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RESUMO 

Bosenbecker, Camila 2024. Os beija-flores e as pessoas: desvendando a contribuição da 
ciência cidadã e o efeito da urbanização nas interações com as flores. Tese de Doutorado 
em Ecologia, Conservação e Biodiveridade. UFU. Uberlândia-MG. 76p. 

Beija-flores são conhecidos por sua dieta especializada em néctar e desempenham um 
papel vital na manutenção dos ecossistemas pelo papel na polinização. No entanto, 
diversas espécies estão em declínio global, devido à perda de habitat e às mudanças 
climáticas. A transformação dos ambientes pela ação humana não apenas ameaça essa 
interação, mas também altera a composição das comunidades. Por outro lado, atividades 
humanas como a observação de aves despertam grande interesse, gerando registros de 
ciência cidadã que contribuem para o entendimento da biologia dessas aves. Essa prática 
popular ao redor do mundo tem enorme potencial para fornecer dados valiosos sobre 
biodiversidade. Com isso, esta tese investiga dois aspectos da relação das pessoas com as 
interações entre beija-flores e plantas: a ciência cidadã como ferramenta de contribuição 
ao conhecimento científico e o impacto da urbanização nessas interações. O primeiro 
capítulo explora o papel da ciência cidadã na complementação dos dados coletados por 
cientistas profissionais, utilizando a plataforma Wikiaves. Os resultados revelam que os 
dados gerados por cidadãos podem cobrir grandes áreas geográficas, capturando 
interações não observadas por cientistas. Embora existam limitações, como a falta de 
padronização dos dados e o foco em áreas urbanas, esses dados são promissores para 
estudos de biodiversidade e conservação. É importante ressaltar que a ciência cidadã não 
apenas documenta espécies comuns, mas também registra espécies ameaçadas, 
oferecendo uma rica fonte de informações para políticas públicas, além de incentivar a 
promoção do envolvimento do público geral na ciência. O segundo capítulo avalia as 
mudanças na estrutura das redes de interação planta-beija-flor ao longo de um gradiente 
de urbanização. Os resultados mostram que essas interações são em grande parte 
generalistas, com alta predominância de plantas não-nativas, independentemente do nível 
de urbanização. Apesar das redes urbanas se mostrarem generalistas, a presença de 
plantas nativas foi associada a uma maior especialização nas interações, sugerindo que a 
diversidade de plantas nativas desempenha um papel crucial na promoção de redes mais 
complexas e na sustentação de polinizadores em paisagens urbanas. Uma convergência 
entre os dois capítulos é que a ciência cidadã tem grande potencial para monitorar e 
conservar a biodiversidade em áreas urbanas. Ao engajar o público na coleta de dados, 
essa abordagem democratiza o conhecimento científico e fornece dados valiosos para 
pesquisadores e gestores ambientais. Além de gerar dados robustos, a ciência cidadã 
fortalece o vínculo entre a população e a natureza, promovendo conscientização e 
engajamento na preservação ambiental. Por outro lado, é crucial que os planejadores 
urbanos reconheçam a necessidade de integrar a conservação da biodiversidade no 
planejamento das cidades. Somente com políticas públicas adequadas e envolvimento da 
comunidade será possível reduzir os impactos negativos da urbanização e promover 
cidades mais sustentáveis e amigáveis à natureza. 

Palavras-chave: ecologia urbana, observação de aves, plantas nativas, redes de interação, 
espaços verdes urbanos, Wikiaves. 
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ABSTRACT 

Bosenbecker, Camila 2024. Hummingbirds and people: uncovering the contribution of 
citizen science and the effect of urbanization on interactions with flowers. MSc. thesis 
UFU. Uberlândia-MG. 76p. 

Hummingbirds are known for their specialized nectar diet and play a vital role in 
maintaining ecosystems through pollination. However, these species are in decline 
globally due to habitat loss and climate change. Human-induced changes to their habitats 
not only threaten their interaction but also alter the composition of communities. On the 
other hand, some human activities, such as birdwatching, generate great interest, 
generating citizen science records that can contribute to a better understanding of 
hummingbird biology. This popular practice worldwide has enormous potential to 
provide valuable data on biodiversity. Therefore, this thesis investigates two aspects of 
the relationship between people and hummingbird-plant interactions: the potential of 
citizen science to contribute to scientific knowledge and the impact of urbanization on 
these interactions. The first chapter explores the role of citizen science in complementing 
the data collected by professional scientists using the Wikiaves platform. The results 
reveal that citizen-generated data can cover large geographical areas, capturing 
interactions not observed by scientists. Although there are limitations, such as the lack of 
data standardization and the focus on urban areas, these data are promising for 
biodiversity and conservation studies. It is important to emphasize that citizen science not 
only documents common species but also records of endangered species, offering a rich 
source of information for public policies as well as promoting general public involvement 
in science. The second chapter evaluates the changes in the structure of plant-
hummingbird interaction networks along a gradient of urbanization. The results show that 
these interactions are largely generalized, with a high predominance of non-native plants, 
regardless of the level of urbanization. Although urban networks were generalized, the 
presence of native plants was associated with greater specialization in interactions, 
suggesting that native plant diversity plays a crucial role in promoting more complex 
networks and sustaining pollinators in urban landscapes. One convergence between the 
two chapters is that citizen science has great potential for monitoring and conserving 
biodiversity in urban areas. Engaging the public in data collection democratizes scientific 
knowledge and provides valuable data for researchers and environmental managers. In 
addition to generating robust data, citizen science strengthens the link between the 
population and nature, promoting awareness and engagement in environmental 
conservation. On the other hand, it is crucial that urban planners recognize the need to 
integrate biodiversity conservation into city planning. Only with appropriate public 
policies and community involvement will it be possible to reduce the negative impacts of 
urbanization and promote more sustainable and nature-friendly cities. 

Keywords: birdwatching, interaction networks, native plants, urban ecology, urban green 
spaces, Wikiaves. 
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INTRODUÇÃO GERAL  

Beija-flores estão entre os grupos de polinizadores mais carismáticos e 

representam uma das famílias (Trochilidae) mais diversas dentro da Classe Aves, 

destacando-se por sua extrema especialização na dieta à base de néctar das flores (Zanata 

et al. 2017). Ao estabelecer interações mutualísticas e, em alguns casos, não mutualísticas 

com milhares de espécies de plantas nas Américas esses polinizadores desempenham um 

papel essencial nos ecossistemas. Algumas plantas dependem dos beija-flores para sua 

polinização, enquanto os beija-flores, por sua vez, dependem do néctar dessas plantas 

para sua alimentação (Barreto et al., 2024). Essa relação de interdependência é vital, pois 

os polinizadores são responsáveis pela reprodução da maioria das espécies de plantas com 

flores (Ollerton et al., 2011). Assim, a presença desses polinizadores é fundamental para 

garantir a manutenção da biodiversidade desses ecossistemas. 

No entanto, os beija-flores estão em declínio global, com 60% das espécies 

apresentando queda populacional (Leimberger et al., 2022). Este declínio pode levar à 

extinção de plantas que dependem diretamente deles para polinização, principalmente nos 

trópicos, onde plantas polinizadas por vertebrados são ainda mais dependentes de seus 

polinizadores (Ratto et al., 2018). A perda de habitat e as mudanças climáticas são as 

principais ameaças enfrentadas por esses polinizadores (Leimberger et al., 2022). As 

características ecológicas dos beija-flores, como sua grande mobilidade, tolerância a 

amplas condições ambientais e variação morfológica, os tornam polinizadores 

particularmente eficazes e vantajosos para muitas plantas (Barreto et al., 2024). Ainda 

assim, a queda na biodiversidade, observada nas últimas décadas (Butchart et al., 2010), 

impacta diretamente o funcionamento dos ecossistemas (Cardinale et al., 2012). Essa 

redução na biodiversidade é amplamente impulsionada pelas atividades humanas, que 

representam uma ameaça significativa à biodiversidade global (Vitousek et al., 1997; Seto 
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et al., 2012). As interações entre plantas e polinizadores têm sido impactadas 

negativamente pela crescente urbanização, uma das principais trasformações do uso da 

terra decorrente de atividades humanas, resultando em homogeneização biótica e perda 

de espécies especializadas (McKinney 2006). Grandes centros urbanos podem ser 

considerados desertos biológicos devido à sua matriz que raramente volta a condições 

naturais após o processo de urbanização (Sandström et al. 2006; Marzluff e Ewing 2001). 

Apesar dos impactos que a urbanização pode causar, alguns trabalhos vêm 

demostrando que a presença de áreas verdes urbanas pode ajudar a reduzir seus efeitos 

negativos (Sandström et al. 2006, Fontana et al. 2011, Carbó-Ramírez e Zuria 2011). 

