relação entre a dissimilaridade na composição de espécies entre locais e a dissimilaridade na 

estrutura de redes é dependente do período no qual as amostragens foram realizadas. Assim, 

assumindo que o sistema de estudo analisado (plantas da família Asteraceae e herbívoros 

endófagos associados) é temporalmente dinâmico, e que processos neutros e baseados em nicho 

podem influenciar a organização de redes ecológicas através do tempo, esperamos que as 

identidades das espécies não sejam consistentemente importantes para determinar a 

dissimilaridade na estrutura de redes antagonistas. Neste contexto, alguns períodos poderiam 

apresentar relação forte e positiva entre diversidade beta espacial e dissimilaridade na estrutura 

de redes, uma vez que a substituição de espécies potencialmente provoca mudanças nos papéis 

funcionais exercidos dentro da rede. Por outro lado, a ausência desta relação poderia ocorrer 

tanto porque as redes são estruturadas de modo neutro, ou porque a substituição de espécies 

ocorre seguindo alguns princípios básicos (e.g., espécies são substituídas somente por espécies 

que desempenham papéis funcionais semelhantes) (Morris et al. 2014). 
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Cerrado como bioma de estudo 

O Cerrado é considerado um dos hotsposts mundiais de biodiversidade, apresentado 

uma grande área de cobertura original, heterogeneidade ambiental (i.e., desde campos rupestres 

até formações florestais), e flora e fauna diversificadas (Myers et al. 2000, Klink and Machado 

2005). Além disso, o Cerrado é a formação de savana tropical que mais apresenta espécies de 

plantas vasculares no mundo, dentre as quais muitas  são endêmicas (Silva and Bates 2002, 

Klink and Machado 2005). No entanto, grande parte dessa biodiversidade tem sido ameaçada 

devido à degradação do solo, expansão da urbanização, fragmentação de habitats e mudanças 

climáticas locais e regionais (Klink and Machado 2005, Carvalho et al. 2009). Outra questão 

preocupante é a invasão de espécies exóticas, principalmente gramíneas africanas utilizadas 

para pastagens, as quais são responsáveis por diminuírem a biodiversidade do Cerrado e 

prejudicarem o funcionamento dos ecossistemas (Klink and Machado 2005).  

Nossos dados são provenientes de dez remanescentes de Cerrado no estado de São 

Paulo, que foram selecionados dentre 20 áreas previamente amostradas por Almeida-Neto et 

al. (2010, 2011). Uma série de estudos foi realizada utilizando o mesmo conjunto de dados 

original, assim como a partir de outras redes de interações inseto-planta provenientes de áreas 

próximas de Cerrado. Estes estudos foram responsáveis por gerar vasto conhecimento acerca 

de processos ecológicos e evolutivos que moldam interações antagonistas e padrões de 

distribuição de espécies (e.g., Jorge et al. 2014, Nascimento et al. 2014, 2015, Nobre et al. 

2016, Bergamini et al. 2017). A seleção de remanescentes para o presente trabalho foi feita 

com base em um índice de cobertura de gramíneas invasoras, o qual pode ser utilizado como 

medida indireta de grau de perturbação antrópica (Almeida-Neto et al. 2010, 2011). Com base 

neste critério, remanescentes com baixo grau de impacto antrópico foram selecionados a fim 

de evitar fatores antrópicos que não eram de interesse para as hipóteses testadas.  
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Sistema de estudo 

Redes de interações compostas por plantas da família Asteraceae, insetos herbívoros 

que se alimentam de capítulos e parasitoides associados representam um sistema de estudo 

interessante para testar hipóteses acerca de padrões de diversidade e estrutura de redes 

ecológicas. Primeiro, a família Asteraceae é altamente diversa, compreendendo cerca de 26.000 

espécies no mundo todo e representando cerca de 10% de todas as espécies fanerógamas do 

Cerrado (Almeida et al. 2005). Além disso, uma característica marcante dessa família é a 

presença de um conjunto de inflorescências conhecido como capítulo, o qual pode ser utilizado 

como fonte de alimento e abrigo para uma diversificada fauna de insetos herbívoros endófagos 

(Almeida et al. 2006).  

Entre os endófagos que se desenvolvem no interior dos capítulos de Asteraceae no 

Cerrado brasileiro, os grupos mais comuns e diversificados pertencem a três famílias de Diptera 

(Tephritidae, Agromyzidae, e Cecidomyiidae), cinco famílias de Lepidoptera (Tortricidae, 

Pterophoridae, Pyralidae, Gelechiidae, e Blastobasidae) e uma família de Coleoptera 

(Apionidae) (Fonseca et al. 2005, Almeida et al. 2006). Muitos destes endófagos são 

especialistas de dieta, alimentando-se de um ou poucos gêneros de plantas disponíveis (Jorge 

et al. 2014). Ademais, uma rica fauna de vespas parasitoides se desenvolve nos herbívoros 

endófagos imaturos que se encontram dentro dos capítulos (Nascimento et al. 2014, 2015). 

Sendo assim, é possível quantificar as interações interespecíficas entre plantas e insetos que 

ocorrem neste sistema coletando os capítulos e posteriormente aguardando as emergências dos 

insetos adultos (Fig. 1).  
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Figura 1. Rede de interações composta por plantas da família Asteraceae, herbívoros endófagos de capítulo e 

parasitoides. As amostras foram realizadas em remanescentes de Cerrado brasileiro. Capítulos de Asteraceae 

foram armazenados em recipientes plásticos e levados para laboratório. A emergência de insetos adultos foi 

acompanhada semanalmente por, pelo menos, dois meses. Painel superior (parasitoides): a) Perissocentrus sp. b) 

Eurytoma sp. c) Torymoides sp. Painel do meio (herbívoros endófagos): d) Apion sp. e) Xanthaciura biocellata f) 

Lioptilodes parvus. Painel inferior (plantas): g) Achyrocline satureioides h) Chromolaena odorata i) Viguieira 

robusta. As fotos do painel superior foram tiradas por André Nascimento, e as dos demais painéis por Mário 

Almeida Neto. 
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Abstract. 1. Considering that consumers are usually more dependent of producers than the 

opposite, it is plausible to infer that species at higher trophic levels must overcome a larger and 

more heterogeneous set of biotic filters than species at lower trophic levels. Additionally, the 

effect of biotic filters may vary accordingly to host specialization, since occurrences of 

specialist species are constrained to sites where their few host species occur. In this study, we 

investigated the effects of trophic level and host specialization on beta diversity. 

2. Interaction networks comprising plants, endophagous herbivores and parasitoids, sampled 

in remnants of Brazilian Cerrado, were used to test two related hypotheses: (i) due the 

accumulation of biotic filters, higher trophic levels have greater beta diversity than lower 

trophic levels; and (ii) host plant specialization is positively related to beta diversity of 

herbivores and parasitoids. The ecological processes driving beta diversity patterns were 

investigated through a null model approach.  

3. Contrary to our expectation, total beta diversity of parasitoids was lower compared to plants 

and herbivores. Trophic level also influenced species replacement and richness differences. 

Null models revealed that the biotic filter exercised by host plants did not constrain beta 

diversity patterns. Furthermore, beta diversity of herbivores and parasitoids depended on their 

degree of host specialization.  

4. Our results suggest that low beta diversity of basal trophic levels may allow species of higher 

trophic levels to occur in several sites. Also, the severity of biotic filters is higher for host 

specialists, increasing beta diversity in assemblages composed by specialist species.  

Key words. community dissimilarity, ecological networks, food webs, herbivores, host plants, 

Neotropical savanna, null models, parasitoids, species turnover, trophic filters. 
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Introduction  

Beta diversity, defined as the spatial or temporal variation in species composition, is a 

widespread concept in the ecological literature (Whittaker, 1960, 1972; Koleff et al., 2003; 

Baselga, 2010; Anderson et al., 2011), which provides relevant information on community 

assembly and organization (Condit, 2002; Tuomisto et al., 2003; Myers et al., 2013). It is 

known that beta diversity reflects niche-based deterministic processes, such as biotic 

interactions, and stochastic processes, such as random dispersal and extinctions, and ecological 

drift (Chase & Myers, 2011). Among the deterministic processes, different types of filters 

(biotic, environmental and spatial) are essential to the understanding of how and why species 

compositions vary between sites (Soininen et al., 2007; Chase & Myers, 2011; Hardy et al., 

2012; Jamoneau et al., 2012). Nonetheless, the relative importance of each ecological filter 

likely varies accordingly to the taxonomic and functional group being considered.  

Few studies have explored how beta diversity within a trophic level varies in relation 

to other trophic levels (but see Ødegaard, 2006; Kessler et al., 2009; Gossner et al., 2016; 

Kemp et al., 2017; Peralta et al., 2018). For species interaction networks comprising plants, 

herbivorous insects and parasitoids, which include over half of the known global terrestrial 

biodiversity (Price, 2002), species at higher trophic levels are more dependent of species at 

lower trophic levels than the opposite, generating a dependence asymmetry between levels of 

the trophic web (Price, 2002; Tscharntke & Hawkins, 2002). The cause of this asymmetry is 

that, whereas the presence of at least one species used as food source is a necessary condition 

for the presence of a consumer species, the presence of a consumer species is not a necessary 

condition for the presence of species at lower trophic levels (Price, 2002; Tscharntke & 

Hawkins, 2002). Consequently, it is plausible to infer that assemblages of consumer species 

must overcome a larger and more heterogeneous set of biotic filters than species at basal trophic 

levels, implying an increasing in the relative importance of biotic filters from low to high 
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trophic levels. For instance, if two sites are suitable for a consumer species regarding 

environmental and spatial filters, it does not mean this species will be present in both sites, 

since its occurrences are still dependent of the occurrences of its host species. Therefore, we 

might expect the dissimilarity in species composition between sites to be greater in higher 

trophic levels than in lower trophic levels used as resources. In other words, the dissimilarity 

in species composition of the consumer composition will be a result of the dissimilarity in 

species composition of the resources plus the effect of other ecological filters. However, the 

effect of resource dissimilarity on consumers will depend on the consumer specialization level 

(Novotny & Weiblen, 2005; Ødegaard, 2006; Novotny et al., 2007; Lewinsohn & Roslin, 2008; 

Novotny, 2009). 

