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RESUMO

A polinizacdo ¢ um servi¢o ecossistémico crucial para a produgdo de alimentos. Um dos
objetivos da agenda 2030 da ONU ¢ erradicar a fome, garantir a seguranga alimentar, melhorar
a nutri¢do e promover a agricultura sustentavel. Para isso, € necessario implementar praticas
agricolas resilientes que preservem os ecossistemas € conservem os polinizadores, que sao
essenciais para as principais culturas alimentares. Através da ciéncia de redes, esta tese tem
como objetivo principal compreender a estrutura das interagdes entre plantas e polinizadores
em diferentes escalas espaciais (global e local) e investigar as principais interagdes que podem
favorecer a polinizagdo de cultivos de importancia alimentar ¢ econOmica. A tese esta
estruturada em trés capitulos. No Capitulo I, buscamos compreender o padrdo das interagdes
entre polinizadores e espécies cultivadas de Malvaceae (algodao, cacau, cupuagu e quiabo) em
escala global por meio de uma meta-rede de interacdes. Identificamos que a meta-rede de
interacdes Malvaceae-polinizadores possui quatro moédulos, cada modulo formado por um
cultivo e poucos polinizadores compartilhados. Apis mellifera foi a inica espécie conectora da
rede. Neste capitulo podemos concluir que cada cultura ¢ polinizada por um grupo muito
especifico de espécies, indicando que a manuten¢do da produtividade pode ser favorecida pela
conservagdo da diversidade de polinizadores No Capitulo II, investigamos, através de uma
revisdo de literatura, a poliniza¢do do cacau, descrevendo a distribui¢ao espacial e temporal dos
estudos, verificando a distribuicao global dos polinizadores (através de uma rede espacial) e
identificando os polinizadores-chave para sua producgdo. 29 artigos foram incluidos nas
analises. Os anos das publica¢des encontradas variaram de 1950 a 2024. Os paises que tiveram
0 maior numero de estudos foram Ghana (21%) e Indonesia (17%). A rede registrou um total
de 39 links entre 14 paises e 13 polinizadores (nove moscas, trés formigas e uma abelha). As
moscas do género Forcipomyia foram classificadas como polinizador-chave das flores do
cacau. No Capitulo III, objetivamos identificar as intera¢des entre plantas cultivadas co-
florentes (abdbora, melancia, meldo, maxixe, tomate ¢ pimentdo) e abelhas em uma area de
agricultura familiar na regido semidrida do Brasil e classificar os papéis funcionais das espécies
na rede. A rede apresentou estrutura modular, formada por quatro mddulos, aparentemente
orientados pelos atributos florais. Nenhuma espécie de abelha foi classificada como hub da
rede. Paratrigona incerta e Ceratina sp. foram classificados como hubs de modulos.
Paratrigona incerta apresentou maior numero de interacdes com culturas, interagindo com
todas as culturas, exceto abobora. Apis mellifera, foi a segunda espécie com maior numero de
interagdes, estando ligada a todas as Cucurbitaceae. Percebemos, portanto, que as redes de
interacdes entre polinizadores e plantas cultivadas apresentaram estrutura modular
independentemente da escala espacial (global ou local) e que a composi¢ao dos mddulos pode
estar relacionada aos atributos florais como tamanho e recursos ofertados. As abelhas nativas
apresentam grande potencial para a polinizagdo em areas agricolas. As redes de polinizagao
podem constituir um critério importante na tomada de decisdes sobre manejo e conservagao de
polinizadores, uma vez que identificam os polinizadores-chave.

Palavras-chave: Polinizacao de culturas, servigos ecossistémicos, ciéncia de redes
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ABSTRACT

Pollination is a crucial ecosystem service for food production. One of the goals of the ONU
2030 agenda is to eradicate hunger, ensure food security, improve nutrition and promote
sustainable agriculture. To achieve this, it is necessary to implement resilient agricultural
practices that preserve ecosystems and conserve pollinators, which are essential for main food
crops. Through network science, this thesis' main objective is to understand the structure of
interactions between plants and pollinators at different spatial scales (global and local) and to
investigate the main interactions that can favor the pollination of crops of food and economic
importance. The thesis is structured into three chapters. In Chapter I, we seek to understand the
pattern of interactions between pollinators and cultivated Malvaceae species (cotton, cocoa,
cupuacu and okra) on a global scale through a meta-network of interactions. We identified that
the meta-network of Malvaceae-pollinator interactions has four modules, each module formed
by a crop and a few shared pollinators. Apis mellifera was the only connecting species in the
network. In this chapter we can conclude that each crop is pollinated by a very specific group
of species, indicating that the maintenance of productivity can be favored by the conservation
of the diversity of pollinators. In Chapter II, we investigated, through a literature review, the
pollination of cocoa, describing the spatial and temporal distribution of studies, verifying the
global distribution of pollinators (through a spatial network) and identifying the key pollinators
for their production. 29 articles were included in the analyses. The years of publications found
ranged from 1950 to 2024. The countries that had the highest number of studies were Ghana
(21%) and Indonesia (17%). The network recorded a total of 39 links between 14 countries and
13 pollinators (nine flies, three ants and one bee). Flies of the genus Forcipomyia have been
classified as key pollinators of cocoa flowers. In Chapter III, we aimed to identify the
interactions between co-flowering cultivated plants (pumpkin, watermelon, melon, gherkin,
tomato and pepper) and bees in a family farming area in the semi-arid region of Brazil and
classify the functional roles of the species in the network. The network presented a modular
structure, formed by four modules, apparently guided by floral attributes. No species of bee was
classified as a hub of the network. Paratrigona incerta and Ceratina sp. were classified as
module hubs. Paratrigona incerta showed the greatest number of interactions with crops,
interacting with all crops, except pumpkin. Apis mellifera, was the second species with the
highest number of interactions, being linked to all Cucurbitaceae. We realized, therefore, that
the networks of interactions between pollinators and cultivated plants presented a modular
structure regardless of the spatial scale (global or local) and that the composition of the modules
may be related to floral attributes such as size and resources offered. Native bees have great
potential for pollination in agricultural areas. Pollination networks can constitute an important
criterion in making decisions about pollinator management and conservation, as they identify
key pollinators.

Keywords: Crop pollination, ecosystem service, network science



1. INTRODUCAO GERAL

Plantas e animais interagem formando redes complexas que proporcionam diversos
servigos ecossistémicos, como a polinizagdo (Windsor, 2022). Ela esta ligada ao bem-estar
humano através da produgdo agricola e seguranga alimentar (IPBES, 2016). Cerca de 75% das
principais culturas agricolas tem sua produ¢do aumentada quando submetidas a polinizagdo por
animais, especialmente abelhas (Klein et al., 2007). Estima-se que o valor global do servigo
ecossistémico da polinizacdo esteja entre US$ 235 bilhdes e US$ 577 bilhdes anuais (IPBES
2016). No Brasil, estima-se que a polinizacdo relacionada a produgdo agricola tem um valor
anual de US$ 12 bilhdes (Giannini ef al. 2015).

Exemplo de cultivos economicamente importantes, que sdo dependentes e/ou
beneficiados pela polinizagdo, sdo espécies da familia Malvaceae, que inclui importantes
commodities globais como o cacau e o algodao, e de Cucurbitaceae (por exemplo, abdboras,
melancias e meldes) e Solonaceae (tomates, pimentdes e pimentas), que constituem as
principais familias de hortaligas, possuindo grande importancia econdomica (Giannini et al.
2015). As evidéncias de declinio das populagdes de polinizadores, ou crise global dos
polinizadores (Potts et al. 2010; Potts et al. 2019), devido aredugao e perda de habitats, espécies
invasoras, praticas agricolas agressivas e mudancgas climaticas globais (Khalifa et al, 2021),
levantaram preocupagdes sobre possiveis impactos na polinizacdo de culturas agricolas e,
consequentemente, na produ¢do de alimentos (Gianini et al., 2015; Mashilingi et al., 2022).

Em um planeta em profunda e rapida transformacdo, e com a populagdo humana em
franco aumento, ha a necessidade urgente de estabelecer medidas efetivas para a prote¢ao de
polinizadores e seus habitats. Para isso, € necessario entender os papé€is ecologicos
desempenhados pelas espécies de polinizadores (Bliithgen, 2012). A identificagdo e a
compreensdo de padrdes das comunidades de plantas e polinizadores tém sido impulsionadas
pela abordagem de redes ecologicas (Bascompte; Jordano 2007; Vizentin-Bugoni et al. 2018).
No caso de espécies cultivadas, as redes de polinizacdo podem constituir um critério importante
na tomada de decisdes sobre manejo e conservacao de polinizadores, uma vez que identificam
polinizadores-chave (Hass et al. 2018).

