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Xii
RESUMO

A producédo de muitas culturas agricolas depende de polinizadores, especialmente de abelhas,
consideradas as principais responsaveis pelo rendimento das culturas, influenciando o tamanho,
peso, e a composi¢do quimica dos frutos e sementes. No entanto, embora se saiba de sua
importancia, a presenca de insetos polinizadores nas culturas vem reduzindo, ameacando a
seguranca nutricional global. Com isso, as culturas agricolas que sdo mais dependentes de
polinizadores sdo consequentemente as mais afetadas, dentre as da familia Cucurbitaceae, como
a abobora (Cucurbita moschata), por causa da monoicia que apresentam. Apesar da importancia
da familia na producdo agricola mundial, ndo ha trabalhos que integrem estatisticamente dados
de interacdo das culturas de Cucurbitaceae e seus polinizadores, nem indiquem as lacunas de
conhecimento. Além disto, tendo em vista a importancia dos polinizadores na producgédo de
abobora, investigacdes sobre a influéncia da polinizacdo na producdo sdo essenciais para
auxiliar acoes de manejo e conservacéo de polinizadores. O objetivo deste trabalho foi conhecer
a tendéncia dos estudos e das interacfes planta-polinizador de cucurbitaceas de importancia
econdémica em escala global, integrar dados globais sobre a polinizagcdo da abobrinha
(Cucurbita pepo) e avaliar a relacdo entre exposicao floral, frequéncia de visitas, quantidade e
qualidade da producdo agricola, incluindo analises de antioxidantes de frutos, usando como
modelo o cultivo de abdbora (Cucurbita moschata). A tese de doutorado esta estruturada em
trés capitulos. No primeiro capitulo, foi realizado uma revisédo sistemética da literatura e a partir
dos dados de visitantes florais, construida uma meta-rede. A meta-rede foi altamente modular,
com a maioria das espécies sendo periféricas, o hub de médulo foi Xenoglossa kansensis e 0s
hubs de rede foram Apis florea e A. mellifera. A formacgédo de modulos ndo pode ser explicada
exclusivamente por caracteristicas funcionais das espécies, pois embora as flores sejam
semelhantes na cor, elas diferem em outros atributos, explicando a grande diversidade de
insetos observada. Nossos dados reforcam a necessidade de apoiar os polinizadores nativos,
contribuindo para a mitigacdo da crise global dos polinizadores. No segundo capitulo, através
de uma revisdo sistematica, analisamos a distribuicdo dos estudos, construimos uma rede de
paises e polinizadores e comparamos dados sobre a eficiéncia de polinizadores especificos. Os
estudos foram realizados em quase todos os continentes, onde a maioria dos estudos investigou
a frequéncia e diversidade de visitantes florais. As flores de abobrinha alimentaram 116
espécies de polinizadores, principalmente abelhas. Muitos paises possuiam grupos quase
exclusivos de polinizadores nativos, entre os quais é possivel encontrar espécies eficientes e
manejaveis, capazes de substituir polinizadores exoticos. Os dados aqui compilados ajudarao
no desenvolvimento e aprimoramento de estratégias para 0 manejo e conservagdo dos
polinizadores. Além disso, estudos futuros sobre a influéncia dos polinizadores nos aspectos
quimicos dos frutos e na germinacdo das sementes sdo necessarios. No terceiro capitulo,
verificamos a biologia floral, realizamos observagdes focais e conduzimos tratamentos de
polinizagdo (natural e cruzada). Foram registradas sete espécies de visitantes, sendo A. mellifera
e T. spinipes as mais frequentes. A frutificacdo resultante da polinizacdo natural foi maior que
a da polinizacdo cruzada e apresentaram maior atividade antioxidante dos frutos. Além disso,
0 numero de sementes esteve positivamente relacionado com o peso dos frutos. Assim, as
abelhas foram os principais polinizadores da abdbora produzida na regido semiarida do
Nordeste do Brasil, com destaque para T. spinipes e A. mellifera, o que influenciou
positivamente no peso dos frutos. Além disso, os polinizadores favoreceram o potencial
antioxidante dos frutos.

Palavras-chave: Hortalica; Polinizadores; Abelhas; Visitantes florais; Cucurbita.
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ABSTRACT

The production of many agricultural crops depends on pollinators, especially bees, considered
primarily responsible for crop yields, influencing the size, weight, and chemical composition
of fruits and seeds. However, although its importance is known, the presence of pollinating
insects in crops has been decreasing, threatening global nutritional security. As a result,
agricultural crops that are more dependent on pollinators are consequently the most affected,
among those in the Cucurbitaceae family, such as pumpkin (Cucurbita moschata), due to their
monoecy. Despite the importance of the family in global agricultural production, there are no
studies that statistically integrate data on the interaction of Cucurbitaceae crops and their
pollinators, nor indicate gaps in knowledge. Furthermore, given the importance of pollinators
in pumpkin production, investigations into the influence of pollination on production are
essential to assist with pollinator management and conservation actions. The objective of this
work was to understand the trend of studies and plant-pollinator interactions of cucurbits of
economic importance on a global scale, integrate global data on the pollination of zucchini
(Cucurbita pepo) and evaluate the relationship between floral display, frequency of visits,
quantity and quality of agricultural production, including analysis of fruit antioxidants, using
pumpkin cultivation (Cucurbita moschata) as a model. The doctoral thesis is structured into
three chapters. In the first chapter, a systematic review of the literature was carried out and,
based on data from floral visitors, a meta-network was constructed. The meta-network was
highly modular, with most species being peripheral, the module hub was Xenoglossa kansensis
and the network hubs were Apis florea and A. mellifera. The formation of modules cannot be
explained exclusively by functional characteristics of the species, because although the flowers
are similar in color, they differ in other attributes, explaining the great diversity of insects
observed. Our data reinforces the need to support native pollinators, contributing to mitigating
the global pollinator crisis. In the second chapter, through a systematic review, we analyze the
distribution of studies, build a network of countries and pollinators and compare data on the
efficiency of specific pollinators. Studies have been carried out on almost every continent,
where most studies have investigated the frequency and diversity of floral visitors. Zucchini
flowers fed 116 species of pollinators, mainly bees. Many countries had almost exclusive
groups of native pollinators, among which it is possible to find efficient and manageable
species, capable of replacing exotic pollinators. The data compiled here will help in the
development and improvement of strategies for the management and conservation of
pollinators. Furthermore, future studies on the influence of pollinators on the chemical aspects
of fruits and seed germination are necessary. In the third chapter, we verify floral biology, carry
out focal observations and conduct pollination treatments (natural and cross). Seven species of
visitors were recorded, with A. mellifera and T. spinipes being the most frequent. The fruit set
resulting from natural pollination was greater than that from cross pollination and presented
greater antioxidant activity of the fruits. Furthermore, the number of seeds was positively
related to fruit weight. Thus, bees were the main pollinators of pumpkin produced in the semi-
arid region of Northeast Brazil, with emphasis on T. spinipes and A. mellifera, which positively
influenced the weight of the fruits. Furthermore, pollinators favored the antioxidant potential
of the fruits.

Keywords: Crops; Pollinators; Bees; Floral visitors; Cucurbita
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INTRODUCAO

Mais de 75% das espécies cultivadas para consumo humano necessitam da presenca dos
agentes polinizadores para a formacdo de seus frutos e sementes, pois influenciam
positivamente em diversas caracteristicas comerciais, garantindo maior valor econémico no
mercado (Klein et al., 2007; Gemmill-Herren, 2016). As abelhas séo as principais responsaveis
pelo rendimento das culturas, influenciando o conjunto e a qualidade dos frutos e sementes
(tamanho, peso e composi¢do quimica; Garibaldi et al., 2013; Klatt et al., 2014; Giannini et al.,
2015). Apesar de tal importancia, € globalmente aceito que a presenca de insetos polinizadores
nas culturas vem reduzindo em decorréncia de multiplos fatores antropogénicos, como uso
excessivo de agrotoxicos, introducdo de patdgenos, mudangas climaticas e principalmente
ameacas causadas pelas mudancas de habitat, como o0 desmatamento da vegetacao nativa (Potts
etal., 2010), colocando em risco a seguranca nutricional global (Eilers et al., 2011; Smith et al.,
2015; IBPES, 2016). Culturas agricolas que sdo mais dependentes de polinizadores, sdo
consequentemente as mais afetadas (Klein et al., 2018), dentre elas destacam-se aquelas da
familia Cucurbitaceae.

A familia Cucurbitaceae compreende 97 géneros e, aproximadamente, 980 espécies que
sdo distribuidas nas regides tropicais e subtropicais do mundo, no Brasil existem 30 géneros e
157 espécies distribuidas em todas as regides (Agbagwa et al., 2007; Schaefer & Renner, 2011).
A domesticacdo de varias espécies de importancia agricola comecou a 11.000 anos a.C. no
Novo Mundo e na Asia em tempos pré-colombianos, e mais recente na Africa (Larson et al.,
2014; Chomicki et al., 2019), sendo o género Cucurbita com a maior distribuicéo e adaptacéo
a ambientes perturbados (Kistler el al., 2015), e consequentemente consideradas as primeiras
espécies domesticadas (Cutler & Whitaker, 1961). A maioria das espécies possuem grande
importancia econémica em virtude dos seus frutos e sementes apresentarem alto valor
nutricional, sendo utilizados como fonte alimentar. Além disso, alguns frutos secos podem ser
empregados na confeccdo de utensilios, e outras espécies na fabricacdo de farmacos (Amadou
& Bako, 2018; Maja et al., 2022). Dentre as espécies mais cultivadas mundialmente destacam-
se Cucurbita moschata Duchesne (abdbora), Cucurbita maxima L. (jerimum), Cucurbita pepo
L. (abobrinha), Cucumis melo L. (meldo), Cucumis sativus L. (pepino), Citrullus lanatus
(Thunb.) Matsum. & Nakai (melancia), Sechium edule (Jacq.) Sw. (chuchu) e Cucumis anguria
L. (maxixe).

A producdo mundial de Cucurbita foi de cerca de 35 milhGes de toneladas, cultivadas
aproximadamente em dois milhGes de hectares, com a maior parte da producdo concentrada na

China e na india (FAO, 2024). Estima-se que o valor econdmico dos servicos de poliniza¢io
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em todas as cucurbitaceas seja em torno de dois bilhdes de reais (Wolowski et al., 2019). A
abobora (C. moschata) é uma das hortalicas de maior importancia socioeconémica
do género Cucurbita, em grande parte devido aos seus frutos e sementes apresentarem alto
valor nutritivo, sendo a polpa dos frutos rica em alto teor de carotenoides, compostos
polifendlicos, componentes minerais e vitamina C, assim possuindo alto potencial de
antioxidante (Kulczynski et al., 2020). Estudos recentes indicam que antioxidantes oriundos de
vegetais e frutas contribuem para reduzir o risco de desenvolvimento de diversas doencas
cardiovasculares (Aune et al., 2018), neurodegenerativas (Li et al., 2012), entre outras.

As plantas de cucurbitaceas possuem diferentes tipos de sistema reprodutivo, podendo ser
em sua grande maioria monoica e outras andromonoicas (Free, 1993; Delaplane and Mayer,
2000). As plantas da abdbora sdo monoicas e protandricas dentro da planta, ou seja, a abertura
das flores masculinas iniciando primeiro do que as femininas, o que ocorre duas a trés semanas
depois. Apresentam tamanho relativamente grande, com corola campanulada amarelo brilhante
(Agbagwa et al., 2007). As flores masculinas produzem grande quantidade de grdos de polen,
com textura pegajosa e sendo facilmente transportado por insetos polinizadores até a flor
feminina (Rech et al., 2014). Devido a esses aspectos, as flores necessitam obrigatoriamente de
visitantes florais para obter polinizacéo e producéo de frutos bem-sucedidos (Delaplane, 2000).
As flores de Cucurbita, além de serem grandes e vistosas, oferecem recompensas relativamente
ricas em polen e néctar aos polinizadores que as visitam (Nicodemo et al., 2009). As plantas de
meldo podem ser andromonoicas, ou seja, tém flores estaminadas e hermafroditas na mesma
planta, com disponibilidade de pdlen e néctar (McGregor, 1976; Delaplane and Mayer, 2000).
Mesmo as flores sendo hermafroditas, a presenca dos polinizadores é fundamental, visto que as
anteras se posicionam para fora, e os graos de pdlen tendem a cair nas pétalas (Free, 1993). Os
principais polinizadores sdo abelhas das familias Apidae (Apis mellifera, Melipona spp.
Trigona spinipes), Adrenidae (Oxaea flavescens, Bombus morio), e besouros da familia
Chrysomelidae (Diabrotica spp.; Giannini et al., 2015).