Considering that specialist consumers use a restricted and phylogenetically clustered 

subset of the available resources (Novotny & Basset, 2005; Jorge et al., 2014; Bergamini et al., 

2017), occurrences of highly-specialized herbivores tend to be severely constrained by the 

presence of their host species, potentially increasing beta diversity in assemblages composed 

by specialist species. The same is not necessarily true for generalist consumers, since their 

higher number of host plants tends to decrease the severity of the biotic filter exercised by 

plants and increase the geographical range of these species (Novotny, 2009). Indeed, in this 

scenario, beta diversity of herbivorous insects can be even lower than the spatial variation in 

plant composition (Ødegaard, 2006; Novotny, 2009). Similarly, parasitoid beta diversity might 

also be affected by host specialization, since parasitoids are constrained to occur in sites where 

their host plants and herbivores occur (Price 2002; Tscharntke & Hawkins, 2002).   

A characteristic of tritrophic networks comprising plants, insects that feed internally on 

plant issues (i.e. endophagous herbivores) and parasitoids is resource specialization (Price, 

2002). Furthermore, host plants may act not only as food sources, but also shelter for herbivores 

and parasitoids (Lewinsohn, 1991; Price, 2002). Therefore, ecological processes affecting plant 
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composition may have direct and indirect effects on species at higher trophic levels. In fact, 

previous studies have demonstrated that plant diversity is the main local driver of herbivores 

diversity, and the diversity of predators and parasitoids is highly predicted by the diversity of 

the adjacent lower trophic levels (Knops et al., 1999; Petermann et al., 2010; Nascimento et 

al., 2015; Peralta et al., 2018). Consequently, it is reasonable to suppose that parasitoids’ 

occurrences are indirectly constrained by environmental and spatial filters (e.g. climate, fire 

disturbances, distance between sites) affecting their host herbivores and plants. In addition, 

parasitoids of endophagous herbivores must deal directly with plants and herbivores defenses 

(e.g. phenology, morphology, chemical and immunological defenses) (Hawkins, 1994; Price, 

2002). Hence, any of these ecological filters might determine species composition in the local 

scale.  

In this study, we use interaction networks comprising plants (family Asteraceae), 

endophagous herbivores which develop inside the flower-heads of Asteraceae and parasitoids 

sampled in remnants of Brazilian Cerrado to test the following hypotheses: (i) due the 

accumulation of biotic filters that consumers must overcome in relation to resources, higher 

trophic levels have greater beta diversity than lower trophic levels used as resources; and (ii) 

host plant specialization is positively related to beta diversity of herbivores and parasitoids due 

the greater severity of biotic filters that diet specialists must overcome when compared to less 

specialized species. 

 

Materials and methods 

Study sites and sampling design 

 Surveys of plant-endophagous herbivores-parasitoid networks were conducted in ten 

remnants of Cerrado vegetation (hereafter, study sites) in southeastern Brazil between April 
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2004 and February 2005 (Almeida-Neto et al., 2010, 2011). The Brazilian Cerrado is highly 

biodiverse, being considered a global biodiversity hotspot (Myers et al., 2000; Silva & Bates, 

2002). However, due its rapid conversion to pastures and crop agricultures, most of Cerrado 

original vegetation is fragmented (Silva & Bates, 2002; Ratter et al., 2007; Carvalho et al., 

2009). The regional climate is characterized by rainy summers and dry winters and is classified 

as CWA accordingly to Köppen’s (1948) system. The studied remnants were spaced from 1.8 

to 31.5 km apart (mean distance = 11.3 km).  

For this study we focused on Asteraceae, because this family is one of the most diverse 

in the Brazilian Cerrado and possesses a rich fauna of associated endophagous herbivores and 

parasitoids (Almeida et al., 2005; Almeida-Neto et al., 2011; Nascimento et al., 2014). Within 

each of the ten study sites, samples were collected along 15 transects (30 x 5 m). Each transect 

was allocated randomly in relation to the edges of each site. Remnants were sampled during 

three periods: April-May, August-September (both in 2004) and January-February (2005). 

These periods were chosen because they include the flowering peaks of the five most abundant 

tribes of Asteraceae in the Brazilian Cerrado: Astereae, Eupatorieae, Heliantheae, Mutisieae e 

Vernonieae (Batalha & Martins, 2004; Almeida et al., 2005). Within each sampling period, 

surveys were done throughout 35 days to minimize phenological differences between sites. For 

each Asteraceae species found in a transect 20 individuals were selected, and a maximum of 

80 ml of flower-heads per individual plant were collected and taken to laboratory conditions. 

In the laboratory, sampled flower-heads were kept in plastic containers with mesh lids, each 

keeping the flower-heads of a single plant individual. Emergence of herbivores and parasitoids 

was monitored weekly for two months.  

 

Beta diversity measures 
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A considerable number of indices that measure different aspects of beta diversity have 

been proposed, especially in the last decades (Koleff et al., 2003; Anderson et al., 2011). From 

these, three measures of beta diversity listed by Carvalho et al. (2012) were considered. The 

first measure was the Sørensen’s dissimilarity index (βsor), originally proposed by Sørensen 

(1948). This index is one of the most popular beta diversity measures, and, for being based on 

presence-absence data, it confers the same weight for all analyzed species, independently of 

their relative abundances (Baselga, 2010; Anderson et al., 2011; Carvalho et al., 2012). 

Furthermore, βsor represents the total compositional differences between sites, independent of 

the components that originated it (Carvalho et al., 2012). Measures that capture only 

compositional changes due to species replacement (β-3) and richness differences (βrich) 

(Carvalho et al., 2012) were also evaluated. Species replacement refers to the substitution of 

species in one community by different species in other communities, whereas richness 

differences represent species loss or gain between communities. These metrics were calculated 

using the function “beta” from the BAT package in R (Cardoso et al., 2017; R Core Team, 

2017). Considering that rare species possess high potential to overestimate beta diversity due 

to incomplete samplings of these species (Chao et al., 2005; Novotny, 2009), our analyses were 

restricted to species with a minimum of three individuals considering all remnants of Cerrado, 

therefore excluding singletons and doubletons.  

 

Data analyses 

To test our first hypothesis – higher trophic levels have greater beta diversity than lower 

trophic levels – for each focal remnant, i, we calculated the mean pairwise beta diversity 

between itself and the other remnants of the landscape (hereafter, βfocal). This measure estimates 

how unique in its species composition the remnant i is compared to the other remnants. We 
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then conducted an ANOVA in which βfocal was used as response variable, trophic level as 

explanatory variable, and remnant identity as block. Therefore, comparisons of βfocal were made 

between trophic levels from the same focal remnant. This analysis was used to avoid 

confounding factors between remnants, such as phyto-physiognomies or fire regimes. Tukey’s 

ad hoc test was used for pairwise comparisons between trophic levels using the multcomp 

package (Hothorn et al., 2008). 

To investigate the importance of the biotic filtering associated with resources to explain 

beta diversity of higher trophic levels, two null models with different ecological constraints 

were designed. One null model assumed that occurrences of herbivores and parasitoids did not 

depend on the occurrences of their host plants, and the other assumed that herbivores and 

parasitoids could only occur in sites where their host plants occur. For each trophic level, a null 

distribution of beta diversity values was generated for each of the three beta diversity measures 

(βsor, β-3 and βrich). Three matrices of species occurrence within sites (presence-absence), one 

for each trophic level, and two regional interaction matrices (i.e. one for plants x herbivores, 

and other for plants x parasitoids) were used as fundamental unities for the elaboration of the 

null models. Interaction matrices were generated using the bipartite package in R (Dormann et 

al., 2008; R Core Team, 2017) considering the interaction registers from all combined 

remnants. From these matrices, the following null models were designed:  

(1) Fixed occurrences: This null model simulates the absence of effect of the biotic 

filter exercised by host plants on species at higher trophic levels (insects). Therefore, herbivores 

and parasitoid species occurrences within the remnants are independent of plant species 

occurrences. To apply this first model, species from the regional pool were randomly assigned 

across sites, maintaining the frequency of species occurrences (column sums fixed). Thus, 

differences in species commonness and rarity are preserved, but fluctuations in sites richness 

are allowed.  
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(2) Biotic filter: This second null model considers the effect of the biotic filter exercised 

by host plants on species at higher trophic levels. To apply this model, regional interactions 

matrices were used to constrain the occurrences of herbivores and parasitoids in the iterations 

of the model, so that species at higher trophic levels could only be present in remnants for 

which at least one of their host plants had been previously assigned. As parasitoids kill and 

destroy their host before emergence not allowing to know the exact identity of herbivores used 

by parasitoids, the presence of herbivores was not used as a constraint for parasitoids’ 

occurrences. Such as the “Fixed occurrences” model, the frequency of species occurrences 

was maintained in this model for the assemblage of plants, and their presences were randomly 

assigned across remnants. On the other hand, occurrences of species at higher trophic levels 

were randomly assigned only within the subset of remnants for which at least one species of 

their host plants had been previously assigned. Consequently, the number of herbivores and 

parasitoid species occurrences was necessarily equal or less the observed number of 

occurrences in all iterations of the model (even if there were more remnants containing host 

plants in the null assemblages). Therefore, beyond the fundamental ecological constraint of co-

occurrence of species at higher trophic levels and their host plants, this model also incorporates 

the number of observed species occurrences as the maximum limit for the number of simulated 

occurrences.  