Existem diferentes formas de coletar dados de interagdes planta-polinizador para
construgdo de redes como, por exemplo, por meio de levantamento bibliografico sistematico
para a coleta de dados secundarios (Nascimento et al., 2020; Guimaraes et al., 2021), ou por
registro direto das interagdes observadas em campo (Chakraborty et al., 2020; Howlett et al.,
2020). As meta-redes, ou seja, redes construidas a partir de dados secundérios e que incluem
diferentes localidades, nos permite explorar as interacdes em escalas espaciais e temporais mais

amplas. As redes a partir de observacdes naturalisticas nos permitem investigar as interagdes



10

no nivel de comunidades. As duas formas apresentam vantagens e desvantagens, € o método a
ser adotado depende da pergunta da pesquisa. No entanto, ambas nos permitem identificar
padrdes de interacdes e polinizadores-chave para a produgdo agricola.

Os trés objetivos principais desta tese representam os trés capitulos: 1) Compreender a
estruturacao da rede de interagdes entre polinizadores e espécies cultivadas de Malvaceae em
escala global por meio de uma meta-rede; 2) Analisar as pesquisas sobre polinizagdo do cacau,
descrevendo a distribui¢ao espacial e temporal dos estudos identificando a distribui¢ao global
dos polinizadores e identificando os polinizadores-chave para sua produg¢ao; 3) Identificar as
interacdes entre plantas cultivadas co-florescentes (abobora, melancia, melao, maxixe, tomate,
e pimentdo) e abelhas em uma 4rea de agricultura familiar na regido semiarida do Brasil e

classificar os papéis funcionais das espécies na rede.

2. FUNDAMENTACAO TEORICA

2.1 Interacoes planta-polinizador

As populagdes naturais ndo ocorrem de maneira isolada. Todas as espécies do planeta
interagem de forma direta e/ou indireta umas com as outras (Jordano et al., 2006; Andresen,
Arroyo-Rodriguez, Escobar, 2018). Este conjunto de interagdes bidticas ¢ considerada uma das
pedras angulares que moldaram evolutivamente células, organismos, popula¢des, comunidades
e ecossistemas (Margulis; Fester, 1991). Assim, as interagdes entre espécies desempenham um
papel fundamental na evolugao da biodiversidade, na estruturac¢do e dindmica das comunidades
bioticas e no funcionamento dos ecossistemas (Thompson 1999; Tylianakis et al. 2008;
Mittelbach 2012; Velend 2016).

Considerando a complexa rede de interagdes supracitada, a conservacdo da
biodiversidade ndo deve ser focada apenas nas espécies, mas deve considerar também a
manuten¢do de interacdes e funcdes ecossistémicas (Bliithgen, 2012), tais como as interagdes
entre plantas e animais, nas quais a polinizagdo esté incluida.

A polinizagdo bidtica € uma interagdo planta-animal fundamental para a preservagao da
diversidade de plantas e estabilidade dos ambientes naturais e agricolas (Maués, 2014). Consiste
na transferéncia de graos de polen das anteras de uma flor para os estigmas dessa ou de outra
flor, podendo resultarr na fertilizacdo do 6vulo ou 6vulos e formagdo de frutos e sementes
(Dafni, 2005). A conquista dos ambientes terrestres pelas plantas com flores esteve, sem divida,
relacionada aos resultados de suas interagdes com os animais (Aguiar, 2021). Cerca de 300.000
espécies de Angiospermas sdo polinizadas por animais (Ollerton, 2011), e estima-se que

350.000 espécies de animais vertebrados e invertebrados estdo envolvidas nessas interacoes
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(Ollerton, 2017). As historias dessas interagdes estao repletas de adaptacdes e co-adaptagdes

que se desenrolaram gradual e lentamente ao longo do tempo evolutivo (Thompson, 2012).

2.2 Polinizac¢ao agricola
A polinizagdo fornece muitos beneficios aos seres humanos, sendo considerada um

servigo ecossistémico regulatorio (promovendo manutencdo e a variabilidade genética de
populagdes de plantas), de provisdo (garantindo o fornecimento confiavel e diversificado de
frutos, sementes, mel, entre outros) e cultural (promocgao de valores culturais relacionados ao
conhecimento tradicional; Wolowski et al. 2019)

O potencial da polinizagdo como servigo ecossistémico pode ser ressaltado quando
associado a producao de alimentos (IBPES, 2016). Um dos objetivos da agenda 2030 da ONU
¢ erradicar a fome, alcangar a seguranca alimentar, melhorar a nutri¢do e promover a agricultura
sustentavel. Dentre as multiplas atividades desenvolvidas para alcancar tal objetivo estd a
implementagdo de praticas agricolas resilientes, que aumentem a produtividade e a produgao
impactando minimamente o ambiente e, portanto, ajudando a manter os ecossistemas. Tais
acoes estdo, consequentemente, relacionadas a conservacgao dos polinizadores, visto que estes
beneficiam a produgdo das principais culturas do mundo usadas diretamente para alimentagao
humana (Klein ez al. 2007).

A melhoria da produgao provida pelos polinizadores pode ser observada tanto em frutos
(numero, peso, tamanho, cor, composicao quimica de interesse comercial € nutricional) quanto
em sementes (numero, peso, tamanho, composi¢ao quimica e potencial de germinagao; Brittain
et al., 2014). Sementes resultantes da polinizagdo por animais fornecem altas proporcdes de
muitos minerais e vitaminas essenciais, incluindo vitaminas A, C e E, e varios carotenoides
(Ollerton, 2021).

Mesmo culturas que possuem autofecundagdo espontanea podem ser beneficiadas pela
polinizagdo e diversidade de polinizadores (Klein et al., 2020). A diversidade funcional de
polinizadores melhora a producao agricola porque inclui diferentes morfologias (por exemplo,
tamanho corporal, quantidade e localizagdo de pelos, tamanhos de glossas, dentre outros) e
comportamentos (por exemplo, estratégias de forrageamento e comportamento na flor) dos
polinizadores, os quais se complementam (Garibaldi ef al., 2013).

A polinizacao ¢, portanto, um servico ambiental de grande relevancia para a manutencao
da integridade dos ecossistemas e para a sustentabilidade da agricultura, necessitando que haja
maior aten¢do no manejo agricola e nas agdes para a conservagao dos polinizadores (Sigrist et
al. 2017). E importante que as informagdes sobre o papel da polinizagio por insetos sejam

divulgadas para agricultores de todo o mundo (IBPES, 2016).
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2.3 Redes ecoldgicas

As redes ecologicas descrevem as interagdes entre espécies em diferentes processos
ecoldgicos, como predacao e parasitismo, competicao e facilitagdo, ou interagcdes mutualisticas
como dispersao de sementes e polinizagao (Dehling, 2018). Na Ecologia, esta ferramenta tem
auxiliado cada vez mais nos estudos da estrutura das interagdes entre espécies nas comunidades,
incluindo plantas e polinizadores, permitindo uma série de investiga¢des antes limitadas pela
auséncia das ferramentas matematicas e softwares adequados (Jordano, Bascompte, Olesen,
2003; Bascompte e Jordano, 2014). Estudar sistemas planta-polinizadores como redes
ecologicas, por exemplo, permite a investigagao da estrutura e a dindmica desses complexos
conjuntos interativos e facilita a compreensao de fendmenos em nivel de sistema que ndo podem
ser inferidos olhando para os componentes de uma comunidade isoladamente (Bascompte,
2009).

As redes sdo comumente representadas como matrizes ou grafos que consistem em nos
ou vértices (que representam as espécies) e arestas (representa a relagdo entre as espécies). As
redes podem ser binarias, se consideramos apenas presenga ou auséncia da interagdo, ou
ponderadas, se alguma medida da intensidade for atribuida a cada interacao observada (Freitas
et al, 2014).

Muitas métricas estdo disponiveis para caracterizar padrdes de interagdo nos niveis de nd
erede (Costa et al. 2007). A escolha da métrica depende dos padrdes e questdes que estdo sendo
estudadas. As métricas mais comuns para se descrever a estrutura de redes ecologicas sdo
conectancia, aninhamento e modularidade. A conectancia ¢ dada pela razdo entre o nlimero de
interacdes existentes € o nimero total de interacdes possiveis na rede, medindo o quanto as
espécies estdo ligadas na comunidade (Jordano et al., 2006). O aninhamento mede quanto o
conjunto de interagdes dos vértices (nds) menos conectados ¢ um subconjunto das interagdes
dos vértices mais conectados (Bascompte; Jordano, 2007). A modularidade mensura o quanto
as espécies formam subgrupos com densidade de interagdo interna mais alta do que externa
(Guimaraes, 2020). As anélises de modularidade podem fornecer informacdes sobre o nivel de
especializacdao nas comunidades em relagdo as afinidades das interagdes (Vazquez et al. 2009).