Áreas verdes podem fornecer diferentes serviços ecossistêmicos, como polinização, 

regulação de clima local, qualidade do ar e habitat para espécies (Ziter 2016); com 

importante função para a conservação da biodiversidade (Aronson et al. 2017). Através 

do planejamento da vegetação urbana podemos mitigar os impactos humanos, pois a 

manutenção de grandes árvores e o aumento da riqueza de plantas podem reduzir os 

efeitos negativos da urbanização sobre a biodiversidade (Pena et al. 2017). Para tanto, é 

importante que áreas urbanas possuam uma vegetação complexa estruturada com 

diferentes estratos, com grandes árvores e arbustos bem desenvolvidos (Sandström et al. 

2006). 

O planejamento de áreas verdes urbanas tem sido amplamente discutido na última 

década, pois esses locais podem incluir uma variedade de habitats, desde remanescentes 

de vegetação nativa até infraestruturas verdes projetadas (Aronson et al. 2017). É crucial 

considerar esses ambientes, pois eles podem favorecer diversas espécies de plantas, 

animais e outros organismos, impulsionando a diversidade em áreas antropizadas. Áreas 

verdes ricas e diversas, com uma grande variedade de plantas, têm o potencial de atrair 

polinizadores e beneficiar a biodiversidade. No entanto, planejar a composição de plantas 
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nesses ambientes é um desafio, pois, embora a floração prolongada e outros aspectos 

estéticos seja importante para a sociedade, sua função ecológica também deve ser 

considerada. Recentemente, estudos têm destacado a importância do uso de plantas 

ornamentais nativas em áreas verdes urbanas (Berthon et al., 2021). Essas plantas podem 

fornecer recursos essenciais e beneficiar a fauna local. Entretanto, a maioria das 

interações de beija-flores em ambientes urbanos pode envolver plantas não-nativas, que 

fornecem uma grande proporção de recursos de néctar ao longo do ano (Anselmo et al. 

2023). 

Se por um lado, a transformação dos ambientes pela ação humana afetam as 

interações entre animais e plantas, por outro, alguns grupos de animais atraem bastante 

atenção das pessoas por meio da atividade de observação e dos registros naturalísticos. 

Uma das práticas que mais se destaca nesse contexto é a observação de aves por 

amadores, conhecida internacionalmente como birdwatching, uma atividade amplamente 

popular em todo o mundo. Essa prática oferece um grande potencial para a ciência cidadã, 

gerando dados valiosos que ampliam o acesso às informações sobre padrões de 

biodiversidade (Theobald et al., 2015). A observação de aves é uma atividade que envolve 

milhões de pessoas (Sekercioglu, 2002), e pode inclusive envolver atividades de ciência 

cidadã (Barbosa et al., 2021). Tradicionalmente, estudos que avaliam interações de aves 

com as flores empregam técnicas clássicas como observação direta de espécies (Anselmo 

et al., 2023), amostragens de néctar (Tinoco et al., 2016) e até mesmo análise de carga de 

pólen (Castellanos et al., 2003), realizadas por pesquisadores. Essas técnicas, embora 

eficazes, possuem algumas limitações como restrição de cobertura espacial, desafios 

relacionados à precisão taxonômica de amostras fecais e pólen, além da necessidade de 

tempo de coleta e custos elevados. Neste contexto, a ciência cidadã emerge como uma 

ferramenta valiosa para enfrentar esses desafios. Através do engajamento de voluntários 
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na coleta de dados, a ciência cidadã é frequentemente utilizada para obter grandes 

volumes de informações permitindo a expansão da cobertura de dados (Silvertown, 

2009), com baixos custos e promovendo o conhecimento científico ao público geral 

(Bonney et al., 2009). 

Considerando esse contexto, esta tese de doutorado aborda duas frentes da relação 

entre as pessoas e os beija-flores, um deles busca preencher lacunas sobre interações 

ecológicas em ambientes urbanizados e outro, utiliza dados de ciência cidadã para 

entender como a observação de aves por entusiastas pode complementar o entendimento 

das interações acumulados pelos acadêmicos ao longo dos anos. Os trabalhos 

apresentados aqui fornecem insights para propor estratégias de manejo e conservação de 

locais antropizados, contribuindo para a preservação da biodiversidade de beija-flores.  

A tese está estruturada em dois capítulos. O primeiro capítulo explora a 

contribuição da ciência cidadã para o entendimento das interações beija-flor-planta, 

utilizando o Brasil e a plataforma Wikiaves como um modelo de estudo. Mostramos que 

há uma grande complementação entre os dados coletados por cientistas e pelos 

observadores de aves, contribuindo para um melhor entendimento das interações entre 

beija-flores e plantas. O segundo capítulo avalia como a urbanização influencia essas 

interações em um grande centro urbano, Belo Horizonte, em Minas Gerais, também 

conhecida como a capital mundial do pão de queijo. Neste trabalho, mostramos que a 

organização da rede de interação entre beija-flores e plantas não apresenta grande 

variação, mesmo como aumento da cobertura vegetal na paisagem. Contudo, nossos 

resultados indicam que uma maior proporção de flores nativas esteve associada a uma 

maior especialização nas interações. Juntos, esses estudos oferecem visões 

complementares na interação entre pessoas e beija-flores (e suas flores), destacando os 

benefícios de envolver o público nas informações biológicas, assim como de fatores 
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ligados a urbanização que afetam as interações ecológicas e possíveis recomendações 

para a conservação destas interações e das funções ecossistêmicas associadas. 
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  Abstract 
 

Citizen science has the potential to increase the efficiency of scientific data collection. 
However, such initiatives often focus on unique taxa for each record, not necessarily 
involving interspecific interactions. Moreover, whether openly available unstructured 
citizen science data can contribute to better understand ecological patterns is still not 
well understood. Here, we identify hummingbird-plant interactions recorded by amateur 
birdwatchers in the most popular online platform in Brazil, Wikiaves. Then, we 
evaluated how this information can benefit our understanding of interactions in a large 
Tropical country by comparing with data generated by experts. We also constructed a 
nation-wide meta-network to identify the structural roles of hummingbirds and plants. 
In total, 3210 interactions were compiled, with better hummingbirds and geographic 
coverage of citizen data in relation to expert data. The interaction network showed a 
modular pattern, and some plant species found as most frequently interacting here were 
similar to those found by experts. Nevertheless, when comparing the plant partners for 
hummingbirds featured in both expert and citizen data, the proportion of plants in 
common were generally low (usually less than 40%), indicating that amateur 
birdwatchers are mostly recording interactions not captured by scientists. Finally, as in 
other cases of compilation of interaction data, we found that sampling intensity (here, 
number of photographs) is a strong driver of interaction records, highlighting the unique 
challenge of separating biologically meaningful patterns from sampling artifacts in 
citizen science data. Our study illustrates the richness of citizen-gathered biodiversity 
data available in a megadiverse country, which show great potential to complement 
expert collected data. 

 
 

Keywords: birdwatching, Brazil, interaction networks, Phaethornis pretrei, pollinators, 
Wikiaves.  
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Introduction 
 

Citizen science has gained popularity in recent decades, helping to advance 

scientific knowledge (Bonney et al., 2009). It consists of the participation of the general 

public in the construction of knowledge through the collection of information, including 

photographic records, and interpretation of results (Miller-Rushing et al., 2012). Research 

projects in ecology use citizen science data mainly to obtain large amounts of information, 

allowing expansion of data coverage (Silvertown, 2009). The partnership between experts 

and non-professionals has the potential to increase the efficiency of scientific data 

collection by providing more complex and comprehensive data (Roy et al., 2016). In 

addition, it allows the population to actively engage in science, improving scientific 

literacy and society's interest in the subject being investigated (Cohn, 2008; Stafford et 

al., 2010). The involvement of society in citizen science projects generally happens in 

two ways: (1) the public participating in a scientific project by producing specific and 

structured information for scientists; (2) the public can contribute through crowdsourcing, 

usually involving a large number of people, with an undefined audience providing data 

across wide geographic regions by using e.g., social media platforms (McKinley et al., 

2017; Muñoz et al., 2020). In this context, the development of tools and internet platforms 

that assist in the dissemination of information obtained by the general public is one of the 

factors responsible for the growing amount of data collected by citizen scientists. Such 

platforms allow interactions among users through comments, discussions, and photo 

sharing, expanding social groups by facilitating the contribution of the population to 

science (Stafford et al., 2010; Tubelis, 2023). 

A practice that is very popular worldwide and presents a great potential to 

contribute to citizen science is birdwatching, which is the act of observing and identifying 

birds in their native habitats (Sekercioglu, 2002). Birdwatching is among the most popular 
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type of ecotourism, and by collecting photographic and audio records of birds, identifying 

different species, and analyzing behavior, vocalizations, habits, migrations, and their 

interactions with other organisms, birdwatchers can also contribute with new scientific 

knowledge (Sekercioglu, 2002). Owing to their popularity, there are several different 

platforms that include information on occurrence and biology of birds such as the Cornell 

Lab of Ornithology’s eBird (https://ebird.org) or broader initiatives such as iNaturalist 

(https://www.inaturalist.org/), which includes many different organisms. Such citizen 

science initiatives usually focus on single taxa in each record, and not necessarily on 

specific records of two or more organisms associated in ecological interactions, for which 

data generation can be more challenging (Groom et al., 2021, but see Marín-Gómez et 

al., 2022; Tubelis, 2023). 