A producéo agricola de cucurbitaceas depende em grande parte das interacbes com 0s
polinizadores, estudos com abordagem de meta-rede de polinizagdo permitem a identificacdo
de polinizadores importantes na coesdo e estabilidade da rede, evitando a formacdo de
comunidades isoladas (Gonzalez et al., 2010; Tilianakis & Morris, 2017). Portanto, tais estudos
também permitem identificar grupos-alvo de polinizadores para conservacdo e manejo (Emer
et al., 2018; Libran-Embid et al., 2021), culturas agricolas vulneraveis, bem como lancar luz
sobre culturas cuja polinizagcdo é pouco conhecida (Paulino et al., 2021). Considerando que
culturas de Cucurbitaceae constituem importantes componentes da producéo agricola mundial

e que sdo muito dependentes de polinizadores para a producdo, trabalhos que integrem
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estatisticamente dados de polinizagdo sdo importantes para a identificagdo das relagoes
ecoldgicas entre as culturas mais importantes de Cucurbitaceae e seus polinizadores, porém
escassos. Além disto, tendo em vista a importancia dos polinizadores na producéo de abdbora,
investigacdes sobre a influéncia da polinizacdo na producdo da abobora séo essenciais para
auxiliar acGes de manejo. O objetivo geral desse trabalho foi conhecer as interagdes registradas
entre cucurbitaceas de importancia econémica e visitantes florais em escala global, integrar
dados globais sobre a polinizacdo da abobrinha (Cucurbita pepo) e avaliar a influéncia da
polinizacdo sobre a polinizacdo e a producao de abobora (Cucurbita moschata) no semiarido
do NE do Brasil.
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Abstract. Cucurbitaceae is an economically important plant family whose crop production is
essentially dependent on pollinators. Large-scale relations between plants and pollinators may
be studied with a meta-network approach. This study aims to understand how the ecological
relationships among the most important Cucurbitaceae crops and their pollinators are organized
globally and indicate gaps in knowledge by using a meta-network approach. We aim to answer
the following questions: (1) How are interactions between plants and pollinators structured? (2)
What are the roles of the crops and pollinator species in structuring the network? (3) Which
functional traits are responsible for the formation of the modules? (4) Which pollinators are
particularly relevant for which plants? (5) What traits do hub pollinators species have? Plants
and pollinators were obtained through a systematic literature review. The modularity and the
role played by crops and pollinators species were calculated, and a comparison of the pollinator
composition among modules was made. In the highly modular meta-network, most pollinator
species were peripheral (few links in their own module). Most connector species (link several
modules) belong to bee genera Apis, Ceratina, Peponapis, Tetragonula and Xylocopa. The only
module hub (generalist) was the bee Xenoglossa kansensis, which is highly specialized in
collecting Cucurbita pollen. The generalist bees Apis florea and A. mellifera were the network
hubs (supergeneralists). Apidae, Halictidae and Megachilidae bees were the most structurally
important pollinators for all plants, especially for chayote, gherkin, melon, sponge gourds and
squash-neck. Modules formation cannot be explained exclusively by functional traits of plants
species. Although flowers are similar in color, they differ in other attributes, explaining the high
diversity of insects observed. Gherkin (Cucumis anguria), squash (Cucurbita moschata),
chayote (Sechium edule), and sponge gourd (Luffa aegyptiaca and Luffa cylindrica) need
further pollination studies. Our data reinforce the necessity of supporting native pollinators,
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contributing to mitigation of the global pollinator crisis. Investigations on the differential

efficiency of native, manageable pollinators are necessary.

Keywords: crop pollination, ecosystem services, network, modularity.
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Introduction

Cucurbitaceae is the fourth most economically important plant family, with an annual
world production estimated at more than 340 billion USD (FAOSTAT, 2022). Plantations
occupy about 12 million hectares distributed in tropical and temperate regions, which produce
more than 390 million tons of fruits annually (FAOSTAT, 2022). Such economic importance
is due to its fruits and seeds which provide a rich source of nutrients for human and animal food
(Patel & Rauf, 2017), and have important secondary metabolites (triterpenoids) of medicinal
use (Shah et al., 2014; Barghamdi et al., 2016; Amadou & Bako, 2018; Chomicki et al., 2020).
Among the most cultivated species are the pumpkins and squash (Cucurbita moschata
Duchesne, Cucurbita maxima L., Cucurbita ficifolia Bouché, Cucurbita argyrosperma Huber,
and Cucurbita pepo L.), watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai], melon
(Cucumis melo L.) and cucumber (Cucumis sativus L.). The production of Cucurbitaceae crops
is essentially pollinator dependent (Klein et al., 2018), as most species are monoecious
producing imperfect male and female flowers on the same individual (Chomicki et al., 2020).

Insect pollination is necessary for Cucurbitaceae crops’ production because their large
(100-200 pm) and sticky pollen grains covered by a thick layer of oily pollenkit cannot be
removed by the wind (Rech et al., 2014). The flowers provide large amounts of pollen and
nectar with high sugar concentration throughout the flowering period (Vidal et al., 2010),
supporting a wide diversity of pollinators such as wasps, ants, flies, beetles, bees, and butterflies
(Ekeke et al., 2018; Wolowski et al., 2019). The most recorded pollinators are bees especially
from the families Apidae and Halictidae (Enriquez et al., 2015; Gémez et al., 2016) and
butterflies (Balachandran et al., 2017; Patil & Jagdale, 2021). Pollinators are attracted to
cucurbits by their large and showy flowers, with mainly bright yellow petals (Nepi & Pacini,
1993) excep chayote and bottle gourd, which are white (Saade, 1996; Morimoto et al., 2005),
and their mild odor dispersed over long distances (Agbagwa et al., 2007).

Although most Cucurbitaceae crops have similar yellow flowers, they differ in several
floral attributes. Corolla diameter varies from 2.5-3.5 cm in cucumber (Malepszy &
Niemirowicz-Szczytt, 1991), to 14-20 cm in pumpkins (Sinu et al., 2017). Anthesis duration
varies, from a few hours during the day e.g., six hours in pumpkins (Pinkus-Rendon et al.,
2005), a few hours during the night e.g., 8-10 hours in botther gourd (Okunlola et al., 2022), 18
hours in gherkin (Carneiro Neto et al., 2018), or two days in chayote (Malerbo-Souza et al.,
2023). The number of stamens may also vary from three for cucumber and watermelon
(Bomfim et al., 2013) to five for pumpkins (Free, 1993). The distribution of floral resources
may also differ among crops, as female flowers of the bitter gourd and bottle gourd do not

secrete nectar (Teppner, 2004; Lenzi et al., 2005) whereas other crops produce copious amounts
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of nectar (Nepi et al., 2001). This diversity of floral attributes explains the high diversity of
floral visitors observed in the family.

As observed in more than 70% of crops, insect pollination not only improves the quantity
and quality of Cucurbitaceae production (Klatt et al., 2014; Potts et al., 2016; Fijen et al., 2018),
but makes it actually possible, because of the monoecy (Donoso & Murua, 2021; Khalifa et al.,
2021), However, world food production is potentially threatened by the pollinators’ decline and
consequent pollination performance (Potts et al., 2010; IBPES, 2016), threatening global
nutritional security and the stability of ecosystems (Eilers et al., 2011; Smith et al., 2015;
IBPES, 2016).

Strategies for the promotion and conservation of pollinators can be better targeted with
the aid of large-scale pollination studies that include the meta-network approach, such as in
grass communities (Danieli-Silva et al., 2012), of tropical species from the Peruvian Andes
(Watts et al., 2016), urban environments (Nascimento et al., 2020), legume crops around the
world (Paulino et al., 2021) and major crops in North America (Rondeau et al., 2022). Those
studies show that pollination meta-networks may be modular (Olesen et al., 2007; Bascompte
& Jordano, 2007). Modularity is a structural property of ecological networks; in modular
networks, species from one module are linked together more strongly than with species from
other modules (Olesen et al., 2007). Species of a network can be classified into different
functional roles according to centrality metrics, which are related to their position within and
between modules (Olesen et al., 2007; Martin Gonzalez et al., 2012). Module hubs or
generalists are species linked to many species within their own modules, connectors link several
modules, peripherals or specialists have only a few links generally within their own module,
and network hubs or super-generalists act as both connectors and module hubs (Olesen et al.,
2007). Network hubs can play a key role in the pollination efficiency of various agricultural
crops (Cagua et al., 2019). Despite the relevance of meta-network approach in pollination
studies, it has some limitations related to bias regarding the allocation of studies, lack of
identification of pollinator species, and the exclusion of studies in which interactions are
mentioned rather casually.

Considering that cucurbits agricultural production largely depends on interactions with
pollinators, studies with a pollination meta-network approach allow the identification of
pollinators that are important in the cohesion and stability of the network, avoiding the
formation of isolated communities (Gonzélez et al., 2010; Tylianakis & Morris, 2017).
Therefore, such studies also allow the identification of target groups of pollinators for

conservation and management (Emer et al., 2018; Libran-Embid et al., 2021), vulnerable
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agricultural crops, as well as shedding light on crops whose pollination is little known (Paulino
etal., 2021).

This study aims to understand how the ecological relationships among the most important
Cucurbitaceae crops (pumpkins and squash, Cucurbita moschata, Cucurbita maxima,
Cucurbita argyrosperma and Cucurbita pepo; watermelon, Citrullus lanatus; melon, Cucumis
melo; cucumber, Cucumis sativus; bitter gourd, Momordica charantia; bottle gourd, Lagenaria
siceraria; chayote, Sechium edule; gherkins, Cucumis anguria; ridge gourd, Luffa acutangula;
sponge gourds, Luffa aegyptiaca and Luffa cylindrica) and their pollinators are organized
globally and indicate gaps in knowledge by using a meta-network approach. We aim to answer
the following questions: (1) How are interactions between plants and pollinators structured? (2)
What are the roles of the crop and pollinator species in structuring the network? (3) Which
functional traits are responsible for the formation of the modules? (4) Which pollinators are

particularly relevant for which plants? (5) What traits do hub species have?

Materials and methods
Literature review

We conducted a systematic literature review on recorded interactions between
Cucurbitaceae crops and pollinators using the databases Google Scholar
(www.scholar.google.com), Scielo (www.scielo.org), Scopus (www.scopus.com) and Web of
Science (www.webofknowledge.com), with year restriction (1960 to 2021). We used terms
related to plant reproduction (i.e., pollination, pollinator, floral visitor, floral biology, breeding
system) crossed with the scientific and the most used popular names of all cultivated species of
Cucurbitaceae extracted from FAO (www.fao.org), i.e., bitter gourd (Momordica charantia L.),
bottle gourd [Lagenaria siceraria (Molina) Standl.], chayote [Sechium edule (Jacq.) Sw.],
cucumber (Cucumis sativus L.), gherkins (Cucumis anguria L.), gourd/squash/mogango-neck
(Cucurbita argyrosperma Huber), melon (Cucumis melo L.), pumpkin (Cucurbita maxima
Duchesne), ridge gourd [Luffa acutangula (L.) Roxb.], sponge gourds [Luffa aegyptiaca L. and
Luffa cylindrica (L.) Durand & Durand], squash/pumpkin (Cucurbita moschata Duchesne ex
Poir.), watermelon [Citrullus lanatus (Thunb.) Mansf.], zucchini/squash/pumpkin, (Cucurbita
pepo L.). To obtain a greater probability of retrieving relevant studies, the following search
string was used: ((“popular name” OR “scientific name”) AND (“pollination” OR “pollinator”
OR “floral visitor” OR “floral biology” OR “breeding system”)).

Our inclusion criterion was that the study clearly stated that the floral visitors were
pollinators or potential pollinators. We excluded papers whose title and abstract clearly

indicated that the study did not contain pollination data (Fig. 1). From such studies, the year of
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publication, country of data collection, and identity of plants and pollinators were extracted.
The scientific names of the pollinators were verified and updated using the Moure's Bee Catalog
(moure.cria.org.br/) and the Global Names Resolver (resolver.globalnames.org/). Plants’
scientific names were checked at SpeciesLink (http://inct.splink.org.br/) and Missouri

Botanical Garden’s Tropicos (http://www.tropicos.org). Only species level studies were used.

Identification of studies via databases

Records identified from:

Records removed before

Google Scholar (n = 69.470) screening:

Scielo (n = 928)

S =1.383
\R(;glf lff (slli;née (n)= 1.154) Duplicate records
’ removed (n = 3.206)
Registers (n = 72.935)
Records screened by title and Records excluded
supmmary — (n = 68.164)
(n=69.729) '
References excluded for not
References included for full-text presenting relevant data for
review — the pollination of
(n=1.565) economically important

cucurbit species (n = 1.362)

Total studies included in review
(n=1203)

Figure 1. Flowchart of the selection of studies on Cucurbitaceae crops pollination adapted from
PRISMA 2020.

Analyses

Through a binary matrix, the plant-pollinator interaction meta-network was constructed
using the numbers 0 and 1 to represent, respectively, the absence or presence of interaction
between pollinator species allocated in columns and plant species in rows (Araujo et al., 2018;
Nascimento et al., 2020). To characterize the association between plants and pollinators, we

conducted a modularity analysis of the meta-network. We observed the preferential interaction
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between partners within the modules, as well as identifying the species that are fundamental in
structuring the entire network (Olesen et al., 2007; Araujo et al., 2018). Modularity was
calculated with the LPAb+ algorithm (Beckett, 2016; Liu & Murata, 2010), in addition to the
computeModules() function estimated in the bipartite package (Dormann et al., 2008), setting
the number of steps to 10° and using default options. To verify stabilization, we performed
modularity 1000 times. All analyzes performed in R Software (R Core Team, 2016).