A distribuicdo das ligagdes entre as espécies na rede pode ser analisada através da
distribuicao de graus, que descreve com que frequéncia uma espécie com certo nimero
interagentes ocorre em uma rede (Jordano; Bascompe; Olense, 2003). Nas redes ecologicas,
esta distribuicdo geralmente tem a forma de uma lei de poténcia ou distribuicdo de lei de
poténcia truncada, o que significa que a maioria das espécies tende a ter poucos parceiros de
interacdo, enquanto apenas um pequeno numero de espécies — chamadas hubs ou

supergeneralistas — tem muitas interagdes (Vazquez; Aizen 2004; Bascompte; Jordano 2014).
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Meétricas de centralidade como Closeness e Betweenness também podem ser utilizadas para

identificar espécies importantes nas redes. Closeness centrality (CC) mensura a proximidade de
uma espécie com todos os outros nos da rede (Freeman, 1978). Betweenness centrality descreve
a importancia de uma espécie como conectora entre as diferentes partes da rede (Freeman,
1977). As métricas de centralidade tém sido utilizadas para identificar possiveis espécies-chave
em redes ecologicas (Delmas, et al. 2018). Cabe ressaltar que as analises das redes de interagdes
sdo apenas uma abordagem para estudar a complexidade das relagdes das espécies dentro da

teia da vida.

2.4 Aplicacdes da ciéncia de rede na polinizacio agricola

A ciéncia de redes, que tem sua origem na matematica (teoria de grafos - Euler, 1736),
possui inumeras aplicagdes em diferentes areas do conhecimento, como fisica, redes de
computadores, redes sociais, entre outros (Newman, 2004). Desde 1970, os trabalhos e grupos
de pesquisadores que utilizam conceitos de redes em analises ecoldgicas cresceram
significativamente, criando um novo campo de estudos ecologicos (Heleno et al., 2014). Nesses
estudos, o foco principal sd3o as interagdes entre as espécies, complementando os estudos
classicos de comunidades, que se concentram nos organismos. Através da analise de redes ¢
possivel identificar grupos de espécies-chave para a resisténcia e resiliéncia das redes em
diferentes condi¢des ambientais (Olesen et al., 2007).

Os estudos sobre redes de interagdes planta-polinizador tém se concentrado
principalmente em ambientes naturais (Queiroz et al. 2020; Dattilo ef al. 2015). Entretanto, nos
ultimos anos, a ciéncia de rede comegou a ser utilizada também para estudar as interagdes em
ambientes agricolas. Hass et al. (2018) aplicaram a ciéncia de redes para investigar como a
paisagem influencia as interagdes polinizadores e plantas floridas em areas de agrofloresta e em
areas de plantacdes de arroz nas Filipinas. Os autores relataram que os ambientes agroflorestais
possuem comunidades de polinizadores funcionalmente mais diversas do que em areas de
plantagdes isoladas, bem como redes mais estaveis de visitagdo de polinizadores. Assungao
(2021) avaliou a estrutura da rede de interagdes entre tomateiro, plantas espontaneas e abelhas,
e como a rede responde a cenarios distintos de perda de espécies. Neste estudo, foi identificado
que a rede apresentou estrutura modular e que algumas plantas espontdneas conectoras
desempenham um papel central na estabilidade da rede de interagdes.

Chakraborty et al., (2021) utilizaram métricas de rede para identificar espécies de
plantas agricolas e ndo agricolas adequadas para o enriquecimento de polinizadores em
agroecossistemas no nordeste da India. Os autores descobriram que as plantas cultivadas foram

mais importantes na manutencao das redes planta-polinizadores do que as plantas ndo agricolas.
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O estudo conduzido por Allassino et al. (2023) avaliou a relagdo entre a centralidade das
culturas nas redes de interagdo planta-polinizador e a produgdo de sementes. Os resultados
mostraram que a centralidade das culturas esta positivamente associada a producao de sementes
agricolas e sugerem que a utilizacdo de métricas de redes de interagdao ecologica em sistemas
agricolas pode ser util para conceber planos de gestao agrondmica e aumentar o rendimento das
culturas.

Alguns estudos utilizaram dados globais, disponiveis na literatura, para avaliar através
de meta-redes os padrdes de interacdes entre polinizadores e cultivos de importancia
econdmica, por exemplo, Leguminosas (Paulino ef al., 2021) e Solonaceae (Souza; Torquato;
Castro, 2024). A aplicacdo da ciéncia de redes ¢, portanto, uma abordagem promissora para
compreender a estrutura das interagdes entre plantas e polinizadores em diferentes escalas

espaciais e investigar as principais interacdes que podem favorecer a polinizacao dos cultivos.
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ABSTRACT KEYWORDS
This study aims to build a global meta-network of interactionsbetween Pollination; insects; ecosystem services; modularity;
Malvaceae crops (cocoa, cupuassu, cotton and okra) and their agriculture;Malvaceae

pollinators. The network structure was described byconnectivity and
modularity, and centrality metrics were used to analyze the role of species.
A total of 217 pollinator species was recorded, distributed in four orders. SDG 11: Sustainable cities and communities: SDG 13:
The network has four mod- ules, low connectance (C =26%) and a high Climate action; SDG 15 Lifeon land ’
modularity (Q = 0.58). Apis mellifera was the only network connector

species.Each crop is pollinated by a very specific group of species,

indicating that productivity maintenance may be favored by the

conservation of pollinators diversity.

SUSTAINABLE DEVELOPMENT GOALS

Introduction

Studying complex communities of interacting species based on network science has
significantly contributed to the understanding of ecological sys- tems (Luna and Dattilo
2021), such as those related to pollination. The net- work approach reveals the connections
among species and their strength (Bascompte and Jordano 2007), as well as the patterns and
organizing pro- cesses in communities of plants and pollinators (Vizentin-Bugoni et al.
2018).In the case of crop species, pollination networks may constitute an important criterion
in decision-making on management and conservation of pollinators, because they can
identify key-stone and understudied pollinators. Although several studies have investigated
the pollination of specific crops, only a few synthesize the global data by using a meta-
network approach (e.g., Paulinoet al. 2022; Souza, Torquato, and Castro 2024).

Pollinators represent a key ecosystem service for the maintenance of plant communities
and agricultural production (Osterman et al. 2021). These animalscontribute to around 75% of
global agricultural production (Klein et al. 2007),which corresponds to up to 40% of the
nutrient supply for humanity worldwid (Porto et al. 2020). The global economic value of
pollination is estimated at between US$235 and 577 billion annually (IPBES 2016). Although
essential forfood security, pollinators’ populations are declining globally, as a result of global
warming, habitat reduction and loss, competition with invasive species, patho-gens, and
pesticides (Potts et al. 2010, 2016). Consequently, there has been growing concern about the
impacts of pollinators’ decline on global food production (Giannini et al. 2015; Mashilingi et
al. 2022), since even autogamouscrops’ yield benefits from animal pollination, including
nutritional value and shelf life (Baronia 2021; Klein et al. 2020). Therefore, it is broadly
accepted thatgreater attention is needed in the comprehension of the relations between crops
and pollinators (FAO 2016; IPBES 2016).

Examples of crops that are dependent on and/or benefit from pollinationare those from
the Malvaceae family, i.e., the commodities cocoa Theobroma cacao L. and cotton
Gossypium hirsutum. L., as well as cupuassu Theobroma grandiflorum (Willd. ex Spreng.)
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K. Schum and okra Abelmoschus esculentus(L.) Moench. The presence of pollinators is
essential for cocoa and cupuassu production, while cotton and okra production are
moderately dependent on animal pollination (Klein et al. 2020). Considering the relevance of
pollinationfor Malvaceae crops and the economic value that pollination can represent fortheir
production, this study aimed to integrate data on pollination of Malvaceae crops and build a
global pollination network to answer the follow- ing questions: (1) How are studies
distributed through time and space? (2) How are plant-pollinator interactions structured, and
(3) What are the roles of species and the functional groups of pollinators?