Beta diversity values generated by each null model were compared to the observed 

values using standardized effect sizes (SES). Similar approaches were applied by Myers et al. 

(2013), Bishop et al. (2015) and CaraDonna et al. (2017). SES indicate the number of standard 

deviations that an observed value (βfocal) deviates from the mean of beta diversity values 

generated by the null model. In total, considering our ten remnants and the three trophic levels, 

30 SES values were obtained, calculated as:   
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𝑆𝐸𝑆 =
β𝑓𝑜𝑐𝑎𝑙𝑖 − X̅(β𝑓𝑜𝑐𝑎𝑙null𝑖)

𝑆𝐷(βfocalnull𝑖) 
 

where βfocali = βfocal from remnant i; X̅(βfocalnulli) = mean of the 1.000 βfocal generated by the 

null model for the remnant i; SD = standard deviation of the 1.000 βfocal generated by the null 

model for the remnant i.  

At α = 0.05, SES values greater than +1.96 indicate that the null model underestimated 

the observed beta diversity, whereas SES values less than -1.96 indicate that the model 

overestimated the observed beta diversity. On the other hand, SES values that fall within the 

interval between +1.96 and -1.96 indicate that beta diversity values generated by the null model 

are statistically equal to the observed values. Therefore, SES estimate if species compositions 

are more dissimilar than the expected by chance considering the constraints of the null models 

(Chase & Myers, 2011; Chase et al., 2011). 

To test our second hypothesis – host plant specialization is positively related to beta 

diversity of herbivores and parasitoids – beta diversity was estimated as the mean of all 

pairwise beta diversity values between remnants of the landscape containing species of the 

analyzed assemblage (hereafter, βlandscape). We then created curves associating total beta 

diversity (βsor) of assemblages of herbivores and parasitoids in three distinct scenarios. In the 

first scenario, species at higher trophic levels were inserted to an initial assemblage of species 

in sequence from the most to the least specialized on their host plants. Here, host plant 

specialization was defined as the number of host plants used as resource by an herbivore or 

parasitoid (i.e. resource richness). Beta diversity between remnants containing species was then 

recalculated each time a species was added. In the second scenario, species were inserted in 

sequence from the least to the most specialized on their host plants. In the third, species were 

inserted independently of their resource richness. All assemblages initially comprised two 

species, and the sequence of inserted species depended on the specifications of each scenario. 
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In cases which more than one species presented the same resource richness, these species were 

randomly inserted to the assemblage. For each scenario, 1.000 iterations were conducted, 

therefore generating mean values of beta diversity. Our expectation is that curves of the first 

scenario will be negative, since beta diversity should decrease as host plant specialization of 

the assemblages also decreases. On the other hand, curves of the second scenario should be 

positive. For the third scenario, beta diversity values should be intermediate between the values 

of the previous curves. All analyses were performed in the R statistical environment (R Core 

Team, 2017).  

 

Results 

A total of 44 Asteraceae species, 109 endophagous herbivores and 97 parasitoids were 

sampled in ten remnants of Cerrado vegetation. After the removal of singletons and doubletons, 

36 Asteraceae species, 79 endophagous herbivores and 48 parasitoids were used for our 

analyses. Most herbivore species belong to the order Diptera (79.8%), followed by the orders 

Lepidoptera (10.1%) and Coleoptera (10.1%). All parasitoid species belong to the order 

Hymenoptera. Site richness varied from 13 to 22 for the assemblage of plants (mean ± SD = 

17.8 ± 3.15), from 30 to 46 for the assemblage of herbivorous insects (mean ± SD = 37.1 ± 

4.58), and from 23 to 37 for the assemblage of parasitoids (mean ± SD = 30.9 ± 4.45).  

Total beta diversity (βsor) was mainly driven by the component of species replacement 

(β-3) for the three trophic levels. This component represented 69.72% of total beta diversity for 

the assemblage of plants, 80.89% for the assemblage of herbivores, and 66.06% for the 

assemblage of parasitoids. Furthermore, parasitoids presented higher resource richness than 

herbivores (meanparasitoids = 7.95, meanherbivores = 2.28, Welch two sample t-test = 6.6359.97, P < 

0.001).   
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Effect of trophic level on beta diversity 

There was difference on the degree of total beta diversity (βsor) between levels of the 

tritrophic networks (F2,18 = 56.86, P < 0.001). However, differently of our expectation, 

parasitoid total beta diversity was almost 1.5 times lower when compared to the other trophic 

levels (meanparasitoids = 0.251, meanherbivores = 0.371, meanplants = 0.352, Tukey’s ad hoc test: P < 

0.01 for both comparisons), while there was no difference on the degree of total beta diversity 

between the assemblages of plants and herbivores (Tukey’s ad hoc test: P = 0.291) (Fig. 1a). 

Moreover, there was variation between pairwise βsor calculated between a focal remnant and 

the other remnants of the landscape (Fig. S1). The effect of trophic level on the components of 

species replacement (β-3) and richness differences (βrich) differed. Species replacement was 

higher for the second trophic level (herbivores), intermediate for the assemblage of plants and 

lower for the assemblage of parasitoids (F2,18 = 45.18, P < 0.001, Tukey’s ad hoc test: P < 0.005 

for all comparisons) (Fig. 1b). On the other hand, the component of richness differences was 

higher for the assemblage of plants when compared to herbivores (F2,18 = 7.08, P = 0.005, 

Tukey’s ad hoc test: P = 0.004), while there was no change on richness differences between 

the assemblage of parasitoids and the other trophic levels (Tukey’s ad hoc test: P > 0.05 for 

both comparisons) (Fig. 1c).   

 

Null models 

The insertion of the biotic filter exercised by host plants did not increase the match 

between observed values of total beta diversity (βsor) and those generated by the null 

assemblages (Fig. 2). In fact, values generated by the two null models were similar to the 

observed values (Table S1). Therefore, although only the “Biotic filter” model includes food 
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sources, both models were equally suitable predictors of total beta diversity of herbivores and 

parasitoids. Likewise, the insertion of food sources did not consistently increase the match 

between observed values of the beta diversity components (species replacement and richness 

differences) and those generated by the null assemblages (Figs. S2 and S3). Lastly, potential 

site occupancy, that is, the proportion of sites in which a consumer species occurs within the 

subset of remnants containing at least one of its host plants, was considerably high for both the 

assemblages of herbivores and parasitoids (Fig. S4). 

   

Effect of host specialization on beta diversity 

As expected, the three scenarios that associate total beta diversity of assemblages with 

different degrees of host plant specialization presented contrasting curves (Fig. 3). In the first 

scenario, total beta diversity decreased as species were inserted to the assemblage, therefore 

revealing a lower dissimilarity in species composition between sites as the assemblage becomes 

less specialized on host plants. The opposite pattern was found in the second scenario, since 

the assemblage becomes more specialized on host plants as species are inserted. The third 

scenario presented intermediate values of total beta diversity when compared to the previous 

curves. Although this broad pattern was consistent for the assemblages of herbivores and 

parasitoids, the curve of the first scenario presented a gradual decrease for the assemblage of 

herbivores, but an abrupt decrease for the assemblage of parasitoids. 

 

Discussion 

Patterns regarding how dissimilarity in species composition between sites varies in 

different trophic levels of interaction networks are still scarcely known and debated, with few 

existing empirical examples (Ødegaard, 2006; Kessler et al., 2009; Gossner et al., 2016; Kemp 
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et al., 2017; Peralta et al., 2018). To our knowledge, this is one of the first studies to analyze 

beta diversity of three associated trophic levels which also considers the degree of resource 

specialization of the consumer species (see also Peralta et al., 2018). We found that species 

compositional changes were mainly driven by species replacement, corroborating earlier 

findings of Wang et al. (2012), Bishop et al. (2015) and Peralta et al. (2018). Differently of 

our expectation, we present evidence that total beta diversity of parasitoids (higher trophic 

level) was lower compared to the other trophic levels, while there was no difference on total 

beta diversity of plants and herbivores. On the other hand, this pattern was not consistent when 

we partitioned beta diversity on its components of species replacement and richness 

differences. Our study also shows that beta diversity depends on the interaction specialization 

for both the assemblages of herbivores and parasitoids. This finding, in turn, suggests that the 

severity of biotic filters increases in assemblages composed by host plants specialists. 