Pollination is a major interaction between plant and animals, which supports 

ecosystem functions across terrestrial ecosystems and also provides relevant ecosystem 

services (Ollerton et al., 2011). In this context, a previous study by Kremen et al. (2011) 

assessed the floral visitor abundance data collected by citizen scientists with data 

collected by professional scientists in an agricultural landscape in California-USA. Their 

results showed that citizen scientists collected observational data similar to that collected 

by professional scientists and equally useful for science. However, there are still few 

studies comparing citizen and expert generated interaction data (Kremen et al., 2011). 

Such projects may be especially relevant in the tropics, where there is a higher diversity 

of pollinators and plants, but which has been comparatively less studied (e.g., Maruyama 

et al., 2022). Brazil is considered one of the most biodiverse tropical countries in the 

world (Lewinsohn and Prado, 2005). This includes birds, with more than 1900 species 

cataloged in the country (Pacheco et al., 2021). Although not a formal citizen science 

initiative, in the sense that it was conceived to support a specific science project, the 
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Wikiaves website (www.wikiaves.com.br) is a popular platform in Brazil that receives 

more than 1000 bird media files daily, consisting in a large database with an important 

role in gathering information on Brazilian birds. The website encompasses information 

on behavioral records, distribution, reproduction, natural history, and migration (Cunha 

and Fontenelle, 2014; Tubelis, 2023). The easy access of scientists to this information has 

allowed them to carry out research projects to gather distribution and breeding biology 

data, records of rare species and even to evaluate ecological interactions (Cunha and 

Fontenelle, 2014; Tubelis and Sazima, 2021; Turella et al., 2022). As English literacy is 

generally low in Brazil, this Portuguese language platform is widely used by amateur 

birdwatchers, more so than other international platforms (Barbosa et al., 2021; Tubelis, 

2023). We took advantage of this platform to investigate the usefulness of unstructured 

citizen science data on understanding plant-bird interactions. Birds provide essential 

ecosystem functions including pollination (Whelan et al., 2008), and among them 

hummingbirds are the most speciose and specialized group (Fleming and Muchhala, 

2008; Zanata et al., 2017). Moreover, there are several compilations in hummingbird–

plant community-wide interaction data already published in the literature, which include 

data from Brazil (Araujo et al., 2018; Dalsgaard et al., 2021; Maruyama et al., 2019). 

Therefore, we were able to effectively compare the data collected by scientists and non-

scientists regarding these interactions in Brazil, as a biodiverse model country. 

Here, we aim to identify patterns of hummingbird-plant interactions with data that 

have not been collected by scientists and evaluate how this information can benefit our 

understanding of these interactions. Specifically, we asked: (1) which species of 

hummingbirds and plants were most frequently recorded interacting?; (2) were legitimate 

interactions, with potential for pollination, recorded more often than illegitimate 

interactions (i.e., robbing and thieving)?; (3) what are the network roles played by 
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different hummingbird and plant species in the nationwide modular meta-network?; (4) 

how overlapping are the interactions of hummingbirds with plants recorded by non-

scientists and previously reported data in the literature?; and finally (5) how sampling 

intensity, i.e., total number of photographic records for each hummingbird species, 

influences the characterization of interaction patterns? We hope that by answering these 

questions, we are able to highlight the strengths and challenges associated with the large 

amount of unstructured and seldom used citizen generated data to better understand 

species interactions and tropical biodiversity.  

 

Materials and methods 

Data collection: citizen science platforms 

Eighty-nine species of hummingbirds are found in Brazil (Pacheco et al., 2021), 

and are among many of the records included in the Wikiaves platform 

(www.wikiaves.com.br), which is a Brazilian website created in 2008 with the objective 

of promoting birdwatching. Through the collaboration of users, it has become an online 

database with photographic and audio records and other information about Brazilian bird 

species. The site brings together the largest online community of birdwatchers in Brazil 

and allows the interaction of collaborators, which makes it an important tool for the 

amateur birdwatchers in the country (Dias, 2011; Tubelis, 2023). 

We surveyed for the interaction events on the Wikiaves platform, entered between 

January 2008 (date of creation of the platform) until May 9, 2021, the day of the last 

access. We analyzed the photos of all hummingbird species recorded in Brazil (Pacheco 

et al., 2021). We considered as one record of interaction when the image showed an 

individual hummingbird and a flower. Only records made in Brazil were considered, and 

photos that referred to the same event (i.e., images made in the same location, date and 
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by the same author) were counted only once. We sought to identify the plant species 

associated with hummingbirds to the lowest taxonomic level possible, using keys and 

illustrated books. Plant species were classified as native or non-native and according to 

their habit (herbaceous, shrubby or arboreal) using the Flora e Funga do Brasil (2022) 

website and were identified to the lowest taxonomic level possible. Some plants were 

only classified at the level of genus, and in a few cases at the level of family. For 

simplicity, we refer to each recorded morphospecies as “species” henceforth. For 

example, the plants from the genus Inga could not be identified at the species level from 

the photographs due to the similarity in their flower morphology, so we probably lumped 

together several distinct species in our data. Additional information such as sex, age of 

the hummingbird (young, adult or undefined), author, locality where the interaction was 

observed, type of visit (legitimate or illegitimate), the date the photo was taken and date 

of publication in the platform were also compiled. We also classified hummingbird 

species according to red list status (IUCN, 2022). 

The compiled hummingbird-plant interaction data were then compared with the 

interaction datasets previously reported by Araujo et al. (2018); Dalsgaard et al. (2021) 

and Maruyama et al. (2019), which compiled information of plant–hummingbird 

interactions at different localities in Brazil. Dalsgaard et al. (2021) also included localities 

from other countries, which were not considered here. The experts' data covered different 

Brazilian ecosystems, totaling 72 localities/communities (Atlantic Forest n = 36, Cerrado 

n = 18, Caatinga n = 8, Pampa n = 4, Pantanal n = 3, Campos Rupestres n = 3; Fig. 1, Table 

S2). 
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Fig 1: Distribution of hummingbird-plant photographic records extracted from the online 

platform Wikiaves (in blue), in contrast to localities where expert data were collected (in red) in 

Brazil. 

 

Hummingbird-plant interaction networks 

From the analyzed images, two matrices of quantitative interactions were 

constructed, considering the number of photos a specific hummingbird-plant combination 

was represented as a measure of the strength of the interactions. In the first matrix (Total 

Matrix), we considered all records of a hummingbird interacting with a flower 

(irrespective of legitimate or illegitimate), while in the second matrix (Pollination 

Matrix), the criterion was refined to consider only the records of hummingbirds accessing 

the flowers legitimately, i.e., touching the reproductive structures of the flower in the 

photos, with potential for pollination interactions. 

 

Data Analysis 

To characterize the hummingbird-plant meta-network structure and species role, 

we calculated modularity, which was calculated with the DIRTLPAwb + algorithm 
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(Beckett, 2016). This algorithm identifies modules in weighted networks. Significances 

of metrics at the network level were assessed by comparing observed values with those 

generated by null models (n = 1000). Here we used the r2dtable null model, which 

constraints the network size and the marginal totals in the simulations (Dormann et al., 

2008). The roles of the species in the modular network were identified using the "c" and 

"z" scores. Among-module-connectivity (c) indicates the role of species as connectors of 

different modules, while the within-module degree (z) indicates the relevance of each 

species within its module (Olesen et al., 2007). Species can then be categorized according 

to their role in the modular network by crossing the values of these two indices, as: 

connectors (high c and low z values), peripherals (low values of c and z), network hubs 

(high values of c and z) or module hubs (high z and low c values). Following Dormann 

and Strauss (2014), we used threshold values determined by using 95% quantiles from 

the null networks, with z = 2.8 and c = 0.62 as critical values to define species roles. In 

meta-networks spanning wide areas such as ours, interactions are expected to reflect both 

the geographic distribution and ecological attribute of species that determine interactions 

locally when species co-occur (Araujo et al., 2018). Thus, spatial co-occurrence is an 

essential first template for species to interact, determining the potential interactions that 

may or may not be realized according to other attributes, such as traits and abundances of 

species (Bartomeus et al., 2016). All network analyses were performed in the R package 

'bipartite' (Dormann et al., 2008). 