Materials and methods

Data on interactions recorded between Malvaceae crops and their pollinators were
obtained through a systematic review of studies available in the scientificrepositories Web of
Science (www.webofknowledge.com), Scopus (www.scopus. com) and Google Scholar
(www.scholar.google.com), without restriction of year. We used the following search string:
((“popular name” OR “scientific name”) AND (“pollination” OR “pollinator” OR “floral
visitor” OR “floral biology” OR“breeding system’). The economically relevant Malvaceae
crops were identifiedat FAOFAST (Food and Agriculture Organization Corporate Statistical
Database 2022), i.e., cocoa Theobroma cacao, cupuassu Theobroma grandi- florum, cotton
Gossypium hirsutum and okra Abelmoschus esculentus. The inclusion criterion of studies was
that studies clearly identified pollinator species at the species level (to avoid the inclusion of
duplicates in the network analysis).From each selected study we extracted the country of data
collection, year of publication, plant, and pollinator species. Scientific names of plants were
checked in the SpeciesLink (http://inct.splink.org.br/) and those of pollinators in the Moure’s
Bee Catalog (moure.cria.org.br/).

We used the Chi-square test to compare whether there was a difference in the number of
studies carried out in tropical and temperate regions. Interactions data were organized in a
binary matrix, with pollinators as columns and plants as rows, and cells filled with 1 when
an interaction was recorded and O otherwise (Supplementary Information S1). A plant-
pollinator interaction meta-network (Araujo et al. 2018; Paulino et al. 2022) was built using
the matrix data. This type of meta-network is extremely important for summarizing and
illustrating a large data set, as it allows identifying more representative species and assessing
the pattern of interactions in a broader context.

The meta-network structure was described by calculating the connec- tance (C) and
modularity (Q). The connectance is given by the ratio between the number of existing
interactions and the total number of possible interactions in the network; it measures
how much the species are connected in the community (Jordano, Bascompte, and Olesen
2006). Modularity assesses the extent to which species form subgroups with higher internal
than external interaction density. This metric is a good proxy for ecological concepts
such as guild and functional group (Araujo et al. 2018; Olesen et al. 2007). We used the
binary modularity maximiza-tion algorithm DIRTLPADb + (Beckett 2016), estimated with
the computeModules function in the Bipartite package in the R program (RCore Team
2022).

As network metrics can be affected by intrinsic characteristics, such as the number of
interacting species and sampling from different studies (Bliithgen, Menzel, and Bliithgen
2006; Friind, McCann, and Williams 2016; Vizentin- Bugoni et al. 2016), the significance of
the observed modularity was assessed by comparison with a null model. We use the
Shuffles.web binary null model, which limits the connectance of the matrices. The 95%
confidence interval forthe modularity metric (DIRTLPAb+) was estimated from 1000 dummy
values,with a metric value being considered significant if the confidence intervals didnot
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overlap (0.025-0.975).

To analyze the role of each species in the network, the following centrality metrics were
used: 1) Degree, or number of interactions, which analyzes how much it is connected with the
others and, consequently, its influence upon others(Jordano, Bascompte, and Olesen 2003), and
2) Betweenness, which describes theimportance of a species in connecting other species in the
net (Freeman 1977).The centrality metrics contribute to identifying which are the key species
of thenetwork and were calculated using the Bipartite package in the R software.

A Chi-square test was used to evaluate the association among species’ rolesin the network,
and among functional groups of pollinators across modules.The proportion/contribution
of each functional group to each module was illustrated graphically using Pearson residuals
from the Chi-square test with the corrplot package in R (Wei and Simko 2017).

Results

Sixty-four studies met the inclusion criteria (Supplementary Information S2) and were
published between 1972 and 2022, with the highest number between2010-2019 (30 studies
or 48.67%, Figure 1). The studies were carried out on almost all continents, except Europe
and Antarctica (Figure 1), witha significant difference between tropical (62.5%) and
temperate regions (37.5%; x* = 7.437; df = 1; p < 0.001; Figure 1b). Cotton was the crop with
the highest number of investigations (40.625%), followed by okra (29.69%), cocoa(21.87%)
and cupuassu (7.81%).

A total of 217 pollinator species were recorded, distributed in four orders, with
Hymenoptera being the most representative (69.72%), followed by Diptera (19.26%),
Lepidoptera (6.88%) and Coleoptera (4.12%). Bees consti- tuted the most frequently
recorded group (56.88%). The network had a low connectance value (C = 26%) and a
significant modularity value (Q = 0.58, p <0.001 for null models), being formed by four
modules (Figure 2a), where module III is disconnected from the others. Regarding the
relationship of the modules (x>=215.85, df =15, p-value <2.2e-16) with the functional
groups of pollinators (Figure 2b), it was observedthat module I is composed of okra and is
more strongly related to beetles, wasps and butterflies; module II includes cotton and is
strongly related to bees;module III, associated with cocoa, has a strong relationship with
dipterans andants and module IV contains cupuassu and is associated only with bees.

Cotton had the highest number of degrees’ distributions (124 interactions, Figure 3a) and
the highest intermediate centrality value (betweeness = 1.0, Figure 3b). Among the
pollinators, the bee Apis mellifera Linnaeus, 1758 showed the highest degree (three
interactions, Figure 3) and was not con- nected only to module III (cocoa). It also had the
highest network centrality value among pollinators (betweeness = 0.23).
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Discussion

According to the research analyzed, we noticed that there was a large increasein the number of
publications from the 2010s, which may be related to the increased concern about the global
pollinator crisis, reported mainly at the beginning of the decade (Garibaldi et al. 2014; Potts et al.
2010), thus encoura-ging a greater number of investigations and, consequently, publications.
However, we found studies published from the 1970s onwards, thus demon- strating that the
action of pollinators has long been known and considered as

a key element of agricultural production (Imperatriz-Fonseca et al. 2012). Thegreater number of
studies conducted in tropical regions compared to tempe- rate regions can be explained by the
fact that the four crops originated in tropical zones, where they find excellent growing conditions
(Afoakwa 2010; Barbosa and Fonseca 2002; Benchasri 2012; Wendel et al. 2009).

The discrepancy in the number of studies referring to each crop may be directly associated
with the economic production value. Cotton, Gossypium hirsitum, with the largest number of
investigations, is an important global commodity, being the most cultivated cotton species and
ranked among the10 most cultivated crops in the world (Moise et al. 2020). Cotton cultivation has
great economic importance because it is used as a fiber in the textile industry, and its seeds
contain oil that is manufactured for human consumption; the residue of oil extraction (cotton
bran) is also used in animal feed (Malerbo- Souza and Halak 2011). For okra and cocoa there
was no linear relationship between the number of studies and the economic value, since okra had
a highernumber of papers than cocoa and its production has lower economic value. Thisresult may
be associated with the fact that okra is an easy-to-manage crop witha fast vegetative cycle (Goes et
al. 2019). The global production of okra has beenlisted at 6 million tons per year, being one of the
most important and popular vegetables cultivated especially in tropical and subtropical regions of
the world(Hasnat et al. 2015; Nandhini et al. 2018). Cocoa is one of the agricultural commodities
with the highest added value (Afoakwa 2010). World cocoa production in 2019 was 5.6 million
tons (FAOSTAT 2022). The world’s largestproducer is Cote d’Ivoire, with 39.0% of production,
where some studies wereconducted. Cupuassu had the lowest number of investigations, probably
becauseit is a plant cultivated only in the Amazon region, where it originated (Maués,Souza, and
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Miyanaga 2000).The low network connectivity observed here indi-cates that only a small
proportion of potential connections occur (Jordano 1987), revealing the existence of important
processes that block the interactionsand resulting in a specialized network that tends to have
modules (groups of species that interact more strongly with each other than with other groups
within the network, Jacobsen, 2018). Modular networks tend to be more resistant and resilient
because environmental disturbances spread more slowlyand tend to alter their structure less
(Olesen et al. 2007). In pollinator-crop networks, this resilience is important as it makes
production less vulnerable toenvironmental changes, ensuring food security. It can also help
farmers targetconservation and pollinator management efforts specific to the crop of interest
(Windsor et al. 2022).

The modules can be attributed to several factors such as habitat hetero- geneity, temporal
variation and morphological, functional, or phyloge- netic restrictions (Lewinsohn, Loyola,
and Prado 2006; Martin-Gonzalez et al. 2012; Olesen et al. 2007). In this study, modularity
may be strongly associated with the high degree of specialization of pollinator species in
each crop, probably due to the great heterogeneity of habitats in which the studies were
carried out, as well as to floral characteristics. The studies were carried out in different
countries, each with its specific biodiversity. This contributed to the plants under study having
different pollinators. Future studies that investigate the pollinators of these crops in the same
regions may corroborate or refute the network pattern presented here.

Okraand cotton flowers have a similar morphology and provide large amountsof nectar and pollen,
which constitute important floral resources (Malerbo-Souzaand Halak 2011; Moise et al. 2020). Such
flowers were visited by a great diversity ofinsects. Pollinators (mainly beetles, wasps, and butterflies)
visiting okra flowershave a positive impact on production yield, mainly on fruiting rate and number
ofviable seeds (Pando et al. 2020). Module 11, represented by cotton and its pollina-tors, showed a
stronger relationship with bees compared to the other modules. Although cotton flowers self-
pollinate, cross-pollination performed mainly by beesincreases their production (Klein et al. 2020).