The assemblage of herbivores presented total beta diversity similar to their host plants, 

indicating that the larger set of biotic filters that species at higher trophic levels must overcome 

in relation to resources was not sufficient for an increasing in total beta diversity across the 

food web. This result can be explained for at least two reasons. First, the relatively low total 

beta diversity of Asteraceae plants reveals that species composition of the first trophic level 

does not differ largely between remnants, probably due the low severity of environmental and 

spatial filters affecting this assemblage in the analyzed spatial scale. Consequently, although 

assemblages of endophagous herbivores being composed mainly by diet specialist species 

(Lewinsohn, 1991; Lewinsohn et al., 2005), a high proportion of herbivores might be present 

in several sites. Therefore, from the herbivores’ perspective, the presence of host plants in the 

remnants is not a biotic filter as severe as previously proposed for this system, generating a 

match between low beta diversity of plants and their associated herbivores (Novotny & 

Weiblen, 2005). Second, previous studies have demonstrated low beta diversity of herbivores 
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in tropical forests (Ødegaard, 2006; Novotny et al., 2007), which was partly attributed to the 

high environmental tolerance and dispersal ability of these insects (Novotny, 2009). This 

means that, besides the presence of host plants not being a severe biotic filter, herbivores might 

also possess high tolerance to other ecological filters. In fact, herbivores might be capable of 

tracking changes in the spatial distribution of their host plants (Novotny & Weiblen, 2005; 

Novotny, 2009), which is possible if these insects possess larger and/or similar abiotic niches 

compared to their host species. In this scenario, herbivores are present in most sites where there 

is at least one of their host plants (Fig. S4), possibly explaining the similarity in total beta 

diversity between the first two trophic levels of the interaction networks. A different 

interpretation is reached if we consider only the component of species replacement, since under 

this scenario herbivores are more dissimilar in their composition than plants. This demonstrates 

that herbivore species are more replaced between sites than plants, but this effect on total beta 

diversity is diminished due the higher richness differences on the plant assemblage. 

Contrary to our predictions, the assemblage of parasitoids presented lower total beta 

diversity and species replacement compared to plants and herbivores. Our combined results 

that: i) total beta diversity of plants and herbivores are relatively low, that is, most of plant and 

herbivorous species are maintained between sites, and ii) the assemblage of parasitoids is less 

specialized on their host plants than the assemblage of herbivores, allow us to argue that 

parasitoid species possess few biological constraints to occur in several remnants. For example, 

considering that the spatial variation in plant composition is low, a parasitoid species associated 

with approximately eight host plants (mean resource richness for the assemblage of parasitoids) 

has the potential to occur in virtually all remnants of the landscape. This is further demonstrated 

by the potential site richness of parasitoids (Fig. S4b), which reveal that many parasitoid 

species could occur in several sites. Here, we emphasize that the occurrence of a parasitoid 

species depends not only on the presence of its host plants, but also on the presence of its host 
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herbivores (Price, 2002; Tscharntke & Hawkins, 2002). However, since total beta diversity of 

plants and herbivores were both relatively low, it is plausible to attest that biotic filters are not 

severe for parasitoids’ occurrences. Therefore, the higher resource richness of parasitoids, 

associated with the low beta diversity of plants and herbivores, probably contributed to the 

lower compositional change of top consumers in this Cerrado landscape. 

Our null models demonstrate that most values of beta diversity and its components 

(species replacement and richness differences) do not differ from the null expectations. In other 

words, observed values of beta diversity are mostly indistinguishable from values generated by 

null models in which species at higher trophic levels can occur in any site (“Fixed occurrences” 

model), or can only occur in sites for which at least one of their host plants had been previously 

assigned (“Biotic filter” model). Considering that out first null model is less complex than the 

second, since food sources are only included in the latter, we suggest that patterns of beta 

diversity are not strongly constrained by the presence of specific host plants in the studied 

landscape. These results support the idea that low beta diversity of plants allowed species of 

herbivores and especially parasitoids to occur in several remnants, therefore decreasing beta 

diversity of higher trophic levels (Novotny, 2009). In addition, our results indicate that 

environmental and spatial filters do not largely constrain species occurrences in these tritrophic 

networks, leading to low compositional changes between sites and nearly random distributions. 

Therefore, remnants are probably similar to herbivores and parasitoids regarding food source 

availability and their capacities of reaching sites and overcoming abiotic barriers. 

In line with patterns proposed by Lewinsohn et al. (2005), Novotny & Weiblen (2005), 

Lewinsohn & Roslin (2008) and Novotny (2009), we found evidence that beta diversity of 

herbivores is associated to host plant specialization. We predicted this, because we expected 

the presence of host plants to be a biotic filter more relevant for specialist species, thus 

increasing beta diversity in assemblages composed mainly by diet specialists. For instance, if 
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a hypothetical herbivorous insect can consume all plants in the landscape, the biotic filter 

exercised by host plants will be virtually inexistent for this species. However, as more 

specialized on its host plants an herbivore is, lower is the probability that this species will be 

capable to occur in several sites (Novotny & Weiblen, 2005; Ødegaard, 2006; Novotny, 2009; 

Peralta et al., 2018). Thus, it is possible that specialized taxa, such as Tephritidae (Diptera) 

(Jorge et al., 2014), are more constrained by the presence of their host plants than generalist 

herbivores. The same rationale is applicable for the assemblage of parasitoids, with the 

exception that the effect of the biotic filter exercised by host plants on this trophic level is 

mostly indirect and mediated by the assemblage of herbivores (Price, 2002; Nascimento et al., 

2015).  

In short, the patterns we show do not to support our hypothesis that higher trophic levels 

have greater beta diversity than lower trophic levels in tritrophic networks comprising 

Asteraceae plants, endophagous herbivores and parasitoids. Lower total beta diversity and 

species replacement of top consumers compared to the other trophic levels of the food web 

reveal that species compositional changes might be low if the biotic filter exercised by host 

species is not severe enough. Furthermore, we emphasize the importance of host specialization 

for the beta diversity of higher trophic levels, which indicate that the severity of biotic filters 

is higher for resource specialists. This last finding contributes to our understanding on the 

relative role of species traits, such as niche breadths, as drivers of beta diversity patterns. 
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Figure legends 

Fig. 1. Effect of trophic level on beta diversity of food webs comprising plants, endophagous 

herbivores and parasitoids. (a) βsor (total beta diversity). (b) β-3 (species replacement 

component). (c) βrich (richness differences component). Lines connect βfocal values from the 

same remnant of Cerrado vegetation.    

 

Fig. 2. Standardized Effect Sizes (SES) values used to compare observed total beta diversity 

(βsor) with the expected values generated by two null models with different ecological 

constraints. The “Fixed occurrences” model assumed that occurrences of herbivores and 

parasitoids did not depend on the occurrences of their host plants, and the “Biotic filter” model 

assumed that herbivores and parasitoids could only occur in sites where their host plants occur. 

Shaded areas represent the intervals between -1.96 and +1.96; circles represent SES βsor values 

calculated for each focal remnant; circles that fall in the shaded areas (black circles) indicate 

no difference between observed values of total beta diversity and those generated by the null 

assemblages. Considering that both models are identical for the assemblage of plants, only the 

results of the “Fixed occurrences” model are presented for this trophic level (for SES βsor 

values, see Table S1). 

  

Fig. 3. Total beta diversity (βsor) of assemblages of herbivores and parasitoids in three distinct 

scenarios. βsor was estimated as the mean of all pairwise beta diversity values between remnants 

of the landscape containing species of the analyzed assemblage. In the first scenario (gray 

circles), species were inserted in sequence from those with lower resource richness (i.e. more 

specialized) to those with higher resource richness (i.e. less specialized). In the second, (black 

circles) species were inserted in sequence from those with higher resource richness to those 
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with lower resource richness. In the third (open circles), species were randomly inserted to the 

assemblage, independently of their resource richness.  
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Supporting Information 

 

Table S1. Standardized Effect Sizes (SES) βsor calculated for the assemblages of Asteraceae 

plants, endophagous herbivores and parasitoids. SES values were generated by two null models 

with different ecological constraints. F.O. = “Fixed occurrences”; B.F. = “Biotic filter”. SES 

values representing significant differences between observed and null βfocal are shown in bold. 

Remnants Plants Herbivores Parasitoids 

 F.O. B.F. F.O. B.F. F.O. B.F. 

R1 -0.0703 -0.1291 0.1706 -0.4167 -0.3814 -0.2130 

R2 0.9696 0.9417 1.0665 0.3195 -0.5881 -0.3987 

R3 1.5847 1.6466 2.6030 1.5383 0.4785 0.7059 

R4 -0.3925 -0.4088 -1.0550 -1.5757 0.0894 0.2350 

R5 -0.6773 -0.6959 -1.4153 -1.8811 -0.1688 0.0783 

R6 1.4024 1.6214 -0.8422 -1.4126 3.8251 4.0466 

R7 -0.6726 -0.6786 0.5510 -0.1906 0.3221 0.5961 

R8 -1.7337 -1.7499 -1.8926 -2.3103 -1.7389 -1.5993 

R9 0.4570 0.4255 -0.1128 -0.7105 -0.2280 -0.0628 

R10 -0.0098 0.0044 1.2553 0.4316 -0.7024 -0.5276 
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Figure S1 

 

Fig. S1. Pairwise βsor calculated between a focal remnant and the other remnants of the 

landscape. Shaded areas represent 95% confidence intervals. Black circles represent values of 

total beta diversity inserted between the upper and lower bounds of the confidence intervals. 

(a) Asteraceae plants. (b) Endophagous herbivores. (c) Parasitoids. 
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Figure S2 

 

Fig. S2. Standardized Effect Sizes (SES) values used to compare observed species replacement 

(β-3) with the expected values generated by two null models with different ecological 

constraints. The “Fixed occurrences” model assumed that occurrences of herbivores and 

parasitoids did not depend on the occurrences of their host plants, and the “Biotic filter” model 

assumed that herbivores and parasitoids could only occur in sites where their host plants occur. 