To evaluate the overlap in plant partners interacting with hummingbirds between 

citizen and expert collected data, we estimated the proportion of plant species in common 

between the two sources in relation to the total number of plant species and hummingbirds 

which were found interacting in Wikiaves. Thus, if a hummingbird species A interacted 

with n number of plants in the Wikiaves platform, we estimated the proportion of these n 
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plants that also appeared interacting with hummingbird A in the expert data. Finally, we 

adjusted two simple linear regressions taking the total number of records for a 

hummingbird (i.e., number of photographs in Wikiaves) as the predictor variable: (1) with 

the number of observed plant species visited in the citizen data as the response variable, 

to evaluate sampling effects; and (2) with the richness of plants visited in the expert data, 

to evaluate the correspondence between the two datasets. The data were log transformed 

to improve the fit after checking the residuals. All analyses were conducted in R (R Core 

Team, 2020). 

 

Results 

In total, 3210 interactions were compiled from the Wikiaves platform (of which 

634 interactions were nectar robbery and theft, 19.75%), distributed across all Brazilian 

states and biomes, in contrast to expert collected data (Fig. 1, Table S1). Of the 89 

hummingbird species observed in Brazil, the online platform included records for 70 

species. The species most frequently found interacting with flowers was Phaethornis 

pretrei (Fig. 2A), with 412 records, representing 12.83% of the images analyzed. The 

second and third most recorded species were Chlorostilbon lucidus with 322 records 

(10.03%) and Florisuga fusca with 207 records (6.44%). Two species were classified as 

threatened (Phaethornis margarettae, Thalurania watertonii) and one as vulnerable 

(Phaethornis aethopygus) by the IUCN Red List (IUCN, 2022). As for the plants, a total 

of 292 different morphospecies were identified, 161 at the species level (55.2%), 124 at 

the genus level (42.6%) and 7 at the family level (2.39%). Of the plants identified at the 

species level, 49.6% were classified as native, 40.3% as non-native, and for 9.93% we 

had no information. Within the native plants, 22 species were classified as endemic to 

Brazil. The plants presented predominantly shrubby habit (34.7%), followed by herbs 
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(24.8%) and trees (20.4%). 

C. lucidus was the hummingbird species that interacted with the highest number 

of plants (98 species), which represents 34.5% of the total plant morphospecies identified. 

It was followed by Eupetomena macroura (85 species, Fig. 2B) and P. pretrei (79 

species). From the plant perspective, the species recorded interacting with the highest 

number of hummingbirds (36 species, 51.42%) was Inga sp., which could not be 

identified at the species level from the photographs owed to similarity in flower 

morphology within the genus. The second and third species that interacted most with 

hummingbird species were the non-native Grevillea banksii (30 hummingbird species, 

42.85%) and the native Lantana camara (26 hummingbird species, 37.14%). 

When comparing the geographical distribution of the data, although there seems 

to be a concentration of data towards the Atlantic coast, which parallels the country’s 

demography, the citizen data covered 889 cities in Brazil, including many localities in the 

Brazilian Amazon not covered by expert data (Fig. 1). The experts' data covered only 36 

cities. 

The two interaction networks compiled showed a modular pattern with higher 

observed values than expected by the null model that incorporates species richness and 

marginal totals. The total interaction network (including legitimate and illegitimate 

interactions) had a modularity of Q = 0.383 (p < 0.001), with 15 modules (Fig. 2C). In 

this modular network, all hummingbird species acted as peripherals. When considering 

the plants, seven species were classified as module hubs (Calliandra sp., Dioclea sp., 

Inga sp., Isertia sp., Ixora coccinea, L. camara, Vismia sp.). The other 97.6% of the 

species were classified as peripherals, no species was identified as a network hub or 

connectors. 

In the pollination network, modularity was slightly higher Q = 0.413 (p < 0.001), 
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with 23 modules, and all hummingbird species were classified as peripherals. For the 

plants side, eight species acted as module hubs (Heliconia sp., Inga sp., I. coccinea, Ixora 

sp., L. camara, Odontonema sp., Prunus sp., Stifftia chrysantha). The other 96.9% of the 

plants were classified as peripherals, no species was identified as network hubs or 

connectors. 

 

Fig. 2: Photographs illustrating interactions that we extracted from Wikiaves platform and the 

resulting interaction meta-network. Planalto Hermit, Phaethornis pretrei (A) interacting with 

Holmskioldia sanguinea (Lamiaceae). Swallow-tailed Hummingbird, Eupetomena macroura (B) 

interacting with Strelitzia reginae (Strelitziaceae). Hummingbird-plant interaction network from 

citizen science data (Total Matrix), different colors represent different modules, squares are 

hummingbirds and circle are plants (C). 

 

From the 70 hummingbird species with records of interactions in the citizen 

science data, 40 species also had data on interactions in the expert data. In contrast, 

only one hummingbird species, Chrysuronia brevirostris had data collected by experts 

but not in the online platform. Moreover, 92 plant species (identified at the species 
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level) with record in the online platform were not present in the expert data. Regarding 

the comparison of the plants that hummingbird species interacted with between expert 

and citizen data, only 36 species of hummingbirds had plants in common between the 

two sources (Fig. 3). The hummingbird that presented the highest proportion of plants 

in common was Phaethornis squalidus with 66.6% of the plants in common (from the 

total of 3 plants it interacted with in the citizen data). The other species showed values 

below 40%. E. macroura was the species that presented the highest number of plants 

in common (16 species). However, this hummingbird interacted with 85 species of 

plants in Wikiaves data, reflecting in a proportion of 18.8% of plants in common with 

the experts. 

   

 

Fig. 3: Proportion of plants in common for the hummingbirds that showed some overlap in the 

identity of plants they interacted with between expert and citizen data. These proportions denote 

the ratio between plants in common divided by the total number of plants hummingbirds were 
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found interacting with in the Wikiaves online platform. 

 

Finally, there was a strong positive relationship between the total number of 

hummingbird photographic records in the online platform and the richness of plant 

species visited by hummingbirds (R2 = 0.92; p < 0.001, Fig. 4A). In addition, there was 

a positive but less strong relationship between the photographic records by the citizen 

scientists and the number of plant species hummingbirds interacted with as recorded 

by the experts (R2 = 0.45; p < 0.001, Fig. 4B). 

 

Fig. 4: (A) Relationship between number of plant species visited by hummingbirds and the 

number of photographic records in the Wikiaves platform (B) Relationship between the 

number of plant species visited by hummingbirds recorded by experts and the number of 

photographic records in Wikiaves. 

Discussion 

Here, by contrasting hummingbird-plant interaction data collected by amateur 

birdwatchers and trained scientists, we illustrate the richness of data available in online 

platforms. Importantly, the citizen science data showed higher hummingbird and 
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geographic coverage of interaction records, even including records from the Amazon 

Rainforest, where scientific information in plant-pollinator interactions, including 

hummingbirds, is comparatively scarce (Nascimento et al., 2020). Some plants found 

acting as module hubs are those also found as important for hummingbirds when 

considering expert data, e.g., Inga sp. (Araujo et al., 2018). 

On a global scale, there is a gap in data collected by citizen scientists for different 

taxonomic groups in South America (Chandler et al., 2017). Furthermore, citizen science 

studies evaluating interactions are relatively rare, because there are often limitations in 

data collections involving more than one organism groups (Groom et al., 2021; but see 

e.g., Marín-Gómez et al., 2022; Heilmann-Clausen et al., 2016). The use of photographs 

can, however, mitigate some of these limitations (Groom et al., 2021), and the large 

amount of information we have compiled seems to confirm this potential. Some studies 

in the past had pointed out the importance of photographs in social media and science 

platforms (Pitman et al., 2021), which even allow for more detailed analyses, for example 

with studies on specific bird behaviors (Schunck et al., 2022; Tubelis and Sazima, 2021), 

and interaction network analysis as we did in the current study. One recent study from 

Mexico also evaluated hummingbird-plant interactions from photographic platforms 

(iNaturalist and eBird) across urban areas in the Mexico City and quantified the use of 

native and non-native plants by these birds, among other patterns (Marín-Gómez et al., 

2022). Such studies further illustrate how these platforms may contribute to answer 

relevant ecological questions at different spatial scales. 

Our method, like other uses of unstructured data, can suffer from biases such as 

lack of standardization in data collection (Bayraktarov et al., 2019), or over-sampling of 

more common species in less natural areas, such as urban areas, since potentially these 

environments are the most commonly photographed due to the easier access for amateurs. 
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Even so, when we compared our database with that of the experts, we observed many 

hummingbirds only recorded in the online database, including species classified as 

endangered (P. margarettae, T. watertonii) and vulnerable (P. aethopygus) by the IUCN 

Red List (IUCN, 2022). The presence of these species in the online platform data indicates 

that even though there are possible biases in the citizen data, there are potential benefits 

for covering a larger number of species in comparison to expert data, even including 

endangered species. Especially considering that many vertebrate pollinator species, 

including some hummingbirds, show a tendency of decline and worsening in endangered 

status (Regan et al., 2015), information on their food plants is highly valuable. 