There is already a strong consensus in the literature that the main pollinators of cocoa flowers
are flies of the genus Forcipomyia (Ceratopogonidae; Arnold et al. 2019; Kaufmann 1974; Young
and Severson 1994), which are themain representatives of module III. Cocoa flowers are very
small and havea complex structure: the anthers are covered by a concave extension of the petals,
called cogula, and the ovary is surrounded by a ring of staminodes (Venturirti, Maués, and
Miyanaga 1997). Forcipomyia species are probably attracted to cocoa flowers by release of floral
volatiles (Arnold et al. 2019), andhave the appropriate size and morphology to promote
pollination (Schaweet al. 2018). The lack of bees in this module was responsible for its isolation
from the rest of the network.

In contrast to cocoa, the flowers of cupuacu (module I'V) are related to bee pollination, mainly
by small bees such as Plebeia minima, as the flower hasa kind of trap that limits the size of the
floral visitor (Endress 1994), and inducesthem to pass through different cavities in search of the
floral resources. Some authors suggest that beetles are the most adapted group of pollinators of
cupuagu (Venturirti, Maués, and Miyanaga 1997), but due to taxonomic limitations, no pollinator
species of this group was included in the network, as we onlyincluded studies that identified
pollinators at the species level. Therefore, there is a great gap in the identification of these insects
and a need for further researchfor this crop. The plant with the greatest distribution of degree
(cotton) was alsothe one that presented the highest number of investigations. On the other hand,
the species with the lowest degree (cupuassu) had obtained the lowest number ofinvestigations; such
data can be attributed to a sampling bias. Bliithgen et al. (2008) warn that variation in sampling
effort can generate bias in some networkmetrics, such as degree. That is, species with a greater
number of investigationstend to have a greater number of interactions.

The pollinator that presented the highest centrality (degree and betweenness), the bee Apis
mellifera, is a supergeneralist (Valido, Rodriguez-Rodriguez, andJordano 2019), and was
recorded in all crops in our study, therefore playinga role of network connector joining parts of
the system. This result corroboratesother pollination networks (Santos et al. 2012; Paulino et al.,
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2021). Apis mellifera is the main managed bee species worldwide, predominating in recordsas
floral visitors and pollinators of a wide range of crops (Garibaldi et al. 2013).Because it is a
globally invasive species, with generalist foraging, it is quite efficient in locating floral resources
(such as nectar and pollen) and in recruitingworkers to collect such resources, but its presence is
not enough for adequate and quality pollination (Silva et al. 2015).

We conclude that each Malvaceae crop is pollinated by a very specific groupof species,
indicating that the maintenance of productivity can be favored by the conservation of pollinator
diversity. We emphasize the urgency of global public policies to stimulate agricultural production
in harmony with the conservation of pollinators, as these perform an ecosystem service of great
economic, social, and cultural value.
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Cacau e polinizadores: uma fantastica fabrica de chocolate

Resumo

O cacau, uma importante commodity global, apresenta declinios na producao devido a
diferentes fatores, dentre eles a baixa taxa de polinizacdo natural. A associagdo da
autoincompatibilidade e da complexa morfologia floral faz com que o cacau necessite de insetos
polinizadores. Considerando a alta dependéncia do cacau aos polinizadores, sua importancia
econdmica e a inexisténcia de estudos que explorem a distribuicao global de seus polinizadores,
este estudo teve como objetivo realizar um levantamento das pesquisas sobre a ecologia da
polinizacao desta cultura mundialmente importante. Foram utilizados os repositorios de dados
cientificos Web of Science, Scopus e Google Scholar. A partir dos dados obtidos foi construida
uma rede espacial dos polinizadores identificados. Para identificar polinizadores-chave na rede,
foi calculado o degree, betweenness centrality (BC), closeness centrality (CC). 29 artigos foram
incluidos nas analises. Os anos das publicagdes encontradas variaram de 1950 a 2024. Os paises
que tiveram o maior nimero de estudos foram Ghana (21%) e Indonesia (17%). A rede registrou
um total de 39 links entre 14 paises e 13 polinizadores (nove moscas, trés formigas e uma
abelha). As moscas do género Forcipomyia foram classificadas como polinizador-chave das
flores do cacau. Formigas e abelhas sem ferrdo possuem também grande potencial de atuarem
como polinizadores. A adogao de praticas que favoregam as populacdes desses polinizadores €
essencial para garantir os servigcos de poliniza¢do e consequentemente melhorar o rendimento
e a qualidade do cacau.

Palavras-chave: Theobroma cacao; polinizagao; Forcipomyia

Cocoa and pollinators: a fantastic chocolate factory
Abstract

Cocoa, an important global commodity, has shown declines in production due to various
factors, among them the low rate of natural pollination. The combination of self-incompatibility
and a specialized floral morphology makes cocoa production completely dependent on insect
pollinators. Considering the high dependence of cocoa on pollinators, its economic importance
and the lack of studies that explore the global distribution of its pollinators, this study aimed to
conduct a literature survey of research on the ecology of cocoa pollination. The scientific data
repositories Web of Science, Scopus, and Google Scholar were used. Based on the data
obtained, a spatial network of identified pollinators was constructed. To identify key pollinators
in the network, degree, betweenness centrality (BC), and closeness centrality (CC) were
calculated. 29 articles were included in the analysis. The years of the publications found ranged
from 1950 to 2024. The countries with the highest number of studies were Ghana (21%) and
Indonesia (17%). The network recorded a total of 39 links between 14 countries and 13
pollinators (nine flies, three ants, and one bee). Flies of the genus Forcipomyia were classified
as key pollinators of cocoa flowers. Ants and stingless bees also have great potential to act as
pollinators. The adoption of practices that favor the populations of these pollinators is essential
to ensure pollination services and consequently improve cocoa yield and quality.

Keywords: Theobroma cacao; pollination; Forcipomyia
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Introducio

O cacau (Theobroma cacao L., Malvaceae), matéria-prima da producdo de chocolate
(Lopes et al. 2022), ¢ uma das culturas agricolas globalmente mais conhecidas, desempenhando
um papel fundamental tanto na economia quanto na cultura de diversas regides do planeta
(ICCO, 2024). Nos ultimos anos, houve um crescimento constante na busca por graos de cacau
e seus derivados (Sun e Lomua, 2022). No entanto, a produ¢do ndo acompanhou o aumento da
demanda, pois enfrenta declinios de rendimentos associados, entre outros fatores, a déficits de
polinizacao (Jebuni-Dotsey; Senadza; Akpalu, 2023).

A autoincompatibilidade na maioria das variedades de cacau faz com que as flores
necessitem de insetos polinizadores (Lanaud et al., 2017; Toledo-Hernandez et al., 2020).
Montero-Cedeno et al. (2022) confirmaram que flores isoladas de polinizadores nao se
reproduzem. Devido a baixa polinizagdo, apenas 10% das flores produzem frutos maduros
(Groeneveld et al., 2010). Além disso, técnicas de polinizagdo manual aumentaram os
rendimentos em diferentes experimentos (Forbes ef al. 2019; Toledo-Hernandez et al., 2020;
Asante et al. 2023). O conjunto desses resultados sugere que a polinizagdo ¢ um importante
fator para o rendimento da cultura. No entanto, o pequeno tamanho das flores (menos de 1 cm
de didmetro) e a complexa morfologia (onde as anteras estao revestidas pelas pétalas e o estigma
encontra-se envolvido por cinco estaminddios) limitam o tamanho dos insetos polinizadores
(Smith et al., 1985).

As primeiras investigagdes sobre a biologia da polinizagdo do cacau identificaram as
pequenas moscas do género Forcipomyia spp. (Ceratopogonidae) como os principais
polinizadores (Soria, 1971; Winder and Silva, 1972). Ha relatos de outros insetos potenciais
polinizadores (Adjaloo e Oduro, 2013; Toledo-Hernandez, Wanger, Tscharntke, 2017; Schawe
et al., 2018), porém existem lacunas de conhecimento na identidade de tais insetos e de
comprovagoes de suas eficacias no processo de polinizagdo. H4, ainda, demandas sobre qual ¢
o principal polinizador em cada regido de plantio. As interacdes podem mudar ao longo do
espaco (Poisot, Stouffer, Gravel, 2015), portanto, mapear regionalmente as principais
interacdes ¢ essencial para que se identifique polinizadores-alvo para conservagao e manejo.