Shaded areas represent the intervals between -1.96 and +1.96; circles represent SES β-3 values 

calculated for each focal remnant; circles that fall in the shaded areas (black circles) indicate 

no difference between observed values of species replacement and those generated by the null 

models. Considering that both models are identical for the assemblage of plants, only the results 

of the “Fixed occurrences” model are presented for this trophic level. 
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Figure S3  

 

Fig. S3. Standardized Effect Sizes (SES) values used to compare observed richness differences 

(βrich) with the expected values generated by two null models with different ecological 

constraints. The “Fixed occurrences” model assumed that occurrences of herbivores and 

parasitoids did not depend on the occurrences of their host plants, and the “Biotic filter” model 

assumed that herbivores and parasitoids could only occur in sites where their host plants occur. 

Shaded areas represent the intervals between -1.96 and +1.96; circles represent SES βrich values 

calculated for each focal remnant; circles that fall in the shaded areas (black circles) indicate 

no difference between observed values of richness differences and those generated by the null 

models. Considering that both models are identical for the assemblage of plants, only the results 

of the “Fixed occurrences” model are presented for this trophic level.  
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Figure S4 

 

 

Fig. S4. Observed (gray bars) and potential (total bars) occurrences of species at higher trophic 

levels in remnants of Cerrado vegetation. (a) Endophagous herbivores. (b) Parasitoids. 

Potential occurrences were calculated by adding species presences to all remnants containing 

at least one of its host plants. 
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Abstract. Recent studies have demonstrated that the structural organization of antagonistic 

networks are not strongly variable even in face of high beta diversity of species. This pattern 

may emerge from basic rules dictating how species interactions are formed independently of 

species composition, or because species interact randomly and accordingly to their relative 

abundances, as proposed by the neutrality hypothesis. Counter to this, niche hypothesis predicts 

that species beta diversity should increase dissimilarity in network structure if species are not 

replaced by functionally redundant species, since species traits are important drivers of network 

structure. Here, we investigated a temporally-dynamic system comprising Asteraceae plants 

and flower-heads herbivores, drawn from remnants of Brazilian Cerrado during three periods, 

to evaluate if the relationship between spatial beta diversity and dissimilarity in network 

structure changes across time. We measured pairwise differences between network metrics 

(connectance, nestedness and modularity) to evaluate the intensity of changes in network 

structure. A null model approach was also used to evaluate changes in the overall organization 

of networks (e.g., modular vs. non-modular). As expected, we found that one-third of the plant-

herbivore networks (separated by site and period) are modular, but no network was 

significantly nested. Furthermore, plant and herbivore beta diversity were strongly associated 

in all periods. Overall, we provide evidence that the effect of spatial beta diversity on the 

intensity of dissimilarity in network structure depended on the period in which sampling was 

conducted. This indicates that there are no consistent rules over time for how species are 

spatially replaced between networks, and distinct periods may present different turnover rates 

of ecologically similar species. On the other hand, neither spatial beta diversity nor time 

affected the dissimilarity in the overall structure of networks. Taken together, our findings 

suggest that both niche-based and neutral processes could drive the organization of antagonistic 

networks across time.  
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Key words: Antagonistic network; Asteraceae; compositional turnover; endophagous insects; 

herbivory; network dissimilarity; network properties; species interactions; temporal variability. 

 

Introduction 

Ecological networks represent the set of interacting species in biological communities, 

and therefore provide important insights into ecological, evolutionary and historical processes 

(Poisot et al. 2015, Dormann et al. 2017, Tylianakis and Morris 2017). Using metrics of 

specialization on network-level, which describe emergent properties arising of how species 

interact with each other (Blüthgen et al. 2008, Dormann et al. 2009), empirical studies have 

found evidence of recurrent interaction patterns in both antagonistic and mutualistic networks 

(e.g., Bascompte et al. 2003, Lewinsohn et al. 2006, Olesen et al. 2007, Cantor et al. 2017). 

Specific species-species interactions depend on the level of species co-occurrence in space and 

time (Poisot et al. 2012, 2015, Maruyama et al. 2014, CaraDonna et al. 2017) as well as on 

many types (e.g., morphological, physiological, behavioral) of adaptations and constraints 

(Jordano et al. 2003, Olesen et al. 2011, Eklöf et al. 2013, Poisot et al. 2015, Maruyama et al. 

2016, Bergamo et al. 2017). Thus, variation in community composition is expected to influence 

the realization of interactions and the structure of ecological networks. 

Interestingly, despite high rates of variation in species composition, the structural 

organization of many antagonistic networks have been demonstrated to remain stable across 

time and space (Kaartinen and Roslin 2011, 2012, Morris et al. 2014, Wardhaugh et al. 2015, 

Dallas and Poisot 2017, Kemp et al. 2017a). It has been suggested this pattern may emerge 

from basic rules dictating how antagonistic species interact with each other independently of 

community composition (Morris et al. 2014). One proposed explanation is that species tend to 

be replaced by species with similar ecological roles (Dupont et al. 2009, Baker et al. 2015, 

Dallas and Poisot 2017). Under this scenario, for example, specialist species should be replaced 
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by other specialists rather than by generalists, thus conserving overall levels of specialization 

on the networks. Furthermore, if species interact randomly and in proportion to their relative 

abundances, as predicted by the neutrality hypothesis (Vázquez et al. 2005, 2007, Canard et al. 

2012, 2014, Dáttilo et al. 2014), similar network properties may be found for compositionally 

dissimilar networks. Counter to this, we might expect that increasing beta diversity should 

result in changes in network structure if species traits and roles are not conserved 

spatiotemporally. 

In plant-herbivore food webs, which compose approximately 40% of the known 

terrestrial biodiversity (Price 2002), interactions can be altered due changes in the composition 

of species at both trophic levels (or at least one trophic level), or rewiring of interactions (i.e., 

when both plant and herbivore species are present but the interaction between them is not) 

(Novotny 2009). Indeed, compositional turnover and host plant switching have been proposed 

as important drivers of variation in networks comprising plants and herbivorous insects 

(Lewinsohn et al. 2006, Lewinsohn and Roslin 2008, Novotny 2009). A well-known pattern is 

the increasing in plant and herbivore community dissimilarity as a function of increasing 

geographic distance among sites (the so-called distance-decay relationship) (Novotny 2009, 

Kemp et al. 2017a). Variation in these consumer-resource interactions can also occur due 

differential effects of environmental filtering acting on plants and herbivores, so that the 

geographic distributions of potentially interacting species do not entirely overlap (Kemp et al. 

2017b). Moreover, the number of herbivore species per host plant and herbivore diet breadth 

may vary spatiotemporally (Lewinsohn and Roslin 2008, Scherrer et al. 2016). For instance, 

an herbivorous insect might be associated to a single host plant in a given site but increase its 

diet breadth in a site where the former host is not abundant or difficult to access (Fox and 

Morrow 1981). Therefore, changes in the overall organization of plant-herbivore networks may 
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depend not only on dissimilarity in species composition, but also on the abundance and 

availability of food sources (Lopéz-Carretero et al. 2014). 

While recent evidence suggests invariant network structure despite high beta diversity 

among sites for plant-herbivore networks (Kemp et al. 2017a), to our knowledge no study has 

evaluated how and if the relationship between spatial species beta diversity and dissimilarity 

in network structure changes across time. Specifically, for food webs comprising plants and 

flower-head endophagous insects, temporal variability is a key aspect to be analyzed, since 

flowering phenology and seasonal activity patterns of insects play a substantial role on 

constraining realized interactions (Lewinsohn 1991). Overall, such temporal variability may 

be important to understand how beta diversity among sites affects dissimilarity in network 

structure. For example, if sampling is conducted during the flowering peaks of plant taxa which 

species possess distinct ecological roles (e.g., plant species with dissimilar functional traits 

flowering at the same time), then the relationship between spatial beta diversity and 

dissimilarity in network structure should be positive and strong, since species replacement 

would possibly lead to high dissimilarity in network structure. On the other hand, during 

flowering peaks of functionally redundant species (e.g., plant species with similar functional 

traits flowering at the same time), this relationship should be weak or inexistent due to high 

conservatism of network properties. By assessing how spatial beta diversity affects network 

organization across different periods, we may gain a solid understanding on the consistency of 

basic rules for how antagonistic species interact with each other.   

In this study, we use a well-defined system comprising the highly diverse Asteraceae 

plants and the associated flower-head endophagous insects to investigate the effects of spatial 

and temporal variation in species composition on network structure. Considering that each 

sampling period includes the flowering peaks of different tribes of Asteraceae in the Brazilian 

Cerrado, and these periods vary on their composition and diversity of flowering species and 
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herbivores (Almeida et al. 2005, 2006, Fonseca et al. 2005, Almeida-Neto et al. 2010, 2011), 

we specifically ask: Does the relationship between spatial beta diversity and dissimilarity in 

network structure change across time? We expect an interaction between spatial beta diversity 

and time for determining dissimilarity in network structure if there are no consistent rules over 

time for how species are spatially replaced between networks. If this is true, then each period 

could present different turnover rates of ecologically similar species. Meanwhile, we expect 

the relationship between spatial beta diversity and dissimilarity in network structure to remain 

stable across time if (i) network structure changes predictably with increasing beta diversity, 

independently of species identities and the period in which sampling is conducted, or if (ii) 

network structure does not become more dissimilar with increasing beta diversity, suggesting 

that species are consistently replaced by species that fulfill the same ecological roles.   

 

Methods 

Study system and data collection 

The Cerrado Biodiversity Hotspot harbors approximately 11,600 vascular plant species, 

of which about 10% belong to the family Asteraceae (Klink et al. 2005; Sano et al. 2008). In 

the Brazilian Cerrado, flower-heads of Asteraceae are consumed especially by endophagous 

insects belonging to families from the orders Lepidoptera (Tortricidae, Pterophoridae, 

Pyralidae, Gelechiidae, and Blastobasidae), Diptera (Tephritidae, Agromyzidae and 

Cecidomyiidae), and Coleoptera (Apionidae) (Almeida et al. 2006, Almeida-Neto et al. 2011).  