As shown for the country wide Brazilian meta-network based on expert data 

(Araujo et al., 2018) we also found that the citizen science meta-network showed a 

modular pattern. But when species were classified into their modules, all hummingbird 

species were classified as peripherals in both citizen data networks. The hummingbird P. 

pretrei, however, had a z-score value of 2.74, slightly lower than the critical value of 2.8 

determined by the null model, making this species almost a module-hub. This species has 

a wide distribution occurring in five Brazilian biomes and was the species that recorded 

the highest number of interactions with plants, interacting with 79 plant species. 

Interestingly, this species is also one of the most frequently interacting hummingbirds in 

Brazil based on expert data (Araujo et al., 2018), indicating that citizen science data 

capture both geographical and ecological information about species interactions (see 

Araujo et al., 2018). 

A good part of the plants for which species identity was recovered was classified 

as non-native (40.3%), potentially reflecting the fact that a large part of birdwatchers is 

concentrated mostly in transformed/urbanized areas (Barbosa et al., 2021). Such places 

often show a high number of ornamental and non-native species attractive to the fauna 
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and pollinators (Aronson et al., 2014, Nascimento et al., 2020, Silva et al., 2023, but see 

Vitorino et al., 2021). Of the seven species from the Total network and the 8 species from 

the Pollination network that acted as module hubs, most species or genera are plants that 

are commonly found as ornamental plants across the urban landscape in Brazil 

(Nascimento et al., 2020). This reinforces the notion that a considerable proportion of the 

photographs in Wikiaves may be coming from more altered habitats. Moreover, this high 

proportion of non-native plants may represent future research opportunities with this 

unique dataset for factors facilitating the incorporation of novel food resources by 

hummingbirds. 

It should be noted that the number of plants that a given hummingbird interacted 

with was strongly related to the number of photos a species had, indicating a sampling 

effect (see also Marín-Gómez et al., 2022). Nevertheless, such result may also have a 

biological meaning, if we reasonably assume that the most photographed species are 

possibly abundant species that interacted with more plant species (Simmons et al., 2019). 

Previous studies using compilation of interaction information over large geographic 

extent have shown that sampling intensity affected interaction data (Nascimento et al., 

2020), but such tendencies also reflect the geographic range sizes of species, which can 

be an important determinant of interaction diversity in country-wide networks (Araujo et 

al., 2018). That the number of photographic records in the citizen science platform was 

less strongly related to the number of plant species experts found interacting with 

hummingbirds, underscores both the similarities and uniqueness of each dataset. 

Citizen science data are not yet fully incorporated into mainstream science, but 

show strong promises because the availability of these data can provide broad access to 

information about biodiversity patterns (Theobald et al., 2015). Moreover, professional 

scientists alone are not always able to provide data at the speed that policy decisions are 
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made (Theobald et al., 2015). Hence, citizen science offers complementarity of data to 

scientists, since amateurs can contribute with information and build huge databases, 

helping to solve conservation issues (Fontaine et al., 2021). As shown here, these efforts 

may even cover species of conservation concern, which are often little known owed to 

their rarity and difficulty in recording their natural history, including interactions (Regan 

et al., 2015). In addition, citizen science can help modern science in broadening its 

epistemological worldviews, bringing scientists closer to non-scientists and providing 

close-to-nature experience for society (Fontaine et al., 2021). In this regard, it is 

noteworthy that birdwatchers express their satisfaction for participating in activities that 

add knowledge, enhance their skills, bring personal well-being and also contribute to 

science (Greenwood, 2007). This is probably true also in a megadiverse and in 

development country such as Brazil. 

Conclusion 

We hope that our study will serve as an additional step for furthering research 

making use of citizen science platforms, as they present considerable wealth of data. In 

the specific case of Wikiaves, it is a platform that includes a large amount of data, 

presenting records of wide distribution, and is being fed daily as a source of new data for 

one of the most biodiverse countries in the world. Furthermore, the extensive database of 

interactions between plants and hummingbirds presented here contains relevant 

information that can be used with the purpose of expanding the knowledge of the 

interactions between pollinators and plants in Brazil. The findings here could potentially 

also be extended to other relevant bird groups associated with other ecosystem functions, 

such as frugivorous seed dispersers. Finally, we hope that the results found here will 

encourage data collection practices by non-scientists and implementation of specific 

citizen science projects, in order to better bridge society and science produced in 
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academia in countries such as Brazil, where such initiatives are only beginning to take 

shape. 
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Abstract  
 
Human activities, particularly urbanization, profoundly impact ecosystems often 
resulting in biotic homogenization. Whether or not urban landscapes can sustain diverse 
pollinator and plant communities is an important question to be addressed. Here, we 
investigated the influence of urbanization on plant-hummingbird interaction networks in 
a large tropical city, Belo Horizonte, Brazil. We recorded 13198 legitimate interactions 
between seven hummingbirds and 57 plant species across 12 local networks. Urban 
landscapes exhibited predominantly generalized networks, maintaining this pattern across 
varying vegetation cover and floral resource abundance. Although some functionally 
specialized hummingbirds with long bills were recorded performing more specialized 
interactions, urban environments did not generally support specialized networks. 
Nevertheless, network specialization did increase with the proportion of native nectar 
plants, emphasizing their importance for maintaining some specialized interactions. 
Furthermore, we observed a positive effect of plant richness, but not of flower abundance, 
on hummingbird abundance, indicating that it is not only the amount of flowers, but the 
diversity of floral resources that may be a key factor in maintaining hummingbirds. 
Therefore, promoting a diverse assemblage of native plants in urban green areas is crucial 
for sustainable pollinator communities. Our study highlights that while a biodiverse urban 
landscape will require careful urban vegetation planning considering both floral resource 
diversity and availability, vegetation cover per se may not be sufficient to mitigate the 
negative impacts of urbanization. Maintaining a diverse vegetation with different life 
forms, flowering phenology, and especially of native plants across the urban landscape is 
needed to create welcoming spaces for pollinators. 
 
Keywords: Brazil; urban green spaces; native plants; interaction networks; pollinator 
conservation; urban ecology 
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Introduction 

Human activities have impacts on the composition and structure of ecosystems, 

reducing species diversity and often leading to the uniformization of biological 

communities, i.e., biotic homogenization (McKinney, 2006; Mckinney and Lockwood, 

1999). Urbanization is one of the main impacts causing intense land use changes, and 

urban landscapes are often characterized as “biological deserts” (McKinney, 2006; 

Sandström et al., 2006). Nevertheless, urban landscapes may support considerable 

diversity of animals with important ecosystem functions, such as pollinators (Silva et al., 

2023; Theodorou, 2022). In recent years, there has been a decline in pollinator 

populations worldwide (Liang et al., 2023; Ollerton, 2017), and recent studies have 

highlighted the potential of green spaces, including wooded streets and avenues, as 

biological refuges for pollinator species inhabiting urban environments (Baldock, 2020; 

Theodorou et al., 2020). In this sense, maintaining green areas in cities can be important 

for supporting pollinator diversity at the landscape scale to conserve critical ecosystem 

functions (Coetzee et al., 2018; Stewart et al., 2018). 

Plant-pollinator interaction networks can be characterized by their structural 

organization, based on metrics such as modularity, nestedness, and specialization. 

Modularity is characterized by the presence of species that exploit a subset of resources 

within their module; nestedness indicates that a subgroup of specialist species is 

connected to generalists and generalists are connected to each other (Bascompte et al., 

2003; Olesen et al., 2007); and complementary specialization is an index that describes 

the exclusivity of interactions at the network level (Blüthgen et al. 2006). Despite recent 

research indicating that, in response to human impacts on a global scale, nestedness 

increases while modularity decreases (Takemoto and Kajihara, 2016), it is still unclear 

how the urbanization affects the structural patterns of urban interaction networks. 
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In this context, some studies show the relationship between landscape characteristics and 

ecological interactions, with higher levels of urbanization, usually defined by the amount 

of impervious surface, leading to the generalization of ecological networks (Marín-

Gómez et al., 2022; Schneiberg et al., 2020). Therefore, urbanization have a negative 

impact on plant-pollinator interaction networks, leading to a decrease in species richness 

and abundance (Ellis et al., 2023; Liang et al., 2023b), as well as interaction specialization 

(Maruyama et al. 2019). As a result, only generalist pollinators are able to persist in many 

urban landscapes (Silva et al., 2021; Wenzel et al., 2020). These results, looking the other 

way around, indicate that if natural vegetation cover increases, plant-pollinator 

communities will increase in diversity and specialization. This relationship can be 

expected since the availability of vegetation/floral resources has an important role in 

maintaining the biodiversity of urban environments, including of pollinators (Gomes et 

al., 2023), showing a positive effect on pollinator richness (Liang et al., 2023b; Stewart 

et al., 2018). However, part of these floral resources are non-native ornamental species, 

which may not be as beneficial to the urban fauna as native plants (Berthon et al., 2021). 