Considerando a alta dependéncia da producdo de cacau em relagdo aos polinizadores,
sua importancia econdmica e a inexisténcia de estudos que explore a distribui¢do global de seus
polinizadores, este estudo teve como objetivo realizar um levantamento das pesquisas sobre a
ecologia da poliniza¢do do cacau para responder as seguintes questdes: 1) Qual a distribui¢ao
espacial dos estudos e dos polinizadores? ii1) Quem sdo os polinizadores-chave? iii) Quais as

lacunas de conhecimento?
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Material e métodos

Foi realizada uma revisdo sistematica da literatura, sem restri¢ao de ano, que seguiu o
protocolo Preferred Reporting Items for Systematic Reviews and meta-Analysis (PRISMA). O
diagrama de fluxo (Fig. 1) fornece as etapas da metodologia e o processo de sele¢ao usado para
a revisdo sistematica. Foram utilizados os repositorios de dados cientificos Web of Science
(www.webofknowledge.com),  Scopus  (www.scopus.com) e  Google  Scholar
(www.scholar.google.com) com a string de busca ((“cocoa” OR “cacao”) AND (pollinat*). De
cada estudo que continha informagdes relevantes (isto €, a identificagdo, em nivel de género,
de polinizadores do cacau), extraimos o pais de coleta de dados, ano de publicacdo e os
polinizadores.

Para a construgdo da rede espacial dos polinizadores, estes foram classificados em trés
grupos funcionais: fly, ant and bee. A rede foi criada a partir de uma matriz bindria, com os
paises em linhas e os polinizadores em colunas. As células foram preenchidas com o nimero 1
quando existe a ocorréncia de uma espécie polinizadora em determinado pais e 0 caso contrario.
Para identificar espécies-chave na rede, calculamos as seguintes métricas: degree, betweenness
centrality (BC), closeness centrality (CC). Degree indica o quanto uma espécie (nd) esta
conectada a outros noés da rede (Rodrigues, 2019), betweenness centrality descreve a
importancia de uma espécie como conectora entre as diferentes partes da rede (Freeman, 1977)
e closeness centrality (CC) mensura a proximidade de uma espécie com todos os outros nés da

rede (Freeman, 1978; Delmas, 2018).

Resultados

Um total de 29 artigos satisfizeram os critérios de inclusdo. O artigo mais antigo foi
publicado em 1950 (Fig 2a). As proximas nove publica¢des aparecem na década de 1970 (1971
a 1977). Entre os anos de 1980 a 2010 apenas dois artigos foram publicados. No entanto, a
partir de 2011 houve uma ascensao no numero de publicagdes, totalizando 18 artigos. Os
continentes onde as pesquisas foram desenvolvidas foram a América (52%), Africa (24%), Asia
(21%) e Oceania (3%). Os paises que tiveram o maior numero de estudos foram Ghana (21%)
e Indonesia (17%).

Com relacdo a identidade dos polinizadores, identificamos duas ordens (Diptera e
Hymenoptera), seis familias e 13 géneros. A familia mais diversa da ordem Diptera foi
Ceratopogonidae (38%), e da ordem Hymenoptera foi Formicidae (23%, Fig. 3). Os géneros
classificados como moscas foram: Cecidomyiid, Parallelodiplosis, Atrichopogon, Culicoides,
Dasyhelea, Forcipomyia, Stilobezzia, Drosophila e Bactrocera; como formigas foram Lasius

Monomorium e Solenopsis. E a tnica abelha registrada foi do género Tetragonisca. E
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importante destacar que 48% dos estudos tiveram como foco investigar somente o papel do
grupo Forcipomyia (Ceratopogonidae, Diptera). Os demais, 52%, investigaram a atividade de
todos os visitantes florais.

A rede espacial registrou um total de 39 links (Fig. 4) entre 14 paises e 13
polinizadores. As moscas apresentaram o maior numero de links com os paises da rede e, entre
estas, o género Forcipomyia (sp6) apresentou os maiores valores de degree (14, conectada a
todos os paises da rede) betweenness centrality (0.77) e closeness centrality (0.10), sendo
considerada o polinizador-chave da rede. As formigas do género Lasius (spl10) e Solenopsis
(sp12) foram registradas polinizando as flores do cacau na Indonesia e o género Monomorium
(sp11) foi registrado na Indonesia e Costa Rica. A unica abelha da rede Tetragonisca angustula

(sp13) foi registrada apenas na Colombia.

Discussio

Podemos perceber que existem dois picos de publicac¢des, o primeiro na década de 1970
e o segundo a partir de 2011. O primeiro pico de publicagdes pode estar associado aos incentivos
na valoracdo do cacau apo6s a criagdo da International Cocoa Organization (ICCO), fundada em
1973. As baixas das publicagdes entre os anos 1990 a 2000 podem estar relacionadas aos surtos
de pragas no cacau e consequente queda nas produgdes mundiais, como por exemplo, a doenga
da Vassoura de Bruxa, causada pelo fungo Moniliophthora perniciosa, que se espalhou por toda
a América do Sul, Panam4 e Caribe, causando grandes perdas na produgdo (ICCO, 2024). O
aumento no nimero de publica¢des a partir de 2010 deve-se a uma combinagdo de fatores,
incluindo o crescimento de iniciativas governamentais e privadas para melhorar gradualmente
e estimular a recuperagdo do setor cacaueiro (por exemplo, o Projeto de Reabilitagdo do Cacau
-CRP, Kozicka et al. 2018), o que gerou mais financiamentos e apoio para produtores e
pesquisadores. Além disso, a partir de 2010, a crise global dos polinizadores tornou-se mais
evidente (Potts et al. 2010), impulsionando o numero de estudos sobre os servicos de
polinizagao.

Todos os continentes produtores (Africa, America Latina, Asia e Oceania; Poelmans and
Swinnen, 2016) tiveram estudos sobre a polinizacdo realizados em paises localizados entre
10°N e 10°S do Equador. Essa faixa € considerada a ideal para o cultivo de cacau devido aos
fatores climéaticos, principalmente temperaturas quentes, precipitacdo adequada, alta umidade
(ICCO, 2024). Ghana e Idonésia foram os paises lideres no nimero de pesquisas,
provavelmente por estarem entre os principais paises responsaveis pela maior produgdo

mundial (Asante et al. 2023).
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Os insetos pertencentes a familia Ceratopogonidae (Diptera) desempenham um papel
fundamental na produtividade do cacau, sendo considerados os mais eficazes polinizadores
(Adjaloo e Oduro, 2013; Coérdoba et al., 2013). Nossos resultados confirmam que essas
pequenas moscas sao as mais frequentes nas plantagdes em todos os paises da rede. A familia
possui 75 espécies pertencentes a 10 géneros, sendo Forcipomyia o mais importante para o
cacau (Rios, 2015). As espécies de Forcipomyia foram os polinizadores-chave da rede.
Possuem tamanho muito pequeno (3 mm), adequado para realizar a polinizacdo (Aguayo;
Mariduefia; Cajilema, 2018). A polinizagao efetiva ¢ altamente dependente da sincronizacao
das populagdes desses insetos com os ciclos de floragcdo das plantas (Bridgemohan et al, 2017).
Eles sdo mais abundantes nos plantios durante a estagao chuvosa (Kaufmann, 1974) e substratos
de matéria organica, como pseudocaule de bananeiras e cascas de cacau, sdo recomendados
para fornecer habitat para a reprodugao de tais insetos e aumentar sua populacao nas plantagdes
(Frimpong et al., 2011; Montero-Cedefio et al., 2019).

O fato do género Forcipomyia ter sido registrado em todos os paises da rede pode ser um
viés de amostragem. Devido aos registros pioneiros desses Dipteros nas flores (Soria, 1971;
Cruz and Soria, 1973; Winder 1977) pesquisadores foram incentivados a focar na investigacao
de fatores que afetam sua abundancia nas plantagdes (Zakariyya Sulistyowati; Rahayu, 2016;
Adjaloo et al. 2017; Bridgemohan et al. 2017). Mesmo sendo considerado os principais
polinizadores, uma alta taxa de outros grupos de visitantes florais, como afidios, besouros e
vespas (Toledo-Hernadéz et al. 2021) foram registrados. Portanto, é possivel que a polinizagdo
ocorra também por outros grupos que ndo foram incluidos na rede devido a insuficiéncia de
informacdes taxondmicas. Isso evidencia uma grande lacuna de conhecimento na identificagao
e investigacao da eficacia de polinizacao por outros insetos além dos dipteros.

Entre os himenopteros, as formigas se destacam como principais insetos registrados. No
entanto, especula-se que atuem como polinizadores indiretos, incomodando outros
polinizadores quando pousam nas flores e, desta forma, incentivam esses polinizadores a se
deslocarem para outras arvores, facilitando o processo de poliniza¢do (Toledo-Hernéndez et al.
2021).