As network metrics can be affected by the number of interacting species (Bllthgen et al.,
2006; Frund et al., 2016; Vizentin-Bugoni et al., 2016), the significance of modularity was
evaluated by comparing it with a null template. In this meta-network, the swap.web binary null
model was used similarly to that suggested by Vazquez et al. (2005), restricting connectance
and marginal totals. From the 10,000 simulated values, the 95% confidence interval for the
modularity metric (LPAb +) was estimated, and the metric value was considered significant
when the confidence interval did not overlap. Finally, two indices related to species level were
calculated: ¢ (connectivity between modules) and z (degree of connectivity within the module).
The index ¢ quantifies the importance of a species as a connector of different modules, and z is
the importance of the species in its own module (Olesen et al., 2007). According to ¢ and z
values, species were classified as module hub (or generalists, i.e., highly connected species
linked to many species within their own module), connector (connected to several modules),
peripheral (or specialists, i.e., have only a few links and mostly to species within their module)
and network hub (or super generalists, i.e., act as connectors and module hubs), following the
boundaries established by Olesen et al. (2007) and Dormann & Strauss (2014).

The composition of pollinators between modules was differentiated from a correlation
matrix consisting of the orders of pollinators organized into functional groups (Olesen et al.,
2007), using the corrplot package for module identity (Wei & Simko, 2017) and tested by a chi-
square test. The network was designed in the Pajek 4.09 software (Batagelj & Mrvar, 2003),
using the “Kamada-Kawali - separate components” method, in which the vertices (species) with

the highest number of connections are attracted to the center of the network.

Results
Literature review

A total of 203 studies met our inclusion criteria. The studies were carried out in 41
countries, with no significant difference in the proportion of studies conducted in temperate
(107 studies or 52.7%) and tropical environments (96 studies or 47.3%; 2 = 0.596, p<0.05;
Fig. 2). The number of studies increased considerably from the year 1990 onwards, with the

largest number of studies concentrated in the 2010s (61.57%; Fig. 3).
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The five most studied crops were also those that had the greatest diversity of pollinator
species: watermelon (Citrullus lanatus, 60), cucumber (Cucumis sativus, 59), bitter gourd
(Momordica charantia, 51), zucchini/squash/pumpkin (Cucurbita pepo, 36) and squash
(Cucurbita moschata, 31; Table 1). A total of 223 species of pollinators distributed in eight
orders (Blattodea, Coleoptera, Diptera, Hymenoptera, Lepidoptera, Mantodea, Odonata and
Orthoptera) were registered. The most representative order was Hymenoptera (149 species or
66.81%). Apidae, Halictidae and Megachilidae were the most frequent families of flower
visitors (134 species or 89.9%). The second most frequent order was Lepidoptera (58 species
or 26%), followed by
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Citrullus lanatus @ Cucumis sativus @ Cucurbita moschata @ Lagenaria siceraria
@ Cucumis anguria @Cucurbita argyrosperma @ Cucurbita pepo / Luffa spp.
& Cucumis melo @ Cucurbita maxima Momordica charantia @ Sechium edule

Figure 2. Global distribution of studies on Cucurbitaceae crops pollination.
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Table 1. Number (and percentage of the total number of pollinator species recorded) of pollinator species of different taxonomic groups
recorded in Cucurbitaceae crops worldwide. Blatto: Blattodea; Coleop: Coleoptera; Lepidop: Lepidoptera; Mantod: Mantodea; Odonat:
Odonata; Orthop: Orthoptera; Collet: Colletidae; Eumen: Eumenidae; Formic: Formicidae; Halict: Halictidae; Megach: Megachilidae; Vesp:

Vespidae.
Blatto Hymenoptera
Crop Coleop Diptera Lepidop Mantod Odonat Orthop
Apidae Collet Eumen Formic  Halict Megach Vespid
Citrullus lanatus - 2(0.89) 4(1.79) 24(10.76) 1(0.44) 2(0.89) - 19 (8.52) 1(0.44) - 5(2.24) - 2(0.89) -
Cucumis anguria - - - 1(0.44) - - - - - - - - - -
Cucumis melo - - - 18 (8.07) - - - 1(0.44) 1(0.44) - - - - -
Cucumis sativus - 1(0.44) 4(1.79) 25(11.21) - 2(0.89) 1(0.44) 5(224) 5(2.24) 3(1.34) 13(5.82 - - -
Cucurbita argyrosperma - - - 1(0.44) - - - - - - - - - -
Cucurbita maxima - 3(1.34) 1(0.44) 17(7.62) - - 1(0.44) 1(0.44) - - 1 (0.44) - - -
Cucurbita moschata - - 2(0.89) 19(8.52) - - 2(0.89) 5(2.24) - 1(0.44) 2(0.89) - - -
Cucurbita pepo - - 5(2.24) 28(12.55) - - - 1(0.44) - - 2 (0.89) - - -
Momordica charantia - 4(1.79) 9(4.03) 15(6.72) - - 1(0.44) 1(0.44) 2(0.89) 1(0.44) 17(7.62) 1(0.44) - -
Lagenaria siceraria - 1(0.44) 3(1.34) 6(2.69) - - 1(0.44) 2(0.89) - - 9(4.03) 1(0.49) - 1(0.44)
Luffa acutangula 1(0.44) 3(1.34) 1(0.44) 11(4.93) - - 2(0.89) - - 1(0.44) 9(4.03) - 1(0.44) 1(0.44)
Luffa aegyptiaca - - - 13 (5.82) - - - 1(0.44) 1(0.44) - - - - -
Luffa cylindrica - - - 3(1.34) - - - - - - - - - -

Sechium edule - - - 4(1.79) - - - - - - - - - -
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Diptera (29 species or 13%), Coleoptera (14 species or 6.27%), Odonata (three species or
1.34%), Mantodea and Orthoptera (two species each or 0.89%), and Blattodea (one species or
0.44%). The bee Apis mellifera was the most recorded species (129 studies or 63.54%), visiting
the highest number of plant species (13 species or 92.85%; Citrullus lanatus, Cucumis anguria,
Cucumis melo, Cucumis sativus, Cucurbita maxima, Cucurbita moschata, Cucurbita pepo,
Momordica charantia, Lagenaria siceraria, Luffa acutangula, Luffa aegyptiaca, Luffa
cylindrica, Sechium edule), followed by Apis dorsata and Apis florea (10 species each), as it is
usually a domesticated species.

Based on the number of studies in which the interaction between a plant and a pollinator
was recorded, Bombus impatiens was the most frequently recorded for watermelon, melon and
cucumber crops, Bombus terrestris for pumpkin, Apis dorsata for cucumber, bitter gourd, and
ridge gourd, Apis cerana for squash, Peponapis pruinosa for Cucurbita pepo, Ceratina
smaragdula for sponge gourd (Luffa aegyptiaca), Xenoglossa kansensis for squash-neck
(Cucurbita argyrosperma), Xylocopa fenestrata of ridge gourd and the moth Hippotion celerio

for the bottle gourd species.

Meta-network

We recorded 359 interactions between crops and pollinators (Fig. 4). The meta-network
was significantly modular (Q = 0.55; P < 0.001 for null models), consisting of eight modules
containing one or three plant species and 11 to 47 pollinator species. Half of these modules
included more than two orders of pollinators, and the frequency functional groups’ distribution
in the modules was different (x> = 111.75; df = 49; p = 8.33e-07; Fig. 4).

Module 1 consists of squash, sponge gourd (Luffa cylindrica) and squash-neck (Cucurbita
argyrosperma), and 23 pollinators, mainly bees (18 species) and ants (one species). Squash
(Cucurbita moschata) featured 15 unique species, including bees (13 species), ant (one) and
wasp (one). Within this module, squash and sponge gourd (Luffa cylindrica) shared Apis florea,
which had the highest number of links with other plants (ten species) from other modules.
Squash-neck shared only one pollinator species (Xenoglossa kansensis) with squash and
zucchini/squash/pumpkin (module 5).

Module 2 consists of sponge gourd (Luffa aegyptiaca) and 11 bee species distributed in

the families Apidae (nine species), Halictidae (one species) and Megachilidae (one species).
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The genus Xylocopa was the most representative (seven species). Five species were exclusive
to this module: three of the genus Xylocopa and two of Amegilla.

Module 3 was composed of bitter gourd and 34 pollinators, from which butterflies (13
species) and flies (eight species) showed highest association level. Twenty-three species were
exclusive to this module: butterflies (ten), bees (eight), flies (three) and beetles (two). Syrphidae
flies were more representative (seven species) with emphasis on the genus Eristalinus (four
species). Among the butterflies, the families that stood out were Papilionidae and Pieridae
(three species each). Species from this module were shared with five crops
(zucchini/squash/pumpkin (Cucurbita pepo), cucumber (Cucumis sativus), watermelon
(Citrullus lanatus), ridge gourd (Luffa acutangula) and bottle gourd (Lagenaria siceraria).

Module 4 consists of pumpkin and 16 pollinators with beetles (three species) and ants
(one species). Nine species are exclusive to this module (six bees and three beetles). Bombus
had the highest number of species (six).

Module 5 consists of melon, zucchini/squash/pumpkin, and chayote, and with bees (26
species) distributed in the families Apidae (24 species), Halictidae (one species) and
Megachilidae (one species). Bombus was the most representative genus, with 13 species.
Zucchini/squash/pumpkin had 23 pollinator species, melon had 11 species and chayote two
species. Apis cerana and Apis dorsata were shared with the three crops, in addition to having
greater links with seven crops from other modules.

Module 6 was composed of cucumber and 34 pollinators, greater associative power with
butterflies (nine species) and wasps (three species). Thirty-two species are unique, including
bees (19 species), butterflies (nine species), wasps (three species) and ants (one species). Two
bee species (Bombus haemorrhoidalis and Heterotrigona itama) were shared with melon and
zucchini/squash/pumpkin.

Module 7 consisting of crop watermelon and 46 unique flower visitors, showed greater
association with bees (34 species) and dragonflies (two species). The genus with the greatest
diversity was Lasioglossum (eight species), followed by Melissodes (six species). Finally,
Module 8 consists of gherkin, bottle gourd, ridge gourd and composed of 33 pollinators, 24 of
which are exclusive, has greater associative power with butterflies (13 species) and with species
of Blattodea, Mantodea and Orthoptera (Fig. 5). Bottle gourd with 22 species and ridge gourd

with 21 species, both recorded mainly butterflies (nine species). Gherkin presented only one
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species (Apis mellifera), considered the only species shared by the three species present in this
module.

Most of the 237 network species (229 species or 96.62%) were classified as peripheral,
with few links restricted to the module itself (Fig. 4), of which 93.88% are pollinators (215
species) and 6.11% are crops (14 species; Citrullus lanatus, Cucumis anguria, Cucumis melo,
Cucumis sativus, Cucurbita argyrosperma, Cucurbita maxima, Cucurbita moschata, Cucurbita
pepo, Momordica charantia, Lagenaria siceraria, Luffa acutangula, Luffa aegyptiaca, Luffa
cylindrica, Sechium edule). The connector species were the bees Apis cerana Fabricius, 1793,
Apis dorsata Fabricius, 1793, Ceratina smaragdula Fabricius, 1787, Peponapis limitis
Cockerell, 1906, Tetragonula iridipennis (Smith, 1854), Xylocopa aestuans Linnaeus, 1758,
Xylocopa pubescens Spinola, 1838, and the ant Myrmica rubra Linnaeus, 1758. The only
module hub was the bee Xenoglossa kansensis Cockerell, 1905, and the network hubs (or super
generalists) are the bees Apis florea and Apis mellifera.
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Module

‘ Citrullus lanatus (Clan)

. C. melo (Cmel), C. pepo (Cpep), S. edule (Sedu)
Cucurbita maxima (Cmax)

‘ Luffa aegyptiaca (Laeg)

. C. argyrosperma (Carg), C. moschata (Cmos), L. cylindrica (Lcyl)
Momordica charantia (Mcha)
Cucumis sativus (Csat)

‘ C. anguria (Cang), L. siceraria (Lsic), L. acutangula (Lacu)
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White rounded box detail: Module hub (MH), Network hub (NH), Connector (C)

Figure 4. Structure of the modular meta-network representing Cucurbitaceae crops and their pollinators global. Squares: plants; circles:
pollinators; Clan: Citrullus lanatus (watermelon); Cmel: Cucumis melo (melon); Cpep: Cucurbita pepo (zucchini); Sedu: Sechium edule
(chayote); Cmax: Cucurbita maxima (pumpkin); Laeg: Luffa aegyptiaca (sponge gourd); Carg: Cucurbita argyrosperma (gourd-neck);
Cmos: Cucurbita moschata (squash); Lcyl: Luffa cylindrica (sponge gourd); Mcha: Momordica charantia (bitter gourd); Csat: Cucumis

sativus (cucumber); Cang: Cucumis anguria (gherkins); Lsic: Lagenaria siceraria (bottle gourd); Lacu: Luffa acutangula (ridge gourd); MH:
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Xenoglossa kansensis; NH: Apis florea and Apis mellifera; C: Apis cerana, Apis dorsata, Ceratina smaragdula, Peponapis limitis,
Tetragonula iridipennis, Xylocopa aestuans, Xylocopa pubescens and Myrmica rubra. And the floral visitor species (numbers) are defined

in the supplementary material.
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Figure 5. Correlation plot showing the association and disassociation power of the pollinator
groups and eight modules detected in the meta-net of interactions between Cucurbitaceae crops
and pollinators around the world. Positive values in green indicate attraction/association, and

negative values in pink indicate disassociation with the module.
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Figure 6. Roles of species in the global meta-network of interactions between Cucurbitaceae
crops and pollinators according to their degree within the module (z) and connectivity between
modules (c) of each species in each group. Following Dormann and Strauss (2014), we
calculated expected ¢ and z values using null models based on the original networks, and used

95% quantiles as critical values.
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Discussion

The similar geographic distribution of studies in tropical and temperate regions is a result
of the agricultural crop expansion that has occurred in the last 500 years (Brown & Cunningham
et al., 2019). Such growth is related to environmental changes (reduction of native habitats, use
of pesticides, among others) that, paradoxically, constitute the main causes of the reduction of
pollinator populations, with consequent reduction in agricultural production (IPBES, 2016;
Dicks et al., 2021). Thus, the increasing number of studies from the 1990s onwards observed
here may indicate a concern about the pollinator crisis (Giannini et al., 2015a; Novais et al.,
2016), which has been strongly discussed since the 2000s and 2010s, aiming to increase the
understanding and mitigation of the global pollinators’ decline (Klein et al., 2007; Potts et al.,
2010; IPBES, 2016).