Added to that, many of the interactions with non-native plants are illegitimate and do not 

characterize potential pollination, thus with no potential to contribute to plant 

reproduction (Anselmo et al., 2023). On the other hand, non-native plants can alter the 

seasonal availability of resources for pollinators, e.g., filling periods of flower scarcity 

and being important for pollinator persistence and survival (Anselmo et al., 2023; 

Harrison and Winfree, 2015; Staab et al., 2020). Therefore, plant-pollinator interactions 

in urban landscapes may be very distinct from those found in more natural ecosystems. 

Among pollinators, hummingbirds are the most specialized birds in floral nectar 

feeding (Stiles, 1981; Zanata et al., 2017), interacting with a large number of plants that 

depend on them for reproduction (Dalsgaard et al., 2021). Plants that show specific traits 
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for bird pollination, or for avoiding visitation by insects, are defined as ornithophilous 

plants and can provide a "private niche" for hummingbirds (Lunau et al., 2011). This may 

also be the case in urban environments, where specialized plants seem to be more 

frequently used by these birds (Maruyama et al., 2019; Nascimento et al., 2020). Despite 

the importance of hummingbirds, and vertebrates in general as pollinators (Ratto et al., 

2018), few studies have explored the effects of urbanization on their interactions with 

flowers (Maruyama et al., 2021; Silva et al., 2023). It is therefore important to carry out 

studies on plant-hummingbird interaction networks in urban areas, allowing for a more 

comprehensive understanding of how plant-pollinator interactions are structured across 

increasingly anthropized areas around the world.  

Here, we investigated changes in the structure of plant-hummingbird networks 

along a gradient of urbanization in a large tropical city in Brazil (Fig. 1). We expected 

higher richness and abundance of hummingbirds, resulting in a higher frequency of 

interactions and less nested networks when the landscape has a higher proportion of 

vegetation cover. We also expected an increase in specialization and modularity of 

networks, that is, higher partitioning of floral resources by hummingbirds with more 

native plants in less urbanized landscapes. 





 

  41 

(Duarte, 2007; Gomes et al., 2023). Currently, Belo Horizonte has a total area of 331.354 

km² with 274.04 km² of urbanized area (www.cidades.ibge.gov.br). The climate of the 

region is characterized as high-altitude tropical, with dry winters and rainy summers, 

rainfall is around 1.600 mm per year, most frequent from October to March, and the 

average temperature during the year varies between 19 and 24 °C (Alvares et al., 2013).  

We defined twelve distinct 1km radius buffers across Belo Horizonte, 

representing landscapes with different degrees of urbanization characterized by the 

proportion of impermeable surfaces (Fig. 2). The land cover data was obtained through a 

supervised classification of PlanetScope satellite imagery with 3m resolution and four 

spectral bands (Bhakti et al., 2023; Planet Labs PBC, 2021). The proportion of 

impermeable surfaces among these landscapes varied from 16.3% to 83.7%, hence 

describing a gradient of urbanization intensity (Fig S1, Table S1). At each landscape, it 

is possible to find a variety of green infrastructure elements such as parks, small public 

green spaces, gardens, and wooded streets. In addition to the proportion of impermeable 

surfaces, other variables such as woody cover, herbaceous cover, and a description of the 

soundscape were also extracted from each of these landscapes (Fig S1). The latter 

combines three geospatial layers: motorized traffic volume, height of buildings, and 

distribution of commercial shops, resulting in a raster surface describing the “noisiness”, 

as an integrated measure of human activity (see Bhakti et al., 2020). All landscape 

metrics, with the exception of the soundscape, were calculated using the package 

landscapemetrics in the R programming environment (Hesselbarth et al., 2024). 

Plant-hummingbird interaction data were collected through eight expeditions, one 

per month, in each of the sampled landscapes, four during the rainy season (January to 

April 2022) and four during the dry season (May to July and October 2022). In each 

landscape, two observers walked along a one km transect, always in the morning when 
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hummingbird activities are higher, taking approximately four hours to cover the entire 

transect. During these walks, focal observations were made for 20 to 30 minutes on each 

plant individual that could attract hummingbirds, i.e. flowers with nectar production 

irrespective of fitting to ornithophily syndrome (Maruyama et al., 2013). Interactions 

between hummingbirds and flowers were recorded when hummingbirds were observed 

visiting the flowers and classified as legitimate visits when the hummingbird contacted 

the reproductive part of the flower or illegitimate otherwise.  

Hummingbird species abundances were defined as the frequency of the 

occurrence (Vizentin-Bugoni et al., 2014), summing the number of days each species was 

present in each area across all expedition days; varying from zero to eight in each area. 

We used frequency of occurrence as an estimate of abundance since not all hummingbirds 

were recorded across transect walks, but only when observing the flowers. We also 

extracted information on the bill lengths of hummingbirds from Dalsgaard et al. (2021). 

To quantify the abundance of flowers, we counted the number of fresh flowers on 

each plant along the transects. In the case of plants that produced a large number of 

flowers, we quantified the average number of flowers per subsample of the canopy, which 

were then multiplied to obtain an estimated number of flowers per individual. The 

availability of flowers was used as an indicator of the abundance of floral resources for 

hummingbirds. Plants were identified to the lowest possible taxonomic level and 

classified according to their origin (native or non-native) and life form (shrub, tree, and 

other) according to Flora and Funga of Brazil (reflora.jbrj.gov.br). We also calculated the 

proportion of native species with which the hummingbirds interacted, dividing the 

number of native species by the total number of plants with which they interacted. In 

addition, plants were classified in relation to their pollination syndrome, as 

ornithophilous, which have tubular, narrow flowers with a large amount of nectar and 
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visits to each flower as a measure of the strength of the interactions. We took a multiscale 

approach to analyze plant-hummingbird interactions. First, to evaluate the role of species 

across the urban landscape in the city of Belo Horizonte, we built a meta-network 

compiling the interactions across all the landscapes, considering only legitimate 

interactions, i.e. hummingbirds touching the reproductive part of the plant. Then, to assess 

the effect of the urbanization gradient on the plant-hummingbird interaction networks, 12 

local-networks were built, one for each sampled landscape. We estimated the sampling 

completeness for all the interaction networks, contrasting the observed value with the one 

calculated through the Chao 1 estimator (Chacoff et al., 2012; Vizentin-Bugoni et al., 

2016). 

Complementary metrics that characterize aspects of network structure such as 

nestedness, modularity, and specialization were calculated for all networks. Nestedness 

is characterized by the presence of a subgroup of more connected generalist species and 

specialist species connected to generalists, and was calculated using the wNODF metric 

(Almeida‐Neto et al., 2008). wNODF values range from 0 to 100, with the latter 

indicating higher nestedness. Modularity (Q) is observed when different species exploit 

different subsets of resources. We used the DIRTLPAwb+ algorithm (Beckett, 2016), 

which identifies modules in weighted networks and maximizes the conformation of 

modules in which species interact mainly within their module and not between different 

modules. Values range from zero to one, with the latter indicating higher modularity. To 

assess the significance of the network-level metrics, we compared the observed values 

with those generated by the r2dtable null model (n = 1000) (Dormann et al., 2008). 

The "c" and "z" scores were used to identify the roles of species in the modular 

meta-network. The connectivity score between modules (c) indicates the role of species 

as connectors between different modules, while the degree within a module (z) indicates 
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the relevance of each species within its module (Olesen et al., 2007). Based on these two 

indices, species can be categorized according to their role in the modular network as 

follows: connectors (high values of c and low values of z), peripherals (low values of c 

and z), network hubs (high values of c and z) or modular hubs (high values of z and low 

values of c). To define the roles of the species, we used the threshold values determined 

based on the 95% quantiles of the null networks (z = 1.12 and c = 0.72) (Dormann and 

Strauss, 2014). 

We also calculated complementary specialization (H2'), which measures the 

degree of specialization of interactions in networks. H2' ranges from zero to one, where 

zero indicates high generalization and one high specialization (Blüthgen et al., 2006). The 

significance of the metrics at the network level was assessed by comparing the observed 

values with those generated by null models. Finally, species-level specialization (d') was 

computed to assess the exclusivity of a species' interactions, accounting for the random 

selection of partners. All network analyses were carried out in the R package 'bipartite' 

(Dormann et al. 2008).  

Data analysis 

Considering the data from the local-networks, we used Linear Models (LMs) to 

investigate the relationship between the local scale predictor variables (plant richness, 

flower abundance, proportion of native plants) and the landscape scale variables with the 

response variables (modularity, specialization, abundance and richness of hummingbirds) 

(Table S1). If the data did not meet the assumptions of normality and homogeneity, we 

performed a logarithmic transformation on the data.  