O papel da abelha sem ferrdo Tetragonisca angustula Latreille (Apidae: Meliponini)
como polinizadora € um resultado promissor. Ela foi observada carregando uma grande carga
de polen e entrando em contato com os 6rgaos masculinos e femininos das flores (Jaramillo,
Reyes-Palencia e Jiménez, 2024). Conhecida popularmente como jatai, ¢ uma abelha que tem
uma ampla distribui¢io desde o sul do México até a Argentina (Urquizo et al. 2022). E
considerada polinizadora eficaz de muitas culturas de importancia econdmica como morango,

café e laranja (Giannini et al. 2020; Klein et al. 2020). Devido ao seu pequeno tamanho e facil
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manejo (Santos et al. 2023), pode ser considerada uma boa alternativa para incrementar a
polinizagdo do cacau no continente latino-americano, onde a abelha ¢é nativa. Outra espécie de
abelha sem ferrdo, Plebeia cf. flavocinta, foi testada como polinizadora do cacau (Lemos,
2014). Porém, apesar de graos de polen terem sido encontrados nas células de cria dessas

abelhas, a sua eficacia como agentes polinizadores do cacau nao foi comprovada.

Conclusao

Podemos perceber que nos ultimos anos houve um aumento nos estudos sobre a
polinizacdao do cacau, principalmente nas regides lideres em produgdo. As moscas do género
Forcipomyia tém sido reportadas como os principais polinizadores em todos os paises da rede.
Estudos futuros sdo necessarios para identificar e testar a eficacia de polinizacdo de outros
visitantes florais. Formigas e abelhas sem ferrdo possuem grande potencial de atuarem como
polinizadores. A adogao de praticas que favorecam as populagdes dos polinizadores ¢ essencial
para garantir os servigos de polinizacdo e consequentemente melhorar o rendimento da
produgdo. Destacamos que a conscientizagdo dos produtores sobre a importancia dos
polinizadores nas plantagdes € um passo essencial para enfrentar os desafios atuais e futuros da

producao de cacau.
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Abstract

Pollination is responsible for maintaining natural communities and agricultural production,
as it allows and/or improve fruit and seed sets. Understanding the structure of interactions
between plants and pollinators on a local scale is important to comprehend the main
interactions that can favor crop pollination. This study aimed to investigate the
relationships between co-flowering crops and pollinators using six crops (pumpkin,
watermelon, melon, gherkin, tomato, and sweet pepper) of NE Brazil as a model. The
following questions were raised: What is the structural pattern of the network? Which are
the bee groups shared among co-flowering crops? What are the key pollinators?
Field data were collected through focal observations. The network structure was described
by connectivity and modularity calculations, and the role of species by centrality metrics.
A total of 27 species of bees, distributed across 19 genera and three families, were recorded.
The most representative family was Apidae (15 species), followed by Halictidae (nine) and
Andrenidae (three). The network was modular, formed by four modules, apparently guided
by floral attributes. No bee species was classified as a network hub. Paratrigona incerta and
Ceratina sp. were classified as module hubs. Paratrigona incerta showed the highest
number of interactions as visited all crops except pumpkin. Apis mellifera, even though it
was not classified as a key pollinator in the network, as is the case in most pollination
networks, was the second species with the highest number of interactions, being connected
to all Cucurbitaceae.
Our recommendation is to promote pollinator-friendly conservation practices, including
Paratrigona incerta and Ceratina sp., and to test the management of efficient native bees

for crops.

Keywords: Bees, crop pollination, ecosystem service, network science

Introduction

In natural and agricultural systems, species interact with each other forming complex

networks of interactions (Pocock, 2016; Windsor, 2022), which include a wide range of

ecosystem services, such as pollination (IPBES, 2016). Around 75% of plants used for human

consumption depend on pollination by animals and bees are the main pollinators (Klein ef al.,

2007). Given the decline of pollinators that the world is experiencing (Potts et al., 2010), and

its impacts on natural communities and global food security (Ollerton, 2017; Porto et al. 2020),

identifying interaction networks of crops and pollinators becomes essential to guide strategies

of management and conservation of pollinators. A fundamental tool in the study of those

networks is to describe their structure (Dehling, 2018). It allows the understanding of ecological
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systems’ responses to global changes such as, for example, the loss of pollinators (Lever et al.,
2014).

In a general matter, studies show that pollination networks may have a nested and/or a
modular architecture (Olesen et al., 2007; Bascompte & Jordano, 2007). Nested networks tend
to present a high level of generalization, where there is a nucleus of generalist animal and plant
species that interact with each other (Bascompte & Jordano, 2014). Conversely, modular
networks are strongly related to specialized interactions (Guimaraes et al., 2007). In modular
networks, species from one module are more strongly linked to each other than to species from
other modules (Olesen et al., 2007). The relatively high modularity of the network may be
related to floral characteristics such as floral size and type of resource offered by flowers
(Freitas et al., 2014). Studies have shown that crop-pollinator networks generally have a
modular structure (Assungao, 2021; Torquato; Souza; Castro, 2024)).

In addition to nestedness and modularity, centrality metrics (Dehling, 2018) have helped
to identify key pollinators that maintain the networks’ structure. Key pollinators (network hubs)
generally occupy a central position in the network, are highly connected and interact with
various plant species. Therefore, in agricultural environments they can play a vital role in
ensuring effective pollination in different crops (Cagua et al. 2019), being in the focus of
pollination conservation and management.

Several studies have identified 4. mellifera as a network hub in different pollination
networks (Santos et al., 2012; Willcox et al., 2019; Paulino ef al., 2021). It is the main pollinator
of crops in the globe, as it is the most managed bee species (Valido, 2019). Despite that, it is
exotic to many ecosystems, disrupting relationships between native plants and pollinators, and
promoting a cascading of negative effects on natural communities (Valido et al., 2019; Iwasaki
& Hogendoorn, 2022). Aditionaly, A. mellifera tend to visit many flowers in each individual
plant, enhancing self-pollination rates and resulting in a lower offspring fitness when compared
to pollination by native insects (Travis & Khon 2023).

Studies have demonstrated that pollinator diversity s, especially native bees, can
constitute an important complement in the pollination by A. mellifera due to differences in the
functional characteristics, improving the quantity and quality of production (Garibaldi et al.,
2014; Page et al., 2021). Native bees may also be even more efficient than 4. mellifera in some
crops (eggplant, peppers, and tomatoes; Silva, Pacheco-Filho; Freitas, 2015). Identifying bee
groups shared across multiple crops is of crucial importance to support management strategies
that improve pollination services and increase crop yields (Giannini et al., 2020).

This study aimed to understand the interactions between cultivated plants and their

pollinators in an agricultural landscape in a semi-arid region in northeastern Brazil, in order to
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investigate the main interactions that can favor crop pollination on a local scale. The following
questions were raised: 1) How the relations between crops and bees are structured? 2) Which
bees are shared among flowering crops? 3) What are the key pollinators in the network? Our
hypotheses are that the network has a modular pattern, and A. mellifera is the network's key

pollinator.

Materials and Methods
Study area and studied crops

Data were collected between 16 and 30", 2022, on a private family farming property in
the rural area of the city of Garanhuns, State of Pernambuco, semi-arid region of northeastern
Brazil (8°54'49”S and 36°35 '34"W, Fig. 1). The climate is hot, tropical, sub-humid dry,
referring to As', BShs' and Cs'a, according to Koppen (Lopes ef al., 2017). The average annual
temperature is between 20 and 22 °C and rainfall between 751- and 1000-mm. Seasonality is
marked by a rainy period with lower temperatures from May to September, and a dry season
with higher temperatures from October to April (Barbosa et al., 2016).

The flowering crops were four species of Cucurbitaceae (Cucurbita pepo L.-zucchini;
Cucumis melo L.-melon; Cucumis anguria-West Indian gherkin, and Citrullus lanatus (Thunb.)
Matsum. & Nakai- watermelon), and two species of Solanaceae (Capsicum annuum L.-sweet
pepper and Solanum Ilycopersicum L.-tomato). Each crop was planted in alternating rows 30
meters long, separated by 2.5 meters.

There was no apiary or meliponary in the area, nor the application of pesticides. The
ruderal plants between crops were removed periodically by the farmers.

Sampling plant-pollinator interactions

To sample plant-pollinator interactions, focal observations were carried out for 10
minutes in each flowering crop between 06:00 and 13:00, totaling 105 hours. We maintained
an average sampling effort of 17 h for each crop.

During the observations, bees that contacted anthers and stigmas (i.e., pollinators) were
collected, identified by a specialist, and incorporated into the entomological collection of the
Federal Rural University of Pernambuco.