The different research intensity observed among crops probably result from their
economic importance. Therefore, the greater number of studies with zucchini/squash/pumpkin,
watermelon, melon and cucumber may be directly related to their economic value, as they
constitute the main cucurbit crops grown worldwide (FAOSTAT, 2021). Consequently, the
greater sampling of such crops may explain their greater diversity of flower visitors. Although
the bitter gourd (Module 3) is not among the most studied crops, its high diversity of flower
visitors may be related to its greater number of flowers available during the flowering period
when compared to other cucurbit crops (Subhakar et al., 2011).

The discrepancy in the number of pollinator species among crops may indicate that the
global decline of pollinators may not affect all crops equally. Crops that are pollinated by a
greater number of species have, in principle, greater resilience when compared to crops
pollinated by a reduced number of species (IPBES, 2016), as is the case of squash-neck and
sponge gourd (Luffa cylindrica), chayote and gherkin. The growing of cucurbit plants outside
their original range may also shifts the distribution limits of their associated pollinators in rare
cases (L6pez-Uribe et al., 2016), in addition to the landscape and local habitat scales (nesting
resources, climate, among others) It is important to note, however, that such an assumption is
more complex than it seems, as it is necessary to understand whether pollinators perform
effectively (Nicholson et al., 2019; Rollin & Garibaldi, 2019; Kendall et al., 2021). In addition,
high visitation rates can damage flowers, resulting in detrimental effects on fruit set (Young,
1988; Young & Young 1992; Morris et al., 2010; Séaez et al., 2014).

The high diversity of pollinators recorded here was grouped into modules, similarly to
what was observed in studies involving a meta-network approach to pollination in communities

of grasses (Danieli-Silva et al., 2012), of tropical species from the Peruvian Andes (Watts et



39

al., 2016), urban environments (Nascimento et al., 2020) and legumes of economic importance
(Paulino et al., 2021). Patterns of plant-pollinator interaction in a meta-network can be
explained by several factors (Araujo et al., 2018). The presence of plants and pollinators in the
modules can be influenced by functional traits of plants and pollinators and the spatial
distribution of species. In the case of the plants in our network, some functional traits may
explain modules formation, but in a general matter this is not clear. The factors that determine
the spatial distribution include climatic conditions and tradition/vocation of the region in
producing that group of crops.

The predominance of pollinators among the peripherals indicate that they have few
interactions mostly within their module (Olesen et al., 2007; Martin Gonzalez et al., 2012).
Regarding general features of the connector species, most are small to medium-sized bees.
Ceratina smaragdula is considered a potentially important pollinator of legumes and cucurbits
(Ali et al., 2016). The social stingless bee Tetragonula iridipennis has high potential to
efficiently pollinate various agricultural crops, as it can collect floral resources from a broad
range of flower sizes and anthers’ structures (Makkar et al., 2016; Bisui et al., 2021). It promotes
a significant increase in the yield of cucumber production, both in terms of quantitative
parameters (number of fruits per plant) and qualitative parameters (length, circumference, and
weight of fruits; Kishan et al., 2017). Xylocopa pubescens is a large, facultatively social and
generalist carpenter bee (Hogendoorn & Velthuis, 1995).

The predominance of pollination by bees of the Apidae family occurred mainly by Apis,
Bombus and Xylocopa species, considered the main pollinators of Cucurbitaceae (Mensah &
Kudom, 2011; Campbell et al., 2018). They are generalist, exploring flowers with different
morphologies and resources, thus visiting a great diversity of plants (Russell et al., 2017; Layek
et al., 2020).

Apis bees are considered a less efficient species in pollinating cucurbits than Peponapis
ones, as they transfer smaller pollen loads in single visits to flowers (Delgado-Carrillo et al.,
2018). Additionally, Apis bees tend to visit mainly female flowers, whose nectar volume and
concentration are higher than that of male flowers (Artz & Nault, 2011; McGrady et al., 2020).
On the other hand, pollination by A. mellifera visits last three times longer, during all seasons
(Delgado-Carrillo et al., 2018), and visiting activity extends to the night for Apis dorsata
(Balachandran et al., 2017). Honeybees are thus considered an important pollinator of
Cucurbitaceae when there are no native species in crops.

Although A. mellifera was recorded in almost all crops, it was only considered the main

pollinator species of gherkin, probably due to the lack of records with other pollinators. Even
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though A. mellifera was considered a network hub, it is important to stress that the high
abundance of these bees can interfere with many flower-pollinator interactions, either directly
affecting flower performance or reducing the pollination efficiency of other floral visitors, with
negative consequences for pollination and crop yield (Aizen et al., 2020; Garibaldi et al., 2021).
Apis mellifera is known to negatively impact the reproductive success of plants pollinated by
native pollinators, causing a reduction in the diversity of these animals, as well as decreasing
the number of interactions in pollinator networks (Valido et al., 2019). In addition, non-native
bees can compete with native bees for nesting sites or floral resources (Russo et al., 2021).
Therefore, we must promote the use of native bees, as they provide essential pollination services
in natural and managed ecosystems, increasing the yield of various crops (Appenfeller et al.,
2020; Layek et al., 2021). Bee species such as Peponapis are great examples, as they are
specialists in Cucurbita pollen, visiting pumpkin flowers before other species, transferring four
times more viable pollen than other pollinating species, such as A. mellifera (Delgado-Carrillo
et al., 2018). Furthermore, Peponapis bees are obligatory dependent on resources provided by
flowers of the genus Cucurbita for larval and adult nutrition, and their life cycle is synchronized
with the natural flowering period of pumpkin crops undergoing a hibernation period as a pre-
pupa in the soil (Hurd et al., 1971; Delgado-Carrillo et al., 2017).

The generalist foraging strategies of Apis species are resulted from selective pressures
favoring the accommodation of nutritional needs of their colonies inhabited by many
individuals (Koppler et al., 2007), being able to transport varied amounts of food. The only two
network hubs in this study are included in Apis genus (A. florea and A. mellifera) and constitute
important pollinators for agricultural production worldwide, since they have generalist
behavior, being able to efficiently pollinate a wide range of floral types (El Shafie et al., 2002;
Garibaldi et al., 2014; Rajan & Reddy, 2019; Vidhya et al., 2019). Apis florea, for example,
exhibits this type of behavior due to its ability to be highly migratory (Ruttner et al., 1995).
However, it is a bee with difficult domestication and very sensitive to temperature fluctuations
(Rajan & Reddy, 2019). It occurs in semi-arid to tropical environments in various regions of
Asia and Africa (Sihag, 2021) and tends to compete with Apis mellifera during foraging,
possibly stealing its colonies (Koeniger, 1976; Chahal et al., 1986). Apis mellifera is considered
as a super generalist because it is adapted to different climatic conditions and habitats, not
suffering damage in degraded environments (Kleinert & Giannini, 2012; Giannini etal., 2015b),
in addition to being less sensitive to the perception of floral volatiles, which make them less

specific in choosing plant species (Burger et al., 2013; Liu et al., 2022).
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Bombus species have a relatively large body and dense hairs, capable of depositing more
pollen grains on a stigma per single visit than other bees (Artz & Nault, 2011) and contact the
stigmas significantly more frequently than A. mellifera or Peponapis pruinosa. In addition, they
exhibit a rapid extraction of nectar and quick flights between flowers, making them efficient
pollinators of Cucurbita (Lobo & Mendez, 2021). Those bees effectively forage a wide range
of flowers due to their behavioral flexibility, being able to vibrate during pollen collection
(Russel et al., 2017). An efficient pollen collection favors obtaining high amounts of protein
resulting in larger offspring (Tasei & Aupinel, 2008). Bombus impatiens is an important
pollinator of cucurbits, where the highest yield occurs with high visitation rates (Petersen et al.,
2013), particularly for watermelon and pumpkin flowers (Campbell et al., 2018).

Carpenter bees (Xylocopa) are very important pollinators for several agricultural crops,
including cucurbit species (Ali et al., 2016), because of their large size, which improve
pollination when compared to other smaller bees (Mensah & Kudom, 2011). They also move
quickly from flower to flower in large areas (Mensah & Kudom, 2011) and forage in the early
morning, when flowers have large amounts of resources (Azo'o et al., 2020). Among the
advantages of Xylocopa bees as potential pollinators, foraging tolerance at high temperatures,
activity in long seasons, foraging in a wide variety of crops and activity under low lighting
levels stand out (Keasar, 2010).

The bee Xenoglossa kansensis is considered one of the main pollinators of Cucurbita
species (Hurd & Linsley, 1964; Hurd et al., 1971), as it visits exclusively flowers of
zucchini/squash/pumpkin, gourd-neck, pumpkin, and squash, contributing significantly to its
production. The species is restricted to North America, especially North Florida, and has its
flight period in spring (Wille, 1985; Hall, 2010).

Bees of the genus Peponapis are oligolectic on cucurbits. Normally, mating occurs in
flowers and serve as shelter for male bees (Hurd et al., 1971; Willis & Kevin, 1995). The
specialized squash bee, Peponapis pruinosa, is a soil-nesting pollinator of cucurbit crops,
mainly of the genus Cucurbita (Mathewson, 1968; Hurd et al., 1974; Julier & Roulston, 2009).
Although these bees are negatively affected by frequent cultivation when compared to
uncultivated areas, they can survive as disturbed agricultural fields provide essential floral
resources for nesting, contributing to their persistence (Ullmann et al., 2016). They visit the
squash flowers more quickly than A. mellifera, making it unnecessary to install honey bee
colonies in crops where the squash bee population is large (Tepedino, 1981). Peponapis limitis
is considered a key species in the cultivation of Cucurbita mochata due to its high frequency of

visits and efficiency in the removal and deposition of pollen, with female bees capable of
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depositing four times more pollen in the pistillate flowers than in a single visit of Apis mellifera
(Canto-Aguilar et al., 2000).

The associative power of a functional group in a module refers to the group of pollinators
that most strongly differentiates the module when compared to the others. Therefore, although
bees are present in different proportions in all modules, modules 1 (squash, sponge gourd —
Luffa cylindrica and squash-neck), 2 (sponge gourd — Luffa aegyptiaca) and 5 (melon,
zucchini/squash/pumpkin, and chayote) showed the highest power of association with these
insects. The floral characteristics of cucurbits also tend to attract bees, due to their large and
showy flowers, with petals that vary in color from bright yellow to white (Richards, 1986; Nepi
& Pacini, 1993), and a mild odor that is dispersed by long distance mainly due to solar radiation
(Agbagwa et al., 2007). Additionally, the flowers have a high availability of pollen and nectar
with high sugar concentration throughout the flowering period (Vidal et al., 2010).

Module 3 (bitter gourd) was associated with dipterans, and Syrphidae family was the most
predominant. Female flowers of this crop do not produce nectar; thus, the only floral reward
comes from male flowers. Those dipterans are attracted by yellow actinomorphic flowers
(Sajjad & Saeed, 2010) with abundant floral resources (pollen and nectar), that use pollen for
egg formation and nectar for self-nutrition (Moquet et al., 2018). Migratory species gain
prominence as pollinators because they can transport pollen grains over long distances,
promoting the interaction of isolated plants (Doyle et al., 2020). It is interesting to note that the
bitter gourd has similar proportion of male and female flowers when compared to cucumber
and sponges and similar size, thus functional traits may be related to the predominance of
hoverflies.

The strong association of modules 3 (bitter gourd), 6 (cucumber) and 8 (gherkin, bottle
gourd, ridge gourd) with lepidopterans can be justified by the high number of studies on these
crops that recorded lepidopterans when compared to the number of studies that recorded other
functional groups of pollinators. Additionally, floral attributes of those crops may explain the
presence of Lepidopterans. Anthesis can be diurnal or even last until the next day (bottle gourd
and ridge gourd), allowing availability of floral rewards (pollen and nectar) for long periods,
favoring nocturnal pollinators. The crops of this module have yellow and white corollas, which
attract lepidopterans (Yurtsever et al., 2010). Additionally, the flat structure of the flowers of
most plants in this module allows lepidopterans to land on flowers more easily during floral
resources’ collection (Goulson, 1999). Bitter gourd, cucumber and gherkin have flowers with

diurnal anthesis, abundant nectar, which is the main source of nutrients for lepidopterans, and
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a mild odor, which tend to attract these pollinators (Lenzi et al., 2005; Borges et al., 2016; Patil
& Jagdale, 2021).