The samplings of Asteraceae and endophagous herbivores were conducted in ten 

remnants of Cerrado vegetation in the state of São Paulo, southeastern Brazil, between April 

2004 and February 2005 (Almeida-Neto et al. 2010, 2011). These remnants were selected 

among 20 remnants previously sampled by Almeida-Neto et al. (2010) because they represent 
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those with lower invasive grass cover, which can be used as a proxy of human disturbance. 

Thus, we selected the Cerrado remnants with lower human disturbance-related effects. The 

minimum and maximum distances between any two sites were 1.8 and 31.5 km, respectively 

(mean distance = 11.3 km). According to the Köppen classification (Köppen 1948), the 

regional climate is classified as CWA, being characterized by rainy summers and dry winters.  

Plant-herbivore networks were sampled during three periods in each site: April-May 

(2004), August-September (2004) and January-February (2005). These periods were chosen 

because they include the flowering peaks of the most common and speciose tribes of 

Asteraceae in the Brazilian Cerrado (Batalha and Martins 2004, Almeida et al. 2005). The first 

period (April-May) includes the flowering peaks of the tribes Eupatorieae and Vernonieae. The 

second period (August-September) includes the flowering peak of Mutisieae and Gochnatieae, 

and the third period (January-February) includes the flowering peak of Astereae. Sites were 

sampled within 35 days in each period. Every study site consisted of 15 transects of 30 x 5 m 

randomly allocated in relation to the edges of the site. Roughly 80 ml of flower-heads per 

individual plant were sampled for a total of 20 individuals belonging to the same species. 

Sampled flower-heads were taken to the laboratory and the emergence of adult herbivores was 

monitored weekly for at least two months. All plants and most herbivores could be identified 

up to the species level. See Almeida-Neto et al. (2010, 2011) for further information on study 

sites and data collection methodology.  

 

Measuring network structure 

Binary (presence-absence) interaction matrices, with plant species in rows and 

herbivore species in columns, were constructed for the ten sites separated by each of the three 

periods, totaling 30 interaction matrices. We evaluated three descriptive metrics of network 
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structure for each interaction matrix: connectance, nestedness and modularity. First, the 

connectance (C) is a measure of network specialization obtained as a ratio of the number of 

realized interactions to the number of possible interactions. Therefore, a network with high 

values of connectance corresponds to a network with low level of specialization (i.e., many 

generalist species). In order to control the effect of network size on connectance, we followed 

Fonseca and John (1996) and measured connectance using the residuals extracted from linear 

regressions (one for each period) using the logarithm of the total number of possible 

interactions as explanatory variable and the logarithm of the number of realized interactions in 

the network as response variable (hereafter, residual connectance). Second, we measured the 

level of nestedness of each network using the NODF metric (nestedness metric based on 

overlap and decreasing fill) (Almeida-Neto et al. 2008), using the bipartite package in R 

(Dormann et al. 2008, R Core Team 2017). Perfectly nestedness is achieved when species 

connected with specialists belong to a proper subset of the species connected with generalists 

(Almeida-Neto et al. 2008, Ulrich et al. 2009). NODF values originally range from 0 to 100, 

but here they were converted to range from 0 (not nested) to 1 (totally nested). Third, 

modularity measures to what extent a network is divided into clearly and delimited sub-

networks, or modules, where species within modules interact more with each other than with 

species from other modules (Olesen et al. 2007). We detected the degree of network modularity 

using Barber’s Q with the program MODULAR (Marquitti et al. 2014). This index ranges from 

0 (no modules) to 1 (totally separated modules). 

We also performed a null model approach to test if the patterns detected in the empirical 

networks differ from what would be expected by chance (i.e. the probability of two species 

interacting is defined simply by their abundances). For this, we created 100 random networks 

using a null model in which the probability of each cell being occupied is the average of 

probabilities of occupancy of its rows and columns (null model 2; Bascompte et al. 2003). In 
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other words, the probability of an interaction being realized depends on the degree of 

specialization of both plant and herbivore species. We computed nestedness’ Z-scores (ZNODF) 

and modularity’s Z-scores (ZQ), defined as: Z-score = (x - µ)/σ, where x = NODF or Barber’s 

Q value of the real networks, µ = mean NODF or Barber’s Q values of randomized matrices, 

and σ = standard deviation of the randomized matrices. We then evaluated whether Z-scores 

were higher than 1.96, thus revealing that observed values of nestedness and modularity are 

greater than expected at α = 0.05.  

 

Dissimilarity measures 

We estimated dissimilarity in species composition (i.e., beta diversity) among sites for 

each period using pairwise Sørensen’s dissimilarity index (hereafter, βsor), a widely used 

measure for presence-absence data (Koleff et al. 2003, Carvalho et al. 2012). Measures that 

capture only compositional changes due to species replacement (β-3) and richness differences 

(βrich) (Carvalho et al. 2012) were also evaluated for some analyses. βsor, β-3 and βrich were 

calculated using the BAT package (Cardoso et al. 2017) in the R environment (R Core Team 

2017). 

We estimated dissimilarity in network structure through two different methods. In the 

first (method I), we calculated the absolute difference between values of the same network 

metric (residual connectance, NODF and Barber’s Q) for all possible pairs of local networks 

(sites) within a given period. In the second (method II), we used the significance values of 

nestedness and modularity obtained by our null model approach to evaluate if pairs of networks 

differed in their overall structures. In this method, a pair of networks that differ in their 

structural patterns (e.g., one network is modular, and the other is not) is represented by a value 

of 1, while a pair of networks that do not differ in their structure (e.g., both networks are 
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modular) is indicated by a value of 0. In summary, for every combination of networks within 

periods, we estimated dissimilarity in species composition as βsor, β-3 and βrich, and dissimilarity 

in network structure through two complementary methods. 

 

Data analyses 

We used Mantel tests to explore the relationships between (i) plant composition 

dissimilarity and herbivore composition dissimilarity, (ii) plant composition dissimilarity and 

total composition dissimilarity (i.e., both plants and herbivores), and (iii) herbivore 

composition dissimilarity and total composition dissimilarity, for each period. Mantel tests 

were done using the vegan package (Oksanen et al. 2017) in the R environment (R Core Team 

2017).   

We tested the effect of spatial beta diversity and time on dissimilarity in network 

structure in two steps. First, we performed independent ANCOVAs (Analysis of Covariance) 

using spatial beta diversity (βsor, β-3 or βrich) and sampling periods as predictor variables, and 

dissimilarity in network structure (calculated through method I) for each network metric as 

response variable. For the ANCOVAs, we performed 4.999 permutations of the response 

variable in order to obtain a permutated P-value (hereafter, Ppermutation). This was done because 

we considered that a P-value obtained through permutations is more robust to type I errors 

given our inflated degrees of freedom. Second, we fitted Generalized Linear Models (GLMs) 

with binomial distributions using a stepwise selection procedure to test the effect of spatial beta 

diversity (βsor) and time on the probability of dissimilarity in network structure (calculated 

through method II) for nestedness and modularity (for details of model selection, see Appendix 

S2). It is important to notice that despite both analyses test the same hypothesis (i.e., the 

relationship between beta diversity and dissimilarity in network structure changes across time), 
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in the first we aim to evaluate the intensity of changes in network structure, whereas in the 

latter we focus on changes in the overall organization of networks. All analyses were carried 

out in the R statistical environment (R Core Team 2017).  

 

Results 

Plant and herbivore composition and dissimilarity 

We recorded a total of 109 species of flower-head feeding insects interacting with 40 

species of host plants. Out of these, 77 herbivores and 29 plants were recorded during the first 

period (April – May 2004), 26 herbivores and 12 plants during the second period (August – 

September 2004), and 42 herbivores and 22 plants during the third period (January – February 

2005). The Asteraceae species richness per network for each site for each period ranged from 

2 to 17 (Mean ± SD = 7 ± 4.5). For endophagous herbivores, species richness per network for 

each site for each period ranged from 3 to 37 (Mean ± SD = 15.86 ± 11.4). As expected, there 

was high dissimilarity of plant and insect composition across time, reinforcing the high 

temporal variability in the study system. To date, only 13.3% of all plant species and 13.6% of 

all herbivore species were present across the three sampling periods (Appendix S1: Table S1). 

We observed positive relationships between plant composition dissimilarity and herbivore 

composition dissimilarity for all periods (Appendix S1: Figure S1), demonstrating that 

herbivore community composition is consistently coupled with changes in plant composition. 

We also found strong and positive correlations between plant composition dissimilarity and 

total composition dissimilarity, and between herbivore composition dissimilarity and total 

composition dissimilarity (Appendix S1: Figure S1).  

 

Network structure 
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Network size varied from five to 52 species (22.86 ± 15.85). We found significant 

correlations between nestedness (NODF) and network size (r = 0.53; P < 0.01), and between 

ZNODF and network size (r = 0.54; P < 0.01). On the other hand, we found no significant 

correlations between Barber’s Q and network size (r = 0.12; P = 0.52), and between ZQ and 

network size (r = -0.24; P = 0.19). In our dataset, NODF and Barber’s Q showed significant 

negative correlation (r = -0.37; P = 0.04). The same pattern was found between the standardized 

metrics, ZNODF and ZQ (r = -0.66; P < 0.01).  