In order to avoid multiple testing, we first conducted a Pearson correlation 

analysis (Quinn and Keough, 2002) between the landscape variables (Fig. S1). Variables 

with a high correlation (r > 0.70) were removed from the subsequent analysis (Amado De 
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Santis et al., 2023). We were left with a total of five predictor variables after this 

procedure: proportion of impermeable surfaces, soundscape, largest patch index of 

herbaceous vegetation, edge density of woody vegetation, mean patch size of 

impermeable surface cover (table S2).  

At the local-scale,  we ran Linear Mixed Models using the lme4 package (Bates et 

al., 2015) and constructed models separately for plants and hummingbirds, for each 

response variable. In the models for plants, we used species-level specialization as the 

response variable, with plant origin, pollination syndrome, and habit (trees, shrubs or 

herbs) as predictor variables. For hummingbirds, bill length and the proportion of visits 

made to native plants in relation to total number of visits were used as predictors, with 

species-level specialization as the response variable. To account for species recorded in 

more than one network/landscape, we included species identity as a random factor in the 

analysis. We used the Anova() function in the car package to calculate the Chi-statistics 

and obtain the significance for each fixed factor (Fox and Weisberg, 2011). 

 

Results 

Meta-network of plants and hummingbirds 

We recorded 15075 interactions between seven hummingbird and 66 plant 

species, in total. Of these, 13198 interactions between seven hummingbird and 57 plant 

species (41 non-natives and 16 natives; Fig. 2B) were legitimate, comprising the meta-

network of Belo Horizonte. The hummingbirds that carried out the highest number of 

interactions were Chionomesa lactea, Eupetomena macroura and Thalurania furcata, 

while the most visited plants were the non-native species Callistemon rigidus, Bauhinia 

variegata, Justicia brandegeeana, and Holmskioldia sanguinea. The meta-network 

showed a significant modular pattern but with low modularity Qw = 0.21 (p<0.05). It had 
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four modules, with the hummingbird Thalurania furcata (Fig. 2C) and seven non-native 

plants, Callistemon viminalis, Eranthemum pulchellum, Holmskioldia sanguinea, Justicia 

brandegeeana, Lantana camara and Russelia equisetiformis, Sanchezia oblonga 

classified as module-hubs. All other species were classified as peripheral, and no species 

were identified as a network-hub or connector. 

Local networks in the urban landscape 

All 12 local networks showed a significant pattern of modularity (Qw) and 

specialization (H2'), but not of nestedness (wNODF; Table S1). These networks had a 

small variation in their sampling completeness, but all showed values close to 100% 

(Table S1). All interaction networks were rather generalized, with values of specialization 

(H2') 0.47 ± 0.15 (mean ± SD), except for Serra do Curral, the least urbanized location 

among all networks (H2' = 0.79; Table S1). 

At the landscape level, neither modularity (R2 = 0.19, p = 0.15) nor specialization 

(R2 = 0.01, p = 0.66) showed a significant relationship with proportion of impermeable 

surfaces. Additionally, while the richness of hummingbirds was negatively affected by 

urbanization (R2 = 0.34, p<0.05; Fig. 3A), their abundances, measured as the frequency 

of occurrences, was not (R2 = 0.19, p = 0.15). Finally, the proportion of native plants used 

by hummingbirds decreased with increased “noisiness” in the landscape, i.e. soundscape 

(R2 = 0.34, p< 0.05; Fig. 3B). 
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Fig. 3: (A) Relationship between hummingbird richness and proportion of impermeable surfaces, 

a proxy for urbanization, in the city of Belo Horizonte, supporting our hypothesis of a significant 

negative relationship (R2 = 0.34, p<0.05). (B) Relationship between the proportion of native plants 

visited and Soundscape (log-transformed), showing that in noisier habitats hummingbirds make 

use of more non-native nectar sources (R2 = 0.34, p<0.05). 

 

Considering local scale predictors, no significant relationship was found between 

hummingbird abundance and the number of available flowers (R2 = 0.19, p = 0.15). 

However, we did observe a positive relationship where hummingbird abundance 

increased with increasing plant richness (R2 = 0.69, p < 0.001; Fig. 4A). When we 

evaluated the origin of the plants that the hummingbirds interacted with, complementary 

specialization (H2') increased as the proportion of native species increased (R2 = 0.43, p 

< 0.05; Fig. 4B). On the other hand, modularity (Q) showed no significant relationship 

with the origin of the plants (R2 = 0.04, p = 0.50). 
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hummingbird interactions, both for the general meta-network and for each local network. 

Our results confirm previous findings that urban environments have generalized plant-

pollinator networks (Anselmo et al., 2023; Maruyama et al., 2019; Staab et al., 2020), and 

here we further these findings by showing that this generalization is maintained across 

the urban landscape with varying degrees of impermeable surfaces and 

diversity/abundance of floral resources. Urbanization can act as an environmental filter 

for birds and their interactions, where only a subset of more generalized species can 

persist, especially in highly urbanized areas (Amado De Santis et al., 2023; Pena et al., 

2023; Schneiberg et al., 2020). Although some functionally specialized hummingbirds 

with long bills were recorded during our study, such as Phaethornis pretrei and 

Heliomaster squamosus, which also realized more specialized interactions (higher d' 

values), urban environments did not generally support specialized networks at the 

community level when compared with natural environments (Maruyama et al. 2024). In 

the highly urbanized areas of our study, Phaethornis pretrei and Heliomaster squamosus, 

two species with the longest bills, were absent. These functionally specialized species 

often need specific floral resources that may not be available in urban landscapes. The 

absence of these hummingbirds highlights the impact of urbanization as an environmental 

filter that tends to favor more generalized species capable of exploiting a wider range of 

resources (Maruyama et al., 2019). 

The interaction networks indicated high generalization regardless of the level of 

urbanization across the landscape, showing different levels of vegetation cover and 

resource abundance. We emphasize that, although green area cover is a relevant factor, 

its presence may not be sufficient to promote more specialized and functional 

communities. This arises from the need to consider not only the presence of vegetation 

but also the specific type of vegetation present in these environments. Urban sites must 
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have a high diversity of plants (Liang et al., 2023), with different species, guaranteeing 

resources for all pollinators. In addition, the promotion of plants with different life forms 

may benefit pollinators (Maruyama et al., 2019; Nascimento et al., 2020).  

Although mostly generalized, network specialization increased with the 

proportion of native plants in the communities, highlighting the importance of native 

plants for network specialization in urban environments. Our results contribute to the 

finding that increasing the proportion of non-native plants can lead to a more generalized 

interaction network (Amado De Santis et al., 2023). The result that the proportion of non-

native plants used by hummingbirds increases with soundscape further shows that human 

activity/urbanization led to more generalized ecological communities. In urbanized areas, 

a prevalence of non-native ornamental plants is common (Harrison and Winfree, 2015). 

Consequently, hummingbirds may visit more non-native plants as these are more 

available in modified areas, suggesting that plant-pollinator interactions are influenced 

by the urban landscaping and greening practices. It is thus worth noting that areas with 

higher human activity (higher noisiness, i.e. soundscape) are also areas with higher 

proportion of non-native species being used by hummingbirds. Therefore, multiple effects 

of urbanization, such as introduction of non-native plants and other disturbances captured 

by soundscape, indirectly converge in specific areas. Species-level specialization (d') of 

hummingbirds also increased as the number of interactions with native plant species 

increased, emphasizing the importance of native flora to support specialized interactions 

for hummingbirds. Since there are many native plant species with potential for 

ornamental urban landscaping in Brazil (Moro and Castro, 2015), they can be promoted 

to sustain more specialized interaction networks. On the other hand, native plants also 

showed greater species level specialization (d') than non-natives, thus native plants in 

urban environments are also involved in more specialized interactions than non-native 
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plants, being relevant as resource for specific consumer species (Zaninotto et al., 2023).  

Although higher urbanization was related to reduced hummingbird richness, it did 

not significantly affect hummingbird abundance. However, we did observe a positive 

effect of plant richness, but not of flower abundance, on hummingbird abundance, 

indicating that it is not the quantity of flowers, but the diversity of plants that may be a 

key factor in maintaining hummingbirds. In addition, the resources offered by plants and 

their seasonality can have a strong influence on the presence of pollinators and their 

interactions in urban areas (Liang et al., 2023b). Therefore, an interesting strategy would 

be to include different native species, diversifying the quantity and quality of floral 

resources made available to pollinators in cities (Gomes et al., 2023), since increasing the 

richness of native plants in the urban environment can result in greater animal diversity 

(Berthon et al., 2021). 

At the same time, we observed a greater predominance of non-native plants in the 

meta-network from the city of Belo Horizonte. In addition, non-native plants were more 

frequently visited by hummingbirds than native plants and were the only module-hubs in 

the meta-network, indicating their importance as a resource within their own interaction 

modules (Olesen et al., 2007). The plant species that acted as module-hubs, which were 

also the species most visited by hummingbirds, were commonly used as ornamental 

plants in urban gardens. Urban sites often feature ornamental non-native plants that are 

attractive to pollinators (Nascimento et al., 2020; Silva et al., 2023; Vitorino et al., 2021) 

and the ability of pollinators to use ornamental and non-native plants is likely to be an 

important condition for their persistence in urban environments (Harrison and Winfree, 

2015). Hence, although native plants contribute to higher specialization of interactions, 

these are not the dominant floral resources in the urban landscape. 