The greater power of association of the order Coleoptera with module 4 (pumpkin) can
be explained by the fact that it is the only crop that had beetles as the second most representative
group of pollinators after bees. Furthermore, the composition of the floral odor of pumpkin
flowers acts as a potential source of attraction for beetles (Andersen, 1987; Andrews et al.,
2007). Even the species of Cucurbita having a high concentration of cucurbitacin, which act in
the defense of the plant against the presence of insects, some species of beetles prefer their
flowers, due to the emission of volatile sesquiterpenoids, which are associated with the
attraction of animals, and may help in the interaction with pollinators (Theis et al., 2014).
Although beetles are considered less specialized pollinators than bees, due to their random
movements within the flower and their flights over small distances between flowers of the same
plant (Lloyd & Schoen, 1992; Ashworth & Galetto, 2001), they can carry out pollination.
Aulacophora femoralis, for example, has high pollination efficiency after visiting pumpkin
plants (Cucurbita maxima, Kumar et al., 2012).

Module 7 (watermelon) exhibited greater association with the order Odonata, which
includes Hemianax ephippiger and Ischnura senegalensis. Odonata has been reported in only
one study, and we doubt that dragonflies act as pollinators, however this study was included for
completeness. It is important to stress that a high abundance of dragonflies in plantations may
result in a reduction of several groups of pollinators, as dragonflies are insect predators (Knight
et al., 2005; Tiitsaar et al., 2013; May, 2019). Their presence tends to mainly reduce the number
of bee species, consequently increasing the magnitude of the pollen limitation, and therefore
decreasing seed set (Knight et al., 2005).

The number of studies recording the interaction of a crop with a specific group of
pollinators is an important factor determining the modules of a network (Heilmann-Clausen et
al., 2016; Araujo et al., 2018). However, we faced some limitations in the selection of data from
the literature, such as the exclusion of studies written in languages other than English, as well
as studies that did not record pollinators at the species level. Even in the studies that were
included, there is still a likelihood that not all flower visitors were recorded. Although these
limitations were found, this study allows for a broad view of the composition of the pollinating
fauna of Cucurbitaceae species. In general, cucurbit species have a great diversity of pollinators,
making it possible to observe which species are specific or shared with other plants. There is a
difference in the number of pollinators registered for each region, with the United States having

the highest number of species, as well as the highest number of studies. As implications for
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pollinator conservation, we highlight that plant-pollinator interaction networks show that
Cucurbitaceae crops have many specific species, but Apis mellifera bees dominate interactions
in different countries. Therefore, to improve pollinator conservation, the management of native

species is recommended.

Conclusions

Although cucurbits flowers are, in a general matter, similar in color and shape, they are
pollinated by a high diversity of insects. Probably this occurs because of variations on other
flower attributes. The global pollination meta-network of Cucurbitaceae crops was highly
modular and bees were structurally the most important pollinators. However, non-bee insects
such as butterflies, flies, beetles, ants, and wasps also played a role in the network. Modules
formation may be related to functional traits of plants and pollinators, geographical distribution
of studies seems to have an influence. Some biases of the study are the limitation of the literature
selection and the exclusive use of studies that bring the identification of pollinators until species
level. Research intensity on crops certainly results from their economic importance. Although
there is an increasing number of studies on the interaction of pollinators and Cucurbitaceae
crops, no studies have compiled these data. Our study will serve as a source of data for the
development of management and conservation practices for the species since it shows important
native pollinator species Peponapis pruinosa and Xenoglossa can help to mitigate the global
pollinator crisis. Our data shows the importance of native bees, which are the good pollinators
and an alternative to exotic species. It is important to maintain nesting resources for ground-
nesting bees, often neglected in conservation. Gherkin, squash, chayote, and sponge gourd
(Luffa aegyptiaca) need further pollination studies. Investigations on the differential efficiency

of native, manageable pollinators are necessary.
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Figure 3. Number of studies that focused on floral visitation of cucurbits of economic

importance along decades in the world.
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Appendix 1. Pollinators recorded in Cucurbitaceae crops around the world and included in the

meta-network.

Number Species
spl Acraea horta Linnaeus, 1764
sp2 Agapostemon angelicus Cockerell, 1924
sp3 Agapostemon splendens (Lepeletier, 1841)
sp4 Agapostemon texanus Cresson, 1872
sp5 Agapostemon virescens (Fabricius, 1775)
sp6 Agrius convolvuli Linnaeus, 1758
sp7 Amata bicincta Kollar, 1844
sp8 Amegilla albocaudata (Dours, 1869)
sp9 Amegilla calens (Lepeletier, 1841)
sp10 Amegilla cingulata (Fabricius, 1775)
spll Amegilla zonata (Linnaeus, 1758)
spl2 Anadevidia peponis Fabricius, 1775
sp13 Andrena ovatula (Kirby, 1802)
spl4 Anthidium manicatum (Linnaeus, 1758)
spl5 Anthophora bipartita Smith, 1854
spl6 Anthophora occidentalis Cresson, 1869
spl7 Anthophora urbana Cresson, 1878
sp18 Anthophorula chlorina (Cockerell, 1918)
sp19 Apis cerana Fabricius, 1793
sp20 Apis cerana indica Fabricius, 1798
sp21 Apis dorsata Fabricius, 1793
sp22 Apis florea Fabricius, 1787
sp23 Apis mellifera Linnaeus, 1758
sp24 Apis mellifera adansonii (Latreille, 1804)
sp25 Apotrigona nebulata (Smith, 1854)
sp26 Arthroschista hilaralis Walker, 1859
sp27 Astylus atromaculatus (Blanchard, 1843)
sp28 Augochlora nigrocyanea Cockerell, 1897
sp29 Augochlora pura (Say, 1837)
sp30 Augochloropsis metallica (Fabricius, 1793)
sp31 Aulacophora femoralis (Motschulsky, 1857)
sp32 Aulacophora foveicollis (Lucas, 1849)
sp33 Aulacophora palliata (Schaller, 1783)
sp34 Blatta orientalis Linnaeus, 1758
sp35 Bombus atratus Franklin, 1913
sp36 Bombus avanus (Skorikov, 1938)
sp37 Bombus bellicosus Smith, 1879
sp38 Bombus breviceps Smith, 1852

sp39

Bombus californicus Smith, 1854



sp40
sp4l
sp42
sp43
spd4
sp45
Sp46
sp47
sp48
sp49
sp50
sp51
sp52
sp53
sp54
Sp55
Sp56
spS7
spS8
spS9
sp60
sp6l
sp62
Sp63
sp64
Sp65
Sp66
Sp67
sp68
sp69
sp70
sp71
sp72
sp73
sp74
sp75
sp76
sp77
sp78
sp79
sp80
sp8l
sp82
sp83
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Bombus diversus Smith, 1869

Bombus ephippiatus Say, 1837

Bombus eximius Smith, 1852

Bombus flavescens Smith, 1852

Bombus friseanus Skorikov, 1933

Bombus griseocollis (DeGeer, 1773)
Bombus haemorrhoidalis Smith, 1852
Bombus hypocrita Pérez, 1905

Bombus hypocrita sapporensis Cockerell, 1911
Bombus ignitus Smith, 1869

Bombus impatiens Cresson, 1863

Bombus impetuosus Smith, 1871

Bombus lapidarius (Linnaeus, 1758)
Bombus lucorum (Linnaeus, 1761)
Bombus motivagus Smith, 1878

Bombus rufofasciatus Smith, 1852
Bombus ternarius Say, 1837

Bombus terrestris (Linnaeus, 1758)
Bombus trifasciatus Smith, 1852

Bombus vosnesenskii Radoszkowski, 1862
Borbo cinnara Wallace, 1866

Calliphora vicina Robineau-Desvoidy, 1830
Camponotus compressus (Fabricius, 1787)
Camponotus sericeus (Fabricius, 1798)
Catopsilia pomona (Fabricius, 1775)
Cephonodes hylas Linnaeus, 1771
Ceratina binghami Cockerell, 1908
Ceratina cognata Smith, 1879

Ceratina hieroglyphica Smith, 1854
Ceratina japonica Cockerell, 1911
Ceratina nanula Cockerell, 1897

Ceratina smaragdula (Fabricius, 1787)
Ceratina viridissima Dalla Torre, 1896
Chrysomya bezziana Villeneuve, 1914
Coccinella septempunctata Linnaeus, 1758
Coccinella transversalis Fabricius, 1781
Coccinella undecimpunctata Linnaeus, 1758
Coelioxys apicata Smith, 1854

Colias eurytheme Boisduval, 1852

Colotis eucharis (Fabricius, 1775)

Cupido comyntas (Godart, 1824)
Dactylurina staudingeri (Gribodo, 1893)
Danaus chrysippus (Linnaeus, 1758)
Delias eucharis (Drury, 1773)



sp84 Delta dimidiatipenne (de Saussure, 1852)

sp85 Diabrotica speciosa Germar, 1824

sp86 Diaphania indica (Saunders, 1851)
sp87 Dysphania percota Swinhoe, 1891

sp88 Episyrphus balteatus (De Geer, 1776)
sp89 Eristalinus aeneus Scopoli, 1763

sp90 Eristalinus laetus (Wiedemann, 1830)
sp9l Eristalinus obscuritarsis Meijere, 1908
sp92 Eristalinus tabanoides (Jaennicke, 1867)
sp93 Eucera hamata (Bradley, 1942)

sp94 Eupeodes corollae (Fabricius, 1794)
sp95 Euphaedra janetta Butler, 1871

sp96 Eurema blanda (Boisduval, 1836)

sp97 Eurema brigitta (Stoll, 1780)

sp98 Eurema hecabe (Linnaeus, 1758)

sp99 Eurytides marcellus (Cramer, 1777)
sp100 Exomalopsis analis Spinola, 1853

sp101 Frieseomelitta nigra (Cresson, 1878)
sp102 Gegenes niso Linnaeus, 1764

sp103 Gegenes nostrodamus (Fabricius, 1793)
spl04 Glyphodes bivitralis Guenée, 1854
sp105 Gorgyra johnstoni Butler, 1893

sp106 Graphium agamemnon (Linnaeus, 1758)
spl107 Halictus confusus Smith, 1853

sp108 Halictus farinosus Smith, 1853

sp109 Halictus gutturosus Vachal, 1895

spl110 Halictus ligatus Say, 1837

spl11l Halictus tripartitus Cockerell, 1895
spl12 Hemianax ephippiger (Burmeister, 1839)
spl13 Henosepilachna vigintioctopunctata (Fabricius, 1775)
splld Heterotrigona itama (Cockerell, 1918)
spl15 Hieroglyphus banian (Fabricius, 1798)
spl16 Hippotion celerio Linnaeus, 1758

spll7 Homotrigona canifrons (Smith, 1857)
sp118 Hylaeus rudbeckiae (Cockerell & Casad, 1895)
sp119 Hypotrigona gribodoi (Magretti, 1884)
sp120 Illeis cincta Fabricius, 1798

spl21 Ischiodon scutellaris (Fabricius, 1805)
spl22 Ischnura senegalensis (Rambur, 1842)
spl23 Junonia hierta Fabricius, 1798

spl24 Junonia iphita Cramer, 1782

sp125 Junonia terea Drury, 1773

spl126 Lampides boeticus (Linnaeus, 1767)

spl27 Lasioglossum cressonii (Robertson, 1890)



spl128
sp129
sp130
spl31
spl132
spl33
spl34
sp135
sp136
sp137
spl38
spl139
sp140
spl4l
spl42
spl43
spl44
spl45
spl46
spl47
spl48
sp149
sp150
sp151
spl152
sp153
spl54
sp155
spl56
spl57
sp158
sp159
sp160
spl6l
spl162
spl163
sple4
spl65
spl66
spl67
spl68
sp169
spl70
spl71
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Lasioglossum fuscipenne (Smith, 1853)
Lasioglossum halictoides (Smith, 1858)
Lasioglossum hitchensi Gibbs, 2012
Lasioglossum imitatum (Walker, 1986)
Lasioglossum incompletum (Crawford, 1907)
Lasioglossum interruptum (Panzer, 1798)
Lasioglossum leucozonium (Schrank, 1781)
Lasioglossum malachurum (Kirby, 1802)
Lasioglossum pilosum (Smith, 1853)
Lasioglossum tegulare (Robertson, 1890)
Lasioglossum tegulariforme (Crawford, 1907)
Lasioglossum zephyrum (Smith, 1853)
Lasius niger (Linnaeus, 1758)
Lepidotrigona terminata (Smith, 1878)
Leptaulaca fissicollis Thomson 1858
Mantis religiosa (Linne, 1758)

Megachile atrata Smith, 1853

Megachile cephalotes Smith, 1853
Megachile disjuncta (Fabricius, 1781)
Megachile lanata (Fabricius, 1775)
Megachile manyara Eardley e RP Urban, 2006
Melissodes agilis Cresson, 1878
Melissodes bimaculatus (Lepeletier, 1825)
Melissodes lupina Cresson, 1878
Melissodes robustior Cockerell, 1915
Melissodes stearnsi Cockerell, 1905
Melissodes tepaneca Cresson, 1878
Melissodes tepidus Cresson, 1879
Monomorium pharaonis (Linnaeus, 1758)
Musca domestica Linnaeus, 1758
Mylothris agathina Cramer, 1779