Data analysis

The interaction network was built from an adjacency matrix, in which plant names were
placed in rows and pollinators in columns. The filling of the matrix was based on the frequency
of interactions between each crop and pollinator species. To evaluate the sampling effort, the
diversity of interactions was estimated using the Chaol species richness estimator (Chao,

2014). The sampling effort was calculated as the ratio between what was observed and what
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was estimated in relation to the richness of interactions. The Chaol estimator was calculated
using the INEXT package (Hsieh et al., 2014) in the R Program.

For the topological characterization of the network, the weighted nesting degree
(WNODF) and modularity (Q) were calculated. Nesting measures how much the set of
interactions of the least connected species is a subset of the interactions of the most connected
species (Bascompte & Jordano, 2007). Modularity (Q) assesses the extent to which species
form subgroups with higher internal than external interaction density (Olesen ef al. 2007). We
used Beckett's weighted modularity maximization algorithm DIRTLPAwb+ (Beckett, 2016),
estimated with the computeModules() function in the Bipartite package in R. Modularity was
run 1000 times to check stabilization.

As network metrics can be affected by intrinsic characteristics, their significance was
verified by comparing them to Vaznull's null model (Véazquez et al., 2005), which restricts
connectivity, network size and total number of interactions in each randomization. The
estimated confidence interval was 95% for each metric of the 1000 simulated values. A metric
value was considered significant if it did not overlap and was greater than the confidence
interval generated by the null model randomizations.

To evaluate the functional role of species in the network, two indices were calculated: ¢
- connectivity between modules and z - degree within the module, with the aim of verifying the
importance of a species as a connector of different modules within its module itself. According
to the ¢ and z values, the species were classified into four categories: network hub (high c and
z values), module hub (high z value and low c value), connector (high ¢ value and low z value)
and peripheral (low c and z values; Olesen et al., 2007). Threshold values for ¢ and z were
defined following Dormann and Strauss (2014). To do this, we calculated expected ¢ and z
values using null models based on the original networks, and then used 95% quantiles as critical
values (Dormann & Strauss 2014). Therefore, the threshold values used were 0.72 for ¢ and
1.46 for z. The degree (number of interactions) of the species was also calculated in the Bipartite
package in R. The degree analyzes how connected a species is to other species in the network
(Jordano et al., 2003).

Results

A total of 27 bee species, distributed in 19 genera and three families, pollinated the
crops. The most representative family was Apidae (15 species), followed by Halictidae (9
species) and Andrenidae (3 species). The network included 384 interactions. The sampling
effort for interactions was 53% of all possible interactions observed (Observed = 39; Estimator

=173; p<0.05%).
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The network structure was not significantly nested (WNODF = 22.23, p>0.05), but it
presented a significantly modular structure (Q = 0.42, p <0.05) formed by four modules (Fig.
2). Module I is associated with pumpkin and seven pollinators, and 77igona spinipes (sp17) had
the greatest strength of interaction. Module II is associated with two Cucurbitaceae (melon and
West Indian gherkin) and eight pollinators, and Paratrigona incerta (spl5) was the pollinator
most strongly related to the two crops. Module III is associated with one Cucurbitaceae
(watermelon), one Solonaceae (pepper) and four pollinators. Watermelon is strongly linked to
A. mellifera (sp4), and sweet pepper to Plebeia flavocincta (spl6). Module IV is associated
with tomatoes and eight bees (seven Halictidae and one Apidae, Exomalopsis sp.).

Regarding the functional role of species in the network, most species (99.49%) were
classified as peripheral. Paratrigona incerta and Ceratina sp. were classified as module hub.
No species was classified as network connectors and hubs (Fig. 3). The bees with the highest
degree values (number of interactions) in the network were P. incerta (degree = 5, Fig 4) which
visited all crops, except for pumpkin, and A. mellifera (degree = 4) which visited all
Curcubitaceae but not visited the Solonaceae.

Discussion

The network of interactions between agricultural crops and pollinators revealed the
presence of A. mellifera and native bees. According to Willcox et al. (2019), communities with
pollinator taxonomic diversity are more resilient to fluctuating population dynamics and species
extinctions due to their ability to provide functional complementarity. Additionally, studies
have shown that the interaction between native and exotic bees increases pollination rates
(Khalifa et al., 2021). Such diversity guarantees the production of crops essentially dependent
on pollinators, such as Cucurbitaceae, which are monoecious, and maximizes production in
crops that are highly, moderately, and weakly dependent on these animals, such as Solanaceae.

Despite the sharing of some bees between crops, the community presented a
compartmentalized structure forming modules, with low nestedness. For agricultural
environments, this structure can be advantageous as it restricts the negative impacts of
disturbances to a specific module, with less probability of their impacts propagating through
other modules of the network, without affecting the production of the entire system. The theory
predicts that a modular network can be associated with more resilient and resistant interactions
in the presence of disturbances (Dupont & Olesen, 2012).

The module I has a single crop, pumpkin. It has the largest flower among those studied,
offers a large amount of nectar and pollen, and was the crop with the greatest bee richness.
According to Lazaro et al. (2019), larger flowers present higher levels of interactions with

visitors, as flower size is the main attractive floral attribute. It is also worth noting that the large
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pumpkin flowers were the only ones visited by large bees (3-5 cm) such as Xylocopa sp. This
may be related to the compatibility of morphological characteristics (Rosa & Sytsma, 2021)
because, unlike pumpkin flowers, crops with smaller flowers (modules II, I1I and V) interacted
only with medium (1-1.5 cm) and small (3-7 mm) bees. Module IV, associated with tomatoes,
is another example that floral characteristics and the type of resource offered may influence the
composition of the modules. Tomato flowers have poricidal anthers and is related to vibrating
bees, i.e., those bees that can vibrate during their visits to flowers. These bees use their thoracic
muscles to vibrate the flower and release pollen grains from poricidal anthers (Gaglianone et
al., 2015). They are generally native, notably the most efficient in collecting pollen and,
consequently, in pollinating crops with poricidal anthers, such as tomatoes and eggplant
(Nunes-silva, et al., 2010; De Luca & Vallejo-Marin, 2013). All crops were pollinated by native
bees. Therefore, the importance of these bees in providing pollination services for agricultural
environments is evident.

Our hypothesis that A. mellifera would be the network hub was refuted, as there was no
hub species. When analyzing the bees with the highest number of interactions (degree), we
realized that the native, eusocial (Klein er al. 2020) species P. incerta played an important role
as it interacted with almost all crops. The genus Paratrigona Schwarz, 1938 includes more than
500 species of small bees distributed in South America (ITIS 2023) that nest mostly in the
ground and efficiently pollinate several crops (Klein ef al. 2020; Oliveira et al. 2020). Species
of the genus were recorded in more than ten economically important plants in Brazil (Wolowsky
et al. 2019). The conservation of ground-nesting bees, which represent around three-fourths of
all wild bees in the planet, depends on a better understanding of nesting requirements, as well
as the knowledge dissemination among farmers, so that they can provide adequate habitats
(Antoine & Forrest 2021).

The bee Ceratina sp., connector of Module II, pollinated the flowers of West Indian
gherkin and melon. The genus Ceratina is cosmopolitan, highly diverse, and nests in dead and
broken stems (Rehan, 2020). It is also considered a pollinator of many economically important
crops (Ali et al., 2024).

It is important to highlight that 4. mellifera, even though it is not classified as a key
pollinator in the network, was the second bee species with the highest number of interactions,
being connected to all Cucurbitaceae. It is the main bee suggested for management in melon
and watermelon plantations (Bomfim et al., 2013; Kiill et al., 2015).

Conclusions
The network has a modular structure apparently guided by crops’ floral attributes. There

was no network hub, and the modules hubs were Paratrigona incerta and Ceratina sp. The
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former is a native, that interacted with all crops except pumpkin. Apis mellifera was the second
species with the highest number of interactions, being connected to all Cucurbitaceae. Our

recommendation is to promote pollinator-friendly conservation practices, including Paratrigona
incerta and Ceratina sp., and to test the management of efficient native bees for crops.
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Figure 1. Location map of the study area in Garanhuns-PE, Brazil
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Figure 2. Network of crop-bee interactions in a semi-arid region of NE Brazil. Black lines
represent interactions between species from the same module, and the red lines from different
modules. Line thickness represents the number of times the interaction was recorded, that is,
the strength of the interaction.
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Figure 3. Functional role of species in the crop-bee interaction network according to the values
of ¢ (connectivity between modules) and z (degree within the module) in an agricultural
landscape in a semi-arid region in northeastern Brazil.
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Figure 4. Frequency of pollinator visits and crop Degree (k) in
semi-arid region in northeastern Brazil.
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