 Connectance was considerably low during the first period, with only 10-19% of the 

possible interactions being realized. In contrast, between 16-57% of the possible interactions 

were realized during the second period, and 10-33% during the third period. Mean nestedness 

was 0.13 ± 0.06 during the first period, 0.05 ± 0.09 during the second period, and 0.01 ± 0.03 

during the third period. However, none of the networks presented a significant nested structure. 

Mean modularity was 0.59 ± 0.11 during the first period, 0.55 ± 0.14 during the second period, 

and 0.66 ± 0.08 during the third period. Only 11 out of 30 networks presented a modular 

pattern, being two during the first period, four during the second period, and five during the 

third period.  

 

Does the relationship between spatial beta diversity and dissimilarity in network structure 

change across time? 

We found that the effect of βsor on connectance dissimilarity changed across time (F2,129 

= 8.77; Ppermutation < 0.01), being strong and positive during the first period (slope = 0.88; Fig. 

1a) but decreasing during the second (slope = 0.38; Fig. 1b) and third periods (slope = -0.12; 

Fig. 1c). There was an interaction between the species replacement component (β-3) and time 

for determining connectance dissimilarity (F2,129 = 7.55; Ppermutation < 0.01). The first period 
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presented the strongest and positive relationship between β-3 and connectance dissimilarity 

(slope = 0.63; Appendix S1: Fig.S2a), which decreased during the second (slope = 0.30; 

Appendix S1: Fig.S2b) and third periods (slope = -0.07; Appendix S1: Fig.S2c). In contrast, 

we found no interaction between the richness difference component (βrich) and time for 

determining connectance dissimilarity (F2,129 = 0.26; Ppermutation = 0.78; Appendix S1: Fig.S3a-

c). In fact, there was no overall effect of βrich on connectance dissimilarity (F1,129 = 1.30; 

Ppermutation = 0.26), which was expected considering that our metric of connectance (i.e., residual 

connectance) controls differences in network size.  

Time also modulated the relationship between βsor and nestedness dissimilarity (F2,129 

= 8.78; Ppermutation < 0.01). The strongest and positive relationship was found during the first 

period (slope = 0.43; Fig. 1d) but decreased during the second (slope = 0.22; Fig. 1e) and third 

periods (slope = -0.05; Fig. 1f). We found an interaction between β-3 and time for determining 

nestedness dissimilarity (F2,129 = 8.19; Ppermutation < 0.01), with the first (slope = 0.21; Appendix 

S1: Fig. S2d) and second (slope = 0.16; Appendix S1: Fig. S2e) periods presenting the strongest 

and positive relationships. On the other hand, this relationship was negative during the third 

period (slope = -0.07; Appendix S1: Fig. S2f). Regarding βrich, we did not find an interaction 

between time and this component for determining nestedness dissimilarity (F2,129 = 0.89; 

Ppermutation = 0.41; Appendix S1: Fig. S3d-f). 

Following our previous results, the effect of βsor on modularity dissimilarity varied 

across time (F2,129 = 5.99; Ppermutation < 0.01). During the first period, there was a significant 

positive relationship between βsor and modularity dissimilarity (slope = 0.72; Fig. 1g), which 

heavily decreased during the second (slope = 0.07; Fig. 1h) and third periods (slope = -0.01; 

Fig. 1i). The effect of β-3 on modularity dissimilarity was also time-dependent (F2,129 = 5.94; 

Ppermutation < 0.01), with the first period presenting a positive relationship (slope = 0.47; 

Appendix S1: Fig. S2g), which decreased during the second (slope = -0.11; Appendix S1: Fig. 
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S2h) and third periods (slope = -0.07; Appendix S1: Fig. S2i). Lastly, we observed an 

interaction between βrich and time for determining modularity dissimilarity (F2,129 = 3.57; 

Ppermutation = 0.04) (Appendix S1: Fig. S3g-i). However, contrary to previous patterns, the 

second period presented the strongest and positive relationship (slope = 0.37), followed by the 

third (slope = 0.08) and first (slope = 0.03) periods (for ANCOVA results, see Appendix S1: 

Table S2). 

In the binomial regression analysis, we did not find any effect of spatial beta diversity 

(βsor) and time on dissimilarity in the structure of nestedness, which was expected considering 

the absence of nested networks in all periods. Moreover, the interaction between spatial beta 

diversity and time was not included in the best model for determining dissimilarity in the 

structure of modularity. In fact, neither spatial beta diversity nor time had any effect on the 

probability of change in the modular structure of networks (Appendix S2: Table S1).  

 

Discussion 

In general, we found that the intensity of changes in network structure as a response to 

spatial beta diversity varied across time. This finding reveals that in some periods 

compositional turnover leads to dissimilarity in network structure, whereas in other periods 

network organization remains stable despite changes in community composition. Regarding 

changes in the overall structure of networks (obtained by a null model approach), we present 

evidence that neither spatial beta diversity nor time had any effect on modularity dissimilarity. 

Considering that no network was significantly nested, we found no variation in the structure of 

nestedness. Periods when changes in species composition reflect on shifts on network structure 

support the biological constraint hypothesis, in which interactions are strongly constrained by 

specific species traits (Jordano et al. 2003, Olesen et al. 2011). On another hand, periods when 
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changes in species composition do not result on changes in network structure might be in favor 

of the neutrality hypothesis, which predicts that interactions occur randomly in proportion to 

species relative abundances (Vázquez et al. 2005, 2007, Canard et al. 2012, 2014), or indicate 

that species are being replaced by others with similar ecological roles (Dupont et al. 2009, 

Baker et al. 2015, Dallas and Poisot 2017). Together, our results suggest that patterns of 

dissimilarity in network structure expected by different ecological processes (i.e., niche-based 

and neutral) can be found on the same study system.  

Plant and herbivore community dissimilarity were strongly associated in all periods, 

revealing that community changes on the higher trophic level consistently follow changes on 

the basal trophic level. This result may indicate coupling of trophic levels either by host plant 

specialization and herbivores tracking the distribution of their host plants, or by parallel 

responses of both trophic levels to similar environmental filtering (Novotny et al. 2007, 

Novotny 2009, Kemp et al. 2017b). Therefore, contrary to neutral expectations, this pattern 

supports the idea that niche-based processes contribute to determine the interactions between 

plants and herbivores. For example, if herbivores can only interact with a subset of the available 

plants (with certain functional traits), it is expected compositional changes of herbivores to 

reflect the variation on plant community. In fact, Bergamini et al. (2017) showed that, for this 

same Asteraceae-endophage system, herbivores use a phylogenetically clustered set of host 

plants, suggesting that functional traits of plants are important drivers of plant-herbivore 

network structure. 

Using a null model approach, we found that none of the sampled networks exhibited a 

nested pattern of species interactions. This result corroborates those demonstrating that patterns 

of nestedness are relatively rare in antagonistic networks (Lewinsohn et al. 2006, Thébault and 

Fontaine 2010, Sauve et al. 2014). Furthermore, one-third of the networks were significantly 

modular, whereas the remaining networks were randomly shaped. Although previous studies 
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have demonstrated that neutral processes contribute greatly to predict interaction patterns 

(Vázquez et al. 2005, 2007, Canard et al. 2012, Olito and Fox 2015), other studies have shown 

that the detailed structure of networks (i.e., distribution and frequency of interactions) is not 

successfully predicted using only information on species relative abundance (Vázquez et al. 

2007, Canard et al. 2014). Thus, non-random patterns of species-level structure might still be 

found for these communities. On the other hand, networks that were significantly modular are 

in accordance with previous results reporting that modularity is one of the most recurrent 

patterns of species interactions in plant-herbivore food webs (Prado and Lewinsohn 2004, 

Lewinsohn et al. 2006, Bergamini et al. 2017, Kemp et al. 2017a). This supports the idea that 

biological traits of plants and insects determine some forbidden links, thus constraining realized 

interactions and increasing the degree of compartmentalization within networks (Prado and 

Lewinsohn 2004).  

The effect of spatial beta diversity on the intensity of changes in connectance, 

nestedness and modularity varied across time, indicating that the relationship between spatial 

beta diversity and dissimilarity in network structure is highly context-dependent. Also, this 

finding reinforces that different non-exclusive processes may be driving network structure in 

each period. Indeed, periods when species compositional changes do not increase dissimilarity 

in network structure may be a result of neutral structuring (if species abundance distributions 

are similar between networks), or because replaced species are functionally redundant, so that 

changes in species identities do not affect network organization (Dupont et al. 2009, Coux et 

al. 2016, Tylianakis and Morris 2017). Similar patterns were found by Dallas and Poisot 

(2017), which reported invariant structure of host-parasite networks across large spatial scales, 

and Kemp et al. (2017a) working with antagonistic networks comprising the family 

Restionaceae and their associated herbivores. Alternatively, periods when species 

compositional changes increase dissimilarity in network structure indicate that species may not 
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be spatially replaced by species with similar ecological roles. A likely explanation for this 

pattern might be that plant and herbivore species that co-occur temporally possess distinct 

functional traits (i.e., high diversity of functional traits within periods) and network roles (Coux 

et al. 2016). Because functional traits are often phylogenetically correlated (Cavender-Bares et 

al. 2009), it is reasonable to suppose that periods when phylogenetically distant species co-

occur will present the strongest and positive relationships between spatial beta diversity and 

dissimilarity in network structure. This is in line with the fact that the first sampling period 

(April – May 2004), which includes the flowering peaks of two different tribes of Asteraceae 

(Eupatorieae and Vernonieae), presented the strongest relationships between spatial beta 

diversity and network structural dissimilarity. 