Myrmica rubra (Linnaeus, 1758)
Nannotrigona testaceicornis (Lepeletier, 1836)
Neocoenyra gregorii Butler, 1894

Nomia concinna Smith, 1860

Nomia elliotii Smith, 1875

Nomia fulvata (Fabricius, 1804)

Nomia iridescens Smith, 1853

Nomia oxybeloides Smith, 1875

Nomioides minutissimus (Rossi, 1790)
Ocybadistes walkeri Heron, 1894
Oecophylla smaragdina (Fabricius, 1775)
Osmia cornuta (Latreille, 1805)

Osmia lignaria Say, 1837



spl72
spl73
spl74
spl75
spl76
spl77
spl78
spl79
sp180
sp181
spl82
spl83
spl84
sp185
sp186
sp187
sp188
sp189
sp190
sp191
spl192
sp193
spl194
sp195
spl196
spl97
sp198
spl199
sp200
sp201
sp202
sp203
sp204
sp205
sp206
sp207
sp208
sp209
sp210
sp211
sp212
sp213
sp214
sp215

64

Pachliopta hector (Linnaeus, 1758)
Papilio demoleus Linnaeus, 1758
Papilio memnon Linnaeus, 1758
Papilio polytes Linnaeus, 1758
Paragomphus lineatus (Selys, 1850)
Paragus crenulatus Thomson, 1869
Paragus serratus (Fabricius, 1805)
Paragus yerburiensis Stuckenberg, 1954
Partamona bilineata (Say, 1837)
Pelopidas mathias Fabricius, 1798
Peponapis fervens (Smith, 1879)
Peponapis limitaris (Cockerell, 1906)
Peponapis pruinosa (Say, 1837)
Phaonia valida (Harris, 1780)

Pieris brassicae (Linnaeus, 1758)
Pieris rapae (Linnaeus, 1758)
Plebeina hildebrandti (Friese, 1900)
Polistes foederata Kohl, 1898

Polistes olivaceus (Deg., 1773)
Polistes stigma (Fabricius, 1793)
Scaptotrigona mexicana Guérin-Méneville, 1845
Syrphus corollae Fabricius, 1794
Tabanus taeniola Palisot de Beauvois, 1806
Tetragonula iridipennis (Smith, 1854)
Tetragonula laeviceps (Smith, 1857)
Trigona fulviventris Guérin-Méneville, 1845
Trigona pallens (Fabricius, 1798)
Trigona spinipes (Fabricius, 1793)
Vespa cincta De Geer, 1773

Vespa orientalis Linnaeus, 1761
Vespa velutina Lepeletier, 1836
Vespula vulgaris (Linnaeus, 1758)
Xenoglossa kansensis Cockerell, 1905
Xenoglossa strenua (Cresson, 1878)
Xylocopa aestuans (Linnaeus, 1758)
Xylocopa basalis Smith, 1854
Xylocopa calens Lepeletier, 1841
Xylocopa dejeanii Lepeletier, 1841
Xylocopa fenestrata (Fabricius, 1798)
Xylocopa flavorufa (DeGeer, 1778)
Xylocopa grisescens Lepeletier, 1841
Xylocopa imitator Smith, 1854
Xylocopa inconstans Smith, 1874
Xylocopa latipes (Drury, 1773)



sp216
sp217
sp218
sp219
sp220
sp221
sp222
sp223

Xylocopa nigrita (Fabricius, 1775)
Xylocopa nobilis Smith, 1859
Xylocopa olivacea (Fabricius, 1778)
Xylocopa philippinensis Smith, 1854
Xylocopa pubescens Spinola, 1838
Xylocopa tenuiscapa Westwood, 1840
Xylocopa violacea (Linnaeus 1758)
Xylocopa virginica (Linnaeus, 1771)
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Abstract

Crop pollination is indispensable for global food security. Studies that summarize the
knowledge about pollination of specific crops are relevant because they identify pollinators’
distribution, guide pollinators management and conservation policies, and shed light on
knowledge gaps. Zucchini production is essentially dependent on pollinators, is cultivated in
several countries and has great economic importance. The objective of this study was to
integrate global data on zucchini pollination that are available in the main scientific repositories
and answer the following questions: 1) How are studies on zucchini pollination distributed in
time and space? 2) What are the topics addressed and what are the trends of the results? 3) Who
are the pollinators and how are they globally distributed? 4) What are the gaps of knowledge?
We performed a systematic literature review, analyzed the distribution of studies in decades
and regions (temperate versus tropical), built a network of countries and pollinators and
compared data on the efficiency of specific pollinators. Studies were conducted in 16 countries
distributed in almost all continents, mostly in temperate regions, and more than a half in the
USA. Most studies investigated the frequency and diversity of floral visitors. Other approaches

were investigations on dependence of production on pollination, influence of the landscape on
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pollination and efficiency of specific pollinators. Zucchini flowers fed 116 species of
pollinators, especially bees. Six countries had almost exclusive groups of native pollinators.
Apis Bombus and Peponapis were the most frequently recorded bees. Areas with high habitat
diversity improve pollination. There was a significant difference in productivity when
pollination was carried out by bees when compared to production by Syrphidae. Many countries
had almost exclusive groups of native pollinators, among which it is possible to find efficient
and manageable species, capable of replacing (even partially) exotic pollinators. The main gaps
of knowledge found were 1) The determination of which native, manageable pollinators are
efficient for maximum zucchini production 2) The investigation of how pollination influence
fruit nutritional composition and seed quality, and 3) The identification of pollinators until the

species level.

Keywords: Apidae, bees, crop pollination, ecosystem services, global food security, pollinators

decline, vegetables.
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Introduction

Vegetables and fruits are largely pollinator-dependent crops that represent the most
important sources of micronutrients in human diet (Garibaldi et al., 2022; Porto et al., 2021,
Smith et al., 2015). Due to the global pollinators decline (Potts et al., 2010), an evident decrease
in world agricultural production has occurred along the last decades (Ellis et al., 2015; Smith et
al., 2015), threatening global nutritional security (Chaplin Kramer et al., 2014; IPBES, 2016;
Peixoto et al., 2022). Therefore, many studies on crop pollination seek to understand the
influence of pollinators on quantitative and qualitative aspects of production, their economic
valuation, as well as to estimate the contribution of agricultural crops to the resilience of
pollination services (IPBES, 2018; Klein et al., 2018). Few studies, however, synthesize global
data on the pollination of specific crops. They are relevant because identify the distribution of
pollinators, guide pollinators management and conservation policies, and shed light on
knowledge gaps.

The zucchini (Cucurbita pepo L., Cucurbitaceae) is an example of vegetable crop with
great economic importance, whose production is essentially dependent on pollinators (Giannini,
Cordeiro, et al., 2015), and whose data on pollination were not compiled so far. Like other
Cucurbitaceae species, zucchini individuals have staminate (male) and pistillate (female)
flowers (i.e., monoecy., Garcia et al., 2020; Hoehn et al., 2008). Therefore, fruit and seed
production rely on animal pollinators that transport the large and heavy pollen grains to the
sticky pistil of the female flowers (Rech et al., 2014). The world production of zucchini together
with other cucurbits is around 35 million tons, and plantations occupy approximately two
million hectares (FAO, 2022). Although cross-pollination is mandatory for zucchini, the
economic valuation of pollinators is still unknown (Wolowski et al., 2019).

Because flowers are large and produce abundant and easily accessible nectar and pollen
(Nicodemo et al., 2009), they are visited by a great diversity of insects; however, bees are the
main pollinators (Giannini, Boff, et al., 2015). The bees of Apini tribe are the most expressive,
due to their higher floral visitation rate (Giannini, Boff, et al., 2015). The presence of Apini
bees improve several commercially important characteristics of fruits and seeds, mainly size
and weight, ensuring greater economic market value (Gemmill-Herren, 2016; Klein et al.,
2007).

Considering the high dependence of zucchini production on pollinators, its economic
relevance and the absence of studies that synthetize the data on zucchini pollination, this study
aims to integrate global data on zucchini pollination to answer the following questions: 1) How

are studies on zucchini pollination distributed in time and space? 2) What are the topics
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addressed in the studies and what are the trends of the results? 3) Who are the pollinators and

how are they distributed? 4) What are the gaps of knowledge?

Materials and methods
Systematic review of the literature

To obtain data on zucchini pollination, we conducted a systematic literature review (from
1970 to 2021) using the repositories Web of ScienceTM (www.webofknowledge.com), Google
Scholar®  (www.scholar.google.com),  Scielo  (www.scielo. org) and  Scopus
(www.scopus.com) with the following search terms: ((“zucchini” OR “Cucurbita pepo”) AND
(“pollination” OR “pollinator” OR “floral visitor” OR “floral biology” OR “breeding system").
The inclusion criteria of studies were to clearly bring the information that the species behaved
as a pollinator and have the identification at the species level and to be written in English. This
initial search returned 16.000 studies, but only 51 met the inclusion criteria (Fig. 1).

For each study, we extracted the year of publication, country of data collection, main
questions, and type of study area (open field or greenhouse), pollinators’ species and main
results. The update of the scientific names of the floral visitors was verified, through the
Moure's Bee Catalog (moure.cria.org.br/) and the Global Names Resolver
(resolver.globalnames.org/).

We used One-way (comparing the levels of one only variable) post-hoc pairwise chi-
square analysis to check for significant differences in the frequencies of decade (> 2010, <
2010), regions (tropical, temperate), environments (open, closed, both) and study categories
(pollinators’ diversity and frequency of visits, reproductive experiments, influence of landscape
on pollination and tests of pollinator efficiency). The post-hoc pairwise was performed using
the function pairwise Nominal Independence of the r companion package (Mangiafico, 2022).

To analyze the geographical distribution of pollinators, a network was created from a
weighted matrix, with countries in rows and pollinators as columns. The cells were filled in
with the number of studies that recorded the occurrence of a pollinator species in each country.
The thickness of the edges in the net indicates the weight (number of studies). To assess the
role of nodes in the network structure, we calculated the following centrality metrics: degree,
which indicates how much a node is connected to other nodes in the network (Rodrigues, 2019);
and betweenness, which describes the importance of a node as a connector between different
parts of the network (Freeman, 1979). The network was designed using the Fruchterman-
Reingold algorithm (Fruchterman & Reingold, 1991) in the Igraph package of the R software
(R Core Team, 2023).
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Results

A total of 51 studies met the inclusion criteria, dating from 1981 to 2021. The number of
studies published annually increased significantly after the 2000s (38 studies or 74.50%), with
the 1980s to 2000 the least expressive (13 studies or 25.49%; x2 = 12.255; df = 1; p < 0.01; Fig.
2). Data were collected in 16 countries (Austria, Bangladesh, Brazil, Canada, China, Costa Rica,
Cote d'lvoire, Ghana, Guatemala, Italy, Nepal, Pakistan, Saudi Arabia, Spain, United Kingdom,
and United States, with the largest number in the United States (26 studies or 50.98%; Fig. 2).
The proportion of studies was significantly higher in temperate regions (37 studies or 72.54%),
conducted especially in open plantations, followed by closed environment and both situations.
Data of studies of tropical regions (14 studies or 27.45%; y2 = 10.373; df = 1; p < 0.01; Fig. 2)
were all conducted in open plantations (y2 = 59.765; df = 2; p < 0.01).

Regarding the main approaches of the studies, most of them evaluated the frequency and
diversity of pollinators (41 studies or 80.39%), evaluation of reproductive requirements by
comparing the production between natural and hand pollinations (11 studies or 21.56%),
influence of the landscape on pollination in open plantations (8 studies or 15.68%) and
evaluation of the influence of a specific pollinator on production (4 studies or 7.84%; y2 =
53.625, df = 3, p < 0.01). The main results are presented below.

Most studies that investigated the frequency and diversity of floral visitors associated
visitation rate with various aspects of foraging behavior, such as visit time, pollen collection
vs. nectar or nectar theft (31 studies or 75.60%), abundance and density of pollen grains on the
stigma after different numbers of visits (one, two, four, eight and twelve; 19 studies or 46.34%).
A total of 38 studies (74,50%) recorded Apis species and, among them, 34 recorded A. mellifera,
three recorded A. cerana and two A. dorsata. A smaller number of studies addressed other bee
species, including Bombus spp. (24 studies or 47.05%), with B. impatiens being the most
recorded (11 studies), followed by B. terrestris (four studies). Species of Peponapis (22 studies
or 43.13%) included P. pruinosa (17 studies), P. apiculata, P. fervens and P. utahensis (two
studies), and P. limitaris (one study).

Studies that evaluated the reproductive requirements (11 studies or 21.56%). Among
them, nine were focused on natural pollination and observed that bee pollination improved
production both in quantity (number) and in quality (weight, length, and diameter) of fruits and
seeds. Two studies that compared fruit set between manual cross- and natural pollination did
not find differences.