In addition, the higher importance of non-native plants in the modules reflects the 



 

  54 

presence of more generalist hummingbirds, which tend to include non-native plants in 

their interactions more frequently (Maruyama et al., 2016), since non-native species tend 

to have less restrictive morphologies and are therefore more generalist than native plants 

(Amado De Santis et al., 2023). This indicates the higher attractiveness of non-native 

plants to pollinators (Wenzel et al., 2020) and their importance for hummingbird 

persistence in such areas (Anselmo et al., 2023). Studies also showed that native plants, 

in turn, do not flower all year round, leaving gaps in their supply of resources that are 

filled in by non-native plants with longer flowering periods (e.g. Anselmo et al., 2023). 

Our findings highlight the need for strategies that consider not only the diversity of floral 

resources but also the temporal distribution of flowers, ensuring continuous resources for 

hummingbirds throughout the seasons. 

Finally, anthropogenic changes have the potential to influence many life history 

traits of birds. Studies show that migration behavior can be altered (Buchan et al., 2022; 

Greig et al., 2017), while Coetzee et al., (2018) note that nectarivorous birds are affected 

by habitat homogenization and the ability to nest in trees in urbanized locations. High 

human population density in urbanized areas can lead to a decline in juvenile 

hummingbird survival and adult recruitment, indicating a direct threat to their persistence 

in cities (English et al., 2024). However, human impacts can be mitigated with careful 

planning of urban vegetation. Maintaining large trees and increasing plant diversity can 

mitigate the negative effects of urbanization on bird biodiversity (Pena et al., 2023). In 

this context, it is crucial that urban gardens maintain structured and complex vegetation, 

increasing the functional diversity of plants, rather than cultivating just few single species, 

thus supporting specialized pollinators (Deguines et al., 2016). In addition, considering 

trait matching that drive interactions between species is vital for pollinator conservation 

in modified landscapes, thus creating urban green spaces that are welcoming to different 
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pollinators (Adedoja and Mallinger, 2023). 

Despite these findings, it is important to acknowledge that our study was 

conducted within the unique urban environment of Belo Horizonte, Brazil. This 

geographic specificity may limit the generality of our results, especially considering other 

urban areas with distinct ecological, climatic, or socio-economic conditions. Although 

the trend of higher generalization in urban areas when compared to surrounding natural 

areas has been often reported (Maruyama et al. 2024), urban landscapes across the globe 

vary significantly, so that interaction networks need not to be consistently generalized 

across varying degree of urbanization in the landscape, as found here. In fact, elsewhere 

and with other systems, interaction networks do vary in their specialization level across 

the cityscape (e.g., Schneiberg et a. 2022). Thus, extending similar research to diverse 

urban contexts worldwide would be essential to broaden our understanding on how 

urbanization affect species interactions. 

 

Conclusion 

In summary, we highlight the high generalization of plant-hummingbird networks 

throughout the landscape, regardless of variations in the characteristics and vegetation 

cover of urban landscapes. Although there is a high predominance of non-native and 

introduced plants in cities, our results indicate the importance of native plants in 

promoting more specialized interactions. Our findings suggest that native species can 

contribute to increased network specialization and sustain more diverse pollinator 

communities in urban areas. 

Looking to the future, there is fertile ground for research to delve into the factors 

that shape the dynamics of interaction networks in urban environments. The local loss of 

specialized species, as observed by Schneiberg et al., (2020), signals the homogenization 
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of these ecosystems. Investigating how specific native plant species influence the 

networks, considering seasonal variations, could elucidate the reasons behind the 

observed generalization in hummingbird networks. Long-term monitoring of these 

networks could further clarify their temporal dynamics, contributing to management and 

conservation practices for pollinators in urban areas. We recommend that urban planning 

strategically incorporates a high diversity of native plant species, which may be the key 

to establishing more functionally specialized networks in urban ecosystems. 
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CONCLUSÃO GERAL 

Por meio dos dois estudos realizados nesta tese foi possível avaliar a relação das 

pessoas com os beija-flores e suas interações com flores sob diferentes perspectivas. Esses 

trabalhos demonstraram como o acúmulo de conhecimento sobre essas interações pode 

ser complementado tanto por cientistas quanto por cidadãos engajados, que contribuem 

através da ciência cidadã. Além disso, os estudos também evidenciam o impacto das 

mudanças no estilo de vida moderno e da expansão dos grandes centros urbanos sobre 

essas interações. Isso levanta preocupações sobre as possíveis implicações para a 

conservação dessas espécies em ambientes urbanos, destacando a necessidade de 

abordagens de conservação integradas e voltadas para a coexistência harmoniosa entre 

fauna e áreas urbanizadas. 

No primeiro capítulo, mostramos a ciência cidadã como ferramenta para fornecer 

dados complementares sobre interações ecológicas, comparando dados coletados por 

amadores com dados gerados por cientistas profissionais. Ao examinar as interações entre 

beija-flores e plantas registrados por amadores, observamos que os dados da ciência 

cidadã capturam interações muitas vezes não observadas por cientistas. Nesse sentido, a 

utilização de plataformas de ciência cidadã, como o Wikiaves no Brasil, pode abranger 

áreas pouco estudadas, facilitando a coleta de dados em áreas de difícil acesso, como a 

Floresta Amazônica, ampliando o alcance geográfico das observações. Apesar da 

existência de limitações na utilização de dados coletados por amadores, como a falta de 

padronização e a concentração de registros em áreas urbanas, esses dados se mostraram 

promissores para estudos de biodiversidade e conservação. Além de capturarem 

informações sobre espécies comuns, também registram a presença de espécies 

ameaçadas. Além disso, essas iniciativas fornecem uma fonte rica e abrangente de 

informações e promovem o envolvimento ativo e engajamento da população na ciência, 



 

  67 

contribuindo para a educação e alfabetização científica. 

No segundo capítulo, avaliamos as mudanças na estrutura das redes de interação 

ao longo de um gradiente de urbanização em uma grande cidade tropical no Brasil. 

Observamos que as interações planta-beija-flor em Belo Horizonte são em grande parte 

generalistas, com alta predominância de plantas não-nativas, independentemente do nível 

de urbanização na paisagem. A proporção de plantas não-nativas usadas por beija-flores 

aumentou com a paisagem sonora, já que estas plantas estão mais disponíveis em áreas 

urbanas modificadas. Isso mostra que as interações planta-polinizador são fortemente 

influenciadas pelas práticas de paisagismo urbano. Embora as redes observadas em áreas 

urbanas tenham se mostrado generalistas, a presença de plantas nativas foi associada a 

uma maior especialização nas interações, sugerindo que a diversidade de plantas nativas 

pode desempenhar um papel crucial na promoção de redes mais complexas e na 

sustentação de comunidades de polinizadores em paisagens urbanas, reforçando a 

importância da flora nativa para a manutenção de interações especializadas. Outro aspecto 

observado foi que, apesar da redução da riqueza de beija-flores em áreas mais 

urbanizadas, sua abundância não foi diretamente afetada. Pelo contrário, a abundância de 

beija-flores aumentou à medida que a riqueza de plantas disponíveis também aumentou, 

indicando que a diversidade de plantas, e não a quantidade de flores, é um fator essencial 

na manutenção dessas aves polinizadoras em ambientes urbanos. 

Uma convergência entre os dois estudos é que a utilização da ciência cidadã parece 

ser especialmente eficiente para o monitoramento e conservação da biodiversidade em 

ambientes urbanos. Ao permitir que cidadãos comuns contribuam ativamente com a 

coleta de dados sobre espécies, especialmente em projetos como a observação de aves, 

essa abordagem democratiza o conhecimento científico e amplia a quantidade de 

informações disponíveis para pesquisadores e gestores ambientais. Além de gerar dados 
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valiosos, a ciência cidadã fortalece o vínculo entre a população e a natureza, promovendo 

a conscientização e o engajamento na preservação ambiental. Estes dados inclusive 

poderiam ser melhor aproveitados para fundamentar a conservação de polinizadores em 

paisagens urbanas, fornecendo informações robustas para cientistas, planejadores e 

tomadores de decisão. Também, é crucial que os planejadores urbanos e a sociedade em 

geral reconheçam a necessidade de integrar a conservação da biodiversidade na 

administração e planejamento das nossas cidades. Somente através de políticas públicas 

adequadas, iniciativas de conservação efetivas e envolvimento da comunidade, será 

possível reduzir os impactos negativos da urbanização sobre as espécies nativas e 

promover cidades mais sustentáveis e favoráveis à coexistência com a natureza. 
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