Our study also shows that neither spatial beta diversity nor time had any effect on the 

dissimilarity in the structure of modularity (Appendix S2: Table S1). Thus, differences in the 

modular pattern of networks may be better explained by other aspects of the studied system 

than species composition, giving further support for the importance of neutral processes and 

functional redundancy. Moreover, this result is interesting because contrasts with those 

demonstrating that both time and spatial beta diversity affect the dissimilarity in modularity 

intensity. This suggests that using complementary methods of network structural dissimilarity 

may lead to different interpretations of the processes promoting changes in ecological 

networks. Lastly, the absence of nested networks in all periods prevents further insights about 

time-depend effects of spatial beta diversity on dissimilarity in the structure of nestedness. 

Therefore, we propose that this issue should be addressed in the future by evaluating other 

types of ecological networks, especially those which have been previously reported as being 

considerably nested (Bascompte et al. 2003, Cantor et al. 2017).  

Taken together, our results demonstrate that time modulates the effect of spatial beta 

diversity of species on the intensity of dissimilarity in network structure, indicating that 
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different non-exclusive processes may affect network organization across time. Nevertheless, 

there were no effects of spatial beta diversity of species and time on changes in the overall 

interaction patterns of networks. Although previous studies have found invariant network 

structure despite high beta diversity (e.g., Dáttilo et al. 2013, Morris et al. 2014, Dallas and 

Poisot 2017, Kemp et al. 2017a), none of these studies had quantified the relationship between 

species beta diversity and dissimilarity in network structure across different periods. By 

evaluating the effects of spatial species beta diversity and time on dissimilarity in network 

structure, our study sheds light on how neutral and niche-based processes drive network 

structure in temporally-dynamic systems. In addition, we highlight the importance of 

understanding how functional trait redundancy can shape network organization. Given the 

different interpretations that might be obtained by evaluating changes in the intensity or overall 

network structure, our study also indicates that using complementary methods of network 

structural dissimilarity is an important step to understand the multiple processes promoting 

changes in the structure of antagonistic networks. 
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Figure legends 

Figure 1. Relationship between dissimilarity in network structure: (a-c) residual connectance, 

(d-f) nestedness (NODF), and (g-i) modularity (Barber’s Q) with spatial beta diversity of 

species (βsor). Colors represent different periods: April-May 2004 (black), August-September 

2004 (red) and January-February 2005 (blue). Points represent pairs of networks in each period. 

Solid lines represent significant relationships. 
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Supporting information 

Appendix S1. 

Table S1. Beta diversity (βsor, β-3 and βrich) of Asteraceae plants and endophagous herbivores 

among three periods: April-May 2004 (sampling period 1), August-September 2004 (sampling 

period 2) and January-February 2005 (sampling period 3). 

 Plants Herbivores 

Comparison βsor β-3 βrich βsor β-3 βrich 

Sampling period 1 x Sampling period 2 0.75 0.34 0.41 0.73 0.23 0.50 

Sampling period 1 x Sampling period 3 0.29 0.15 0.14 0.68 0.39 0.29 

Sampling period 2 x Sampling period 3 0.82 0.53 0.29 0.68 0.44 0.24 

Mean 0.62 0.34 0.28 0.69 0.35 0.34 
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Figure S1. Relationship between beta diversity of plants (βplants), herbivores (βherbivores), and 

both plants and herbivores (βtotal) in each period. Beta diversity was measured using Sørensen’s 

dissimilarity index. Correlation coefficients (r) and significance (P calculated using Mantel 

tests) are also shown. 

 



 

 87 

 

 

Figure S2. Relationship between dissimilarity in network structure: (a-c) residual connectance, 

(d-f) nestedness (NODF), and (g-i) modularity (Barber’s Q) with spatial species replacement 

(β-3). Colors represent different periods: April-May 2004 (black), August-September 2004 

(red) and January-February 2005 (blue). Points represent pairs of networks in each period. 

Solid lines represent significant relationships. 
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Figure S3. Relationship between dissimilarity in network structure: (a-c) residual connectance, 

(d-f) nestedness (NODF), and (g-i) modularity (Barber’s Q) with spatial richness differences 

(βrich). Colors represent different periods: April-May 2004 (black), August-September 2004 

(red) and January-February 2005 (blue). Points represent pairs of networks in each period. 

Solid lines represent significant relationships. 
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Table S2. Analysis of Covariance (ANCOVAs) testing the main and interaction effects of 

spatial beta diversity of species and time on dissimilarity in network structure. We calculated 

beta diversity through Sørensen’s dissimilarity index (βsor) and its components of species 

replacement (β-3) and richness differences (βrich). Dissimilarity in network structure was 

calculated using the absolute difference between values of the same network metric (residual 

connectance, NODF, and Barber’s Q). Time represents the periods in which sampling was 

conducted. Significant effects are shown in bold. 

Network metric Predictors F d.f. Ppermutation 

Connectance βsor 2.52 1 0.11 

(Residual connectance) Time 11.45 2 < 0.01 

 Interaction 8.77 2 < 0.01 

 β-3 6.85 1 < 0.01 

 Time 7.62 2 < 0.01 

 Interaction 7.55 2 < 0.01 

 βrich 1.30 1 0.26 

 Time 5.12 2  0.01 

 Interaction 0.26 2 0.78 

Nestedness βsor 3.37 1 0.07 

(NODF) Time 20.33 2 < 0.01 

 Interaction 8.78 2 < 0.01 

 β-3 3.92 1 0.06 

 Time 14.03 2 < 0.01 

 Interaction 8.18 2 < 0.01 

 βrich 0.06 1 0.81 

 Time 11.74 2 < 0.01 

 Interaction 0.89 2 0.41 

Modularity βsor 3.06 1 0.09 

(Barber’s Q) Time 7.32 2 < 0.01 

 Interaction 5.99 2 < 0.01 

 β-3 1.01 1 0.30 

 Time 7.32 2 < 0.01 

 Interaction 5.94 2 < 0.01 

 βrich 9.99 1 < 0.01 

 Time 8.04 2 < 0.01 

 Interaction 3.57 2 0.04 
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Appendix S2. 

Description of binomial model selection 

We started by comparing a full model in which βsor, time and the interaction between 

them are the predictor variables, and the binary dissimilarity in network structure (calculated 

through method II) is the response variable, with a model in which the interaction is not 

included (i.e., Model with interaction versus Model without interaction). This way, we could 

evaluate the importance of the interaction between βsor and time for determining dissimilarity 

in network structure. If these models were significantly different, we could infer that interaction 

is included in the best model and stop model selection. However, if these models were not 

significantly different, our next step was to compare the model without interaction with models 

including only one of the predictor variables (βsor or time). We used the functions “glm” and 

“anova” in R statistical environment (R Core Team 2017) to construct and compare the 

generalized linear models. 
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Table S1. Results of generalized linear models (GLMs) with a binomial distribution testing the 

main and interaction effects of spatial beta diversity of species (βsor) and time on dissimilarity 

in network structure (calculated through method II). Results are only presented for modularity 

dissimilarity since there was no variation in the structure of nestedness. 

Network metric Comparisons χ² d.f. P 

Modularity (Barber’s Q) Model with interaction vs Model without 

interaction 

3.83 1 0.15 

 Model without interaction vs Model without βsor 0.45 1 0.50 

 Model without interaction vs Model without time 1.28 1 0.52 
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CONSIDERAÇÕES FINAIS 

Nesta dissertação, buscamos entender como as interações entre espécies influenciam e 

são influenciadas pela variação na composição de espécies entre locais. Isto consistiu em 

analisar a diversidade beta espacial primeiramente como uma variável que responde ao nível 

trófico e ao grau de especialização das espécies (capítulo 1), e em seguida como uma variável 

explanatória para a dissimilaridade na estrutura de redes de interações (capítulo 2). A menor 

diversidade beta de parasitoides quando comparado aos demais níveis tróficos das redes 

estudadas (i.e., plantas e herbívoros endófagos) indica que o filtro biótico exercido por espécies 

de níveis tróficos basais não é tão severo quanto previamente postulado para este sistema 

tritrófico. Isto pode ter ocorrido devido à baixa diversidade beta espacial de plantas e 

herbívoros, assim como devido à alta tolerância de parasitoides a outros filtros ecológicos. 

Além disso, a forte associação entre diversidade beta e grau de especialização de herbívoros e 

parasitoides às suas plantas hospedeiras nos permite concluir que características das espécies, 

como a amplitude de nicho biótico, são essenciais para determinar padrões de diversidade beta. 

O fato de a relação entre diversidade beta de espécies e dissimilaridade na estrutura de 

redes de interações planta-herbívoro ser, em geral, dependente do contexto, revela que 

múltiplos processos ecológicos podem influenciar como redes de interações estão organizadas. 

Sendo assim, tanto processos baseados em nicho quanto processos neutros podem determinar 

padrões de interações em redes antagonistas através do tempo. Períodos no qual a relação entre 

diversidade beta espacial e dissimilaridade na estrutura de redes é positiva indicam que 

processos baseados em nicho são preponderantes, de modo que as estruturas de redes 

possivelmente mudam devido às espécies serem substituídas por espécies com papéis 

ecológicos distintos. Por outro lado, períodos no qual não há relação entre diversidade beta 

espacial e dissimilaridade na estrutura de redes podem indicar que espécies são 

consistentemente substituídas por espécies com papéis ecológicos semelhantes (i.e., atributos 
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funcionais similares), ou que a probabilidade de encontro das espécies é o fator-chave para 

determinar a dissimilaridade na estrutura de redes de interações. De modo geral, os resultados 

oriundos dessa dissertação demonstram a importância do conhecimento acerca de como 

espécies interagem entre si para prever padrões de diversidade e organização de redes 

antagonistas.    

 