The studies that evaluated the influence of landscape on zucchini pollination and

production tested for different distances from areas with high diversity of habitats (i.e., natural
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and seminatural vegetation cover). Most of them (seven or 63,63%) observed that plantations
distant from 300 to 2000m to those areas had the frequency of visits by B. impatiens, A.
mellifera and Peponapis spp improved, but did not test for the impact on production. A study
investigated the effects of the use of chemicals (insecticides and fungicides) on pollen and bees
in areas 2km far from the plantings, rom the plantations, and observed high concentrations of
chemicals in pollen grains, as well as that insecticides were approximately 100 times more
dangerous for bees than fungicides, exponentially decreasing the visitation of native bees.

The four studies that investigated the efficiency of specific pollinators on production
included Apidae (bees), Halictidae (bees) and/or Syrphidae (flies). Three studies investigated
Apis species in open environment. One of them compared A. dorsata, (which is considered the
best pollinator of zucchini in Pakistan), with 23.33% of fruit set, with Eristalinus laetus
(6.,66%), E. aeneus (6.66%), Lasioglossum spl (10%), Lasioglossum sp2 (13.33%), Halictus
sp. (20%) and Nomia sp. (36.66%). The last one was considered the best pollinator, followed
by Halictus sp., while the other pollinator species were not statistically significant.The second
study compared A. mellifera with Bombus impatiens and Peponapis pruinosa and observed that
the second bee deposited three times more pollen grains onto stigmas in a single visit when
compared to the other two species, reaching 64.7%, while A mellifera reached around 18% and
P. pruinosa 10%. The third study compared A. mellifera with P. pruinosa and found that
although the fruit set after pollination by A. mellifera was higher than other species, most
flowers require more than one visit to reach 30 to 50% of fruit set. Although P. pruinosa is the
cucurbit bee, rarely a single visit is enough to produce fruit, especially when there is another
competing pollinator in the growing area.

Considering all studies that tested the efficiency of a specific pollinator, there was a
significant difference in productivity when pollination was carried out by bees, when compared
to production by Syrphidae (x2 = 35.095, df =9, p < 0.01). Among the most efficient species,
P. pruinosa (52.63%) and B. impatiens (41.46%) stand out. Bombus impatiens was more
efficient than Eristalinus aeneus (p = 0.0221) and E. megacephalus (p = 0.0221) for fruit set.
Similarly, the efficiency of P. pruinosa was significantly higher than E. aeneus (p = 0.0104),
E. megacephalus (p = 0.0104) and Lasioglossum sp.1 (p = 0.0432). No study compared the
influence of pollination on chemical aspects of fruits and in seed germination. A total of 116
species of pollinators was recorded (Appendix 1), distributed in four orders (Coleoptera,
Diptera, Hymenoptera and Lepidoptera, Fig. 3), eight families and 37 genera (Fig. 3). Most
species are included in Hymenoptera genera (106 or 91.37%), exclusively bees, and distributed

in North, Central and South America, Europe, Africa, and Asia (Fig. 3). Diptera species has
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been recorded in Asia and Europe, Coleoptera only in North America, and Lepidoptera only in
Asia. The most representative families were Apidae (bees, 64 species or 55.17%), followed by
Halictidae (bees, 39 species or 33.62%). The genus Apis had the widest geographical
distribution of records from studies in North America, Europe, and Asia. Bombus records were
also broadly distributed, mainly in North America and Europe, and less frequent in South
America. Peponapis was recorded mainly in the North America. Other less frequent genera
were widely distributed in North and Central America (Fig. 3).

Among the countries that presented the largest number of connections in the network
(Fig.4) are the United States (betweenness = 0.825), with 8% of its species recorded in other 14
countries, and the United Kingdom (betweenness = 0.174), with 40% of the species also
observed in 12 countries. Apis mellifera presented the widest geographic distribution of records,
being registered in 13 countries and, consequently, obtained the highest connection value
(betweenness = 0.822), followed by the bees Augochloropsis metallica (0.122, two countries)
and B. impatiens (0.012, three countries).

The network revealed that the United States had the highest number of pollinator species
(50 species or 43.10%, degree = 50), most of them (46) being exclusive. The four species shared
with other countries were A. mellifera, Peponapis pruinosa, Bombus impatiens and
Augochloropsis metallica; the first three were the most recorded in 19, 15 and nine studies,
respectively. In Guatemala, 22 species (degree = 22) were observed in only one study, and, in
Costa Rica, 20 species (degree = 20), seven of which were recorded in two studies, and six
shared with Guatemala. China (11 species; degree = 11) and Brazil (10 species, degree = 10)
presented nine exclusive species each, sharing only A. mellifera with other countries. Pakistan
has recorded nine unique species (degree = 9). Five species were identified in the United
Kingdom (degree = 5), with three exclusive species, and A. mellifera (three studies) and B.
terrestris (two studies) being the most recorded. Cote d'lvoire (one exclusive species) and Spain
recorded three species (degree = 3), with similar records for A. mellifera and B. impatiens (one
study each). In Austria, two species (A. mellifera and B. terrestris; degree = 2) were observed
in only one study. The other countries recorded only one species (degree = 1): A. mellifera in

Bangladesh, Ghana, Italy and Saudi Arabia, P. pruinosa in Canada, and A. dorsata in Nepal.

Discussion
Our review showed that 90% of studies on zucchini pollination were carried out from the
2000s onwards, probably due to the growing concern about the global pollinator crisis that

resulted in a significant reduction in the diversity, density, and distribution of pollinators around
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the world, compromising human food security (Aizen et al., 2022; Bartomeu et al., 2018;
Novais et al., 2016). Crops more dependent on pollinators tend to be more affected by the
pollinator crisis (Garibaldi et al., 2011; Klein et al., 2007) due to insufficient quantity and
quality of pollen delivered to the stigmas of cultivated plants, or pollen limitation (Freitas et al.,
2016; Vaissiére et al., 2011). For this reason, studies are being carried out with the aim of
mitigating this crisis (IBPES, 2016; Shivanna et al., 2020). There are strong evidence of
pollinator declines in the United States since 1947, with a loss of 59% of bee colonies (Stokstad,
2007), and in Europe since 1985 with a loss of about 25% (Potts et al., 2010). This fact may
explain the predominance of studies originating in North America, especially in the United
States, and in Europe.

The higher number of studies observed in the US is not explained by its production, since
it has the fifth gross production value in the world (FAOSTAT, 2022). It is important to note
that zucchini is native to North America, where there is strong evidence that it was domesticated
at least twice, being in Mexico more than 10,000 years ago and in the United States more than
4,000 years ago, later domesticated in various locations on the North American continent (Paris,
2016). The predominance of studies in the US clearly influenced the higher proportion of
studies in temperate regions when compared to tropical ones. It is important to note that the
climate of temperate regions allows the maximum production of the harvest, with higher quality
fruits (Salehi et al., 2019).

The predominance of studies conducted in open plantations may be explained by the fact
that this system allows for until 70% increase in zucchini yield due to free access of a higher
diversity and frequency of pollinators to flowers (Waters & Taylor, 2006) when compared to
indoor cultivation, which tend to have insufficient pollination, causing loss in productivity
(Cruz & Campos, 2009; Formisano et al., 2020). Pollination of crops in open fields is strongly
favored by the landscape, which provides a variety of floral resources (pollen, nectar, and oil
sources) and nesting sites for pollinators (Fijen et al., 2019; Garibaldi et al., 2013; Garibaldi et
al., 2016; Parra-Tabla et al., 2017). It is important to note that agricultural cultivation carried
out indoors is gaining prominence worldwide, allowing the production of high-quality fruits
throughout the year, in addition to reducing pest attacks and, consequently, reducing the use of
pesticides (Campeche et al., 2017; Shamshiri et al., 2018).

The fact that the global distribution of zucchini pollination studies is heavily concentrated
on Apis and Bombus species in North America is explained by the fact that those bees constitute
the main group of managed pollinators in this continent (Ghazoul, 2015; Goulson, 2003; Klein

et al., 2007; Millard et al., 2020). Apis and Bombus are known to guarantee the production of
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zucchini fruits and seeds with greater quantity and quality (Krug et al., 2010; Nicodemo et al.,
2009; Roubik, 2018; Vidal et al., 2010). It is interesting to note that the growing number of
studies with species of the genus Apis occurred after infestations by the parasite Varroa
destructor in the United States in the 1980s (IBPES, 2016; Oldroyd, 1999). The rapid increase
of studies with the genus Bombus occurred in the late 1980s with the first commercialization of
species for pollination of crops (Velthuis & van Doorn, 2006). From that period on, other genera
of pollinators were frequently studied (Millard et al., 2020).

The most frequent bee species in the studies (A. mellifera, B. impatiens, P. pruinosa) were
recorded in tropical and temperate regions (Koné et al., 2019; Malerbo-Souza et al., 2019;
Phillips & Gardine, 2015). The high frequency of A. mellifera is closely related to the fact that
it is a generalist species, widely managed for bee products and crop pollination, having
considerable economic value (Delaplane & Mayer, 2000; Kevan, 1997; Wolowski et al., 2019).
It is considered as an efficient pollinator for zucchini flowers, from which it collects nectar and
pollen and increases fruit production, reaching almost 100% after 12 visits (Vidal et al., 2010;
Artz et al., 2011; Petersen et al., 2013). However, the presence of this species causes several
negative impacts on the ecosystem, interfering with the relationships between plants and native
pollinators, causing a reduction in their diversity, making the vast plant-pollinator interactions
impossible and, consequently, causing the failure of the reproductive system of the plants that
depend on these animals (Valido et al., 2019).

Although world agricultural production depends on pollination by Apis, it is highly
recommended that countries seek pollinators that can replace it even partially, giving preference
to native, manageable, and efficient species (IBPES, 2016). The network revealed that several
countries have exclusive native pollinators that could met those criteria, such as Agapostemon,
Euglossa, Eulaema, Exomalopsis, Caenaugochlora, Halictus, Megalopta, Melipona,
Nannotrigona, Tetragona, Thygater. Some genera have been already managed in agriculture,
such as sch as Melipona (Mascena et al., 2018), Nannotrigona (Silva & Gimenes, 2014) and
Tetragona (Oliveira-Junior et al., 2022). The large number of pollinator species recorded in
several countries reinforces the importance of maintaining the diversity of these animals for the
maintenance of agricultural production. Thus, in addition to seeking native and manageable
pollinators through pollinator efficiency studies, it is essential to conserve environments with a
high diversity of habitats, which are known to maintain pollinator populations around the world.

Despite having a lower frequency, B. impatiens is considered a highly efficient pollinator
in zucchini (Artz et al., 2011; Artz & Nault, 2011; Petersen et al., 2014). The efficiency of this
species is directly related to its body size (ranging from 1 to 4 cm in length) and the dense coat
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that allows large amounts of pollen to be carried during a visit (Goulson, 2010; Herrmann et
al., 2018), ensuring similar fruit set open pollination when flowers are visited four to eight times
(Artz & Nault, 2011).

The bee P. pruinosa is a specialist pollinator of Cucurbitaceae crops, mainly squash (Artz
et al., 2011; Skidmore et al., 2019), and it is considered one of the most abundant native bees
in Cucurbita crops in the United States (Sampson et al., 2007; Shuler et al., 2005), being found
in 93% of the studies carried out in the region. Although is considered an efficient pollinator,
capable of sustaining most of the zucchini production, when the flowers are visited seven times
(Cane et al., 2011), pollination by this species may be less efficient when compared to other
species, since the frequency of visits to pistillate flowers is much lower, consequently reducing
fruit weight and seed formation (Artz & Nault, 2011; Petersen et al., 2014).

The greater proportion of studies investigating the frequency and diversity of floral
visitors is justified by its importance as a basis for understanding how much the crop depends
on pollinators, how many visits are necessary for a desirable production, as well as to guide
pollinator management. The assessment of pollination deficits in production through natural
and cross-pollination experiments, although little addressed in studies with zucchini, has been
gaining increasing attention in the literature as it allows providing an estimate of pollination
needs for pollinator-dependent crops (Petersen et al., 2014). In addition, such studies contribute
to the identification of other factors that can influence production in addition to the lack of
pollen (Vidal et al., 2010), promoting an increase in agricultural resilience and bringing
economic returns (Knapp & Osborne, 2017).

Studies testing the efficiency of different species of pollinators in the production are still
very limited, even being accepted that this knowledge helps in identifying alternative
pollinators (Artz & Nault, 2011) and in determining the ideal number of visits for maximum
crop yield (Sihag, 2018). Despite the importance of native bees for zucchini productivity
(Enriquez et al., 2015), only a few studies have documented the performance of these
pollinators. Thus, new studies are needed to conserve and develop management strategies for
native pollinators (Ali et al., 2014; Malerbo-Souza et al., 2019). Studies that evaluate the
landscape around zucchini plantations, despite being scarce, have become a trend in research
on agricultural crops, since it directly influences production, as commented above. In addition,
it has been proven that the amount and proximity of native vegetation, for example, are
determining factors for the increase in bee populations and the effectiveness of pollination

services in zucchini crops (Petersen & Nault, 2014).



7

Although zucchini has antioxidants that benefit human health in its fruits (Boschi, 2015),
it is worth noting that none of the works carried out studies on the influence of pollinators on
the chemical characteristics of zucchini fruits. It is known that pollinators may alter chemical
composition of fruits (Cruz, 2009; Klatt et al., 2014; Vergara & Fonseca-Buendia, 2012;
Baronio et al., 2021). Also, no studies investigated the influence of pollinators in seed
germination. This is especially important for crops that are cultivated through seeds, as the
zucchini. Pollinators maximize seed production in more than 40 crops worldwide (Garibaldi et
al., 2013) and in at least ten Brazilian crops (Giannini, Cordeiro, et al., 2015) and may also
positively influence seed germination (Kevan & Eisikowitch, 1990).

Conclusions

We reviewed studies related to the influence of pollinators on zucchini crops, how they
are distributed, who are the pollinators and what are the main gaps in knowledge, data that will
help in the development and improvement of strategies for the management and pollinator
conservation. Most studies were conducted from the 2000s onwards, mainly in temperate
regions and in open environments. The study approaches refer to the evaluation of the frequency
and diversity of pollinators in the production, comparison of the production between natural
pollination and manual pollination, influence of the landscape on the pollination in open
plantations and evaluation of the influence of a specific pollinator in the production. Bees
behaved as the main pollinators, followed by other insects such as flies, beetles and butterflies.
The predominance of studies with Apis, Bombus and Peponapis is probably related to their
economic importance. Studies regarding reproductive requirements in different regions by
using controlled crosses are needed to help in the maximum vyield. In addition, studies
evaluating the efficiency of different pollinator species in the production would help in the
elaboration of management and conservation practices. There is still a need to assess the

influence of pollinators on the chemical aspects of the fruits and in seed germination.

Zucchini flowers fed 116 species of pollinators, especially bees, followed by flies, beetles, and
butterflies. Six countries had almost exclusive groups of pollinators. Apis species was recorded
in all countries and, together with Bombus and Peponapis, formed the most frequently recorded
bees. Studies that investigated the influence of the landscape on pollination found that area with
high habitat diversity improve pollination. Considering all studies that tested the efficiency of
a specific pollinator, there was a significant difference in productivity when pollination was

carried out by bees when compared to production by Syrphidae. The main gaps of knowledge
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found were 1) The determination of which native, manageable pollinators are efficient for
maximum zucchini production 2) The investigation of how pollination influence fruit
nutritional composition and seed quality, and 3) The identification of pollinators until the

species level.
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FIGURE LEGENDS

Figure 1. Flowchart of selection of pollination studies on zucchini (Cucurbita pepo L.,
Cucurbitaceae) adapted from PRISMA 2020.

Figure 2. Distribution of pollination studies in zucchini (Cucurbita pepo L., Cucurbitaceae) and
its influence on production. (A) Study sites sampled worldwide. (B) Number of studies
conducted over the decades. (C) Number of studies in tropical and temperate areas carried out
in different environments. Open: plantations in the field; Closed: greenhouses; Both: both

situations.

Figure 3. Distribution of the global literature on zucchinni (Cucurbita pepo L., Cucurbitaceae)
floral visitors divided into taxonomic groups for the nine main genera and the four main orders.
The number of studies performed with each genus is indicated by the fill color in the countries.
The "other genera™ consist of 28 genera, with the taxonomic orders indicated by fill color,

consistent in the panel. The point size represents the frequency of mentioned studies.

Figure 4. Interaction network between pollinators of zucchini (Cucurbita pepo L.,
Cucurbitaceae) and geographical distribution of studies. Circles represent pollinators and
squares countries. The thickness of the line is proportional to the number of studies carried out

with pollinators in each country.
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Cucurbitaceae) adapted from PRISMA 2020.
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Figure 3. Distribution of the global literature on zucchinni (Cucurbita pepo L., Cucurbitaceae)
floral visitors divided into taxonomic groups for the nine main genera and the four main orders.
The number of studies performed with each genus is indicated by the fill color in the countries.
The "other genera™ consist of 28 genera, with the taxonomic orders indicated by fill color,
consistent in the panel. The point size represents the frequency of mentioned studies.



91

|sps ¥P10
9§43 ©
SIJ o o P
pI0? 7 S
wis 57 @18 | a Py
ps6 5"159.1 fr‘
Gu@a]a -
~ (pl) 5p3 &1
dpdo 07 T el &
10 / R
@ O 07 s T s T
i sp72 P36 $p86
21 PlT = an
€ sp splﬂﬁ R sp83 e - P
Sp54 - \ ’T ) spllﬁ Gp'js gp% B
$p98 '[/ lsp2] l")'l'ﬂ . il
8942 - J_Z - §|160 = =
L - $p84 —
- p“‘—-@ﬂsta R_]ra spZ.‘a Wlo& - = $p67
$p93 113 PR
) " —Tdpey w62
g »76 S .
< $p87 Saudi_Aral ngQ’p\\ ap6l 465 P80
sy 29 — —
spll4 sP’ ® | Cip2e 82
= 48y Ghana A\ i ®
= splot \ pm. & o
- Ba:*gla%esh \ p69 N Canada, sp74
X v o1 o5
M 3 ¢
Nepal S[ﬂﬂ $p45
Unite Kl gdmgote'mre
@ _ 38
s o
»9 L
sp52 - &
o ps8 sp7l
P4ﬁs+n P 51131
53 X sp27 N .
o . sp2 hin razil -
N spS1 P §p33
A @ =\ s
e _®/ . i @8
39 4 N splis s
24 s34 L 35
2 o & o1t spo *P°
Figure 4. Interaction network between pollinators of zucchini (Cucurbita pepo L.,

Cucurbitaceae) and geographical distribution of studies. Circles represent pollinators and

squares countries. The thickness of the line is proportional to the number of studies carried

out with pollinators in each country.
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Abstract

Due to the global decline of pollinators, global food security is at risk. Crops essentially
dependent on pollinators such as pumpkin (Cucurbita moschata Duchesne, Cucurbitaceae)
are the most affected. Although the importance of pollinators for crop productivity is known,
there are many gaps in knowledge regarding the influence of pollination on crop quality,
especially on the chemical composition of fruits and seeds. Here, we evaluated the
relationship between floral display, frequency of visits and crop production, using three
pumpkin plantations in the semi-arid region of NE Brazil as a model. In all sites we recorded
floral display, floral visitors, and compared fruit set, fruit quality and seed number between
natural (NP) and cross (CP) pollination experiments. Bees were the main pollinators, and
Apis mellifera and Trigona spinipes were the most frequent. Floral display was positively
correlated with the total number of visits, which had a positive relation with fruit weight,
specifically because of T. spinipes visits. Visitation by A. mellifera had a negative
relationship with pericarp length. Fruit set was about 9% higher in NP than in CP, whose
fruits had lower antioxidant activity than the former. Floral display was positively related to
the frequency of visits of pumpkin produced in the semi-arid region of northeastern Brazil.

Bees were the main pollinators, especially T. spinipes and A. mellifera, which positively
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influenced fruit weight. Pollinators favored fruit set and quality, in addition to promote
antioxidant potential.

Keywords: Crop pollination, Apidae, fruit set, cucurbit.

Introduction

Insect pollination is an ecosystem service essential to the production of most
agricultural crops worldwide (Klein et al., 2007; Roubik, 2018), generating more than
US$500 billion annually (IPBES, 2016). Bees are the main responsible for crop yield,
influencing fruit and seed sets and quality (size, weight, and chemical composition
(Garibaldi et al., 2013; Klatt et al., 2014; Giannini et al., 2015), as well as seed germination
(Kevan & Eisikowitch, 1990). Although the general importance of pollinators for crop
productivity is broadly known, there are many gaps of knowledge regarding crop pollination
in semiarid tropic environments, as well as the influence of pollination on crop quality,
especially chemical composition of fruits and seeds. The influence of animal pollination in
the composition of nutritionally and commercially relevant compounds, such as
antioxidants, is an emerging area of knowledge that contribute for the management and
conservation of pollinators that may improve food security. Antioxidants from fruits and
vegetables are beneficial to human health as they prevent oxidative processes, reducing the
harmful effects of free radicals on cells that cause the occurrence and spread of degenerative
diseases in the body (Gulcin, 2020; Jideani et al., 2021). Furthermore, low concentrations of
antioxidants enhance deterioration rates of fruits and vegetables, negatively influencing shelf
life (Munteanu & Apetrei, 2021).

Due to the global decline of pollinators, agricultural production is threatened, putting
global food security at risk (Potts et al., 2010; Eilers et al., 2011). Crops that are essentially
dependent on pollinators are mostly affected (Klein et al., 2018), such as those from the
Cucurbitaceae family (Knapp & Osborne, 2019). Cucurbitaceae plants produce unisexual
flowers (monoecious), which necessarily require floral visitors to achieve successful fruit
and seed production (Delgado-Carrillo et al., 2018; Garcia et al., 2020). In general,
Cucurbita crops (pumpkins, squash, and some gourds) produce medium to large-sized,
showy flowers that offer high volume of nectar to pollinators (Nikolova et al., 2019).

The large amounts of pollen grains produced in male flowers are efficiently transported
by insects to the female flowers due to the sticky substances that improve pollen attachment

to pollinators’ body (Rech et al., 2014). The world main pollinators of Cucurbita crops are
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the bees Eucera pruinosa Say, 1867, Apis mellifera Linnaeus, 1758 (Chan & Raine, 2021)
and Bombus species. In Brazil, important pollinators include bees from the families Apidae
(A. mellifera Linnaeus, 1758, Melipona spp., Trigona spinipes (Fabricius, 1793)), Adrenidae
(Oxaea flavescens Klug, 1807, Bombus morio (Swederus, 1787)), and beetles from
Chrysomelidae family (Diabrotica spp.; Giannini et al., 2015). World production of
Cucurbita crops is around 35 million tons annually, cultivated on approximately two million
hectares, with most production in China and India (FAO, 2024). Pumpkin (Cucurbita
moschata Duchesne, Cucurbitaceae) is one of the most socioeconomically important
vegetables of the genus, with the pollination value in Brazil estimated at R$ 145,173,300.00
(Wolowski et al., 2019).

Considering that Cucurbitaceae crops constitute important components of global
agricultural production and are essentially dependent on pollinators, studies that elucidate
the relationships between pollination and crop production may be useful for pollinator
management and conservation. The objective of this study was to evaluate the relation
between floral display, frequency of visits, quantity, and quality of crop production,
including fruit antioxidants analyses, using three pumpkin plantations in the semi-arid region
of NE Brazil as a model. Our hypotheses are: 1) Floral display (number of flowers per
individual) favor frequency of visits, which is positively related to production; 2) Fruit set,

quality, and number of seeds are favored by animal pollination.

Materials and methods
Study areas and studied species

The study was carried out at three sites within a semi-arid range located in
Pernambuco, NE Brazil (altitude 900m), from January to May 2022. Our study sites
comprised two family farming lands (site I: Jucati, 8°40'21" S, 36°27'34" W, and site II:
Paranatama, 8°54'50" S, 36°35'34" W) and the experimental research field of the
Universidade Federal do Agreste de Pernambuco (site I11: Garanhuns, 8°90'64" S, 36°49'43"
W). The climate of the Garanhuns region is the As’ type (warm and wet, according to
Koppen’s classification). The average annual precipitation, humidity and temperature are
782,5 mm, 82.5 % and 21.2 °C, respectively (APAC, 2023). The climate of the regions of
sites | and 1l is type BSh (semi-arid climate of low latitudes and altitudes, according to

Koppen’s classification). The average annual precipitation and temperature are 641,5/550,3
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mm and 28 °C, respectively (APAC, 2023; CPTEC/INPE, 2024). The dominant soil types
in the region are ferric Oxisols or Argisols.

Cucurbita moschata is a monoecious crop, i.e., has unisexual flowers, with temporal
separation between male and female flowers within a plant (proterandry; Agbagwa et al.,
2007). At each site, 64 pumpkin seedlings (C. moschata, cultivar ‘Jacarezinho’) obtained
from commercial seeds were planted with a row spacing of 3x1 m, following regular
technical recommendations (IPA, 2008). We applied organic manure to soil, with no other
fertilizers or pesticides, following the same protocol as the small farmers. Irrigation was
carried out with drippers spaced approximately 50 cm apart.

Evaluation of floral biology components

Although the floral biology of pumpkins has been well-investigated (Agbagwa et al.,
2007; Lima et al., 2022), there may be variations among cultivars that can influence
pollination outcomes (Klein et al., 2007). Thus, we described the floral longevity, evaluated
the stigma receptivity, and searched for presence of scent glands. For floral longevity, we
monitored 10 male and 10 female flowers from different individuals from opening to
senescence. For stigma receptivity, we tested for peroxidase activity in 10 female flowers
distributed in 10 individuals hourly between 05h00 and 11h00 (Dafni et al., 2005). To detect
scent glands on flowers, we immersed 10 flowers in a neutral red solution for 10 min (Dafni

et al., 2005). In this procedure, any staining indicates the presence of scent glands.

Flower visitation and pollinator survey

Flower visitors were recorded during 56 h of observations (around 19 h per area). In
each area, 25 plants were randomly selected and observed in a circuit where the observer
remained 15 min in each plant, between 6h00 and 10h00 during three non-consecutive days
under favorable weather conditions. During observations, floral visitor morphospecies were
recorded, as well as the number of flowers visited by each morphospecies in the plant. All
observed plants had the total number of flowers recorded (floral display). Flower visitors

were collected after observations and identified by specialists.

Pollination experiment
To understand the influence of the pollination service provided by the flower visit

insects on the quantity and quality of pumpkin production, we set two treatments: natural
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pollination (NP) and cross-pollination (CP). For each treatment, we used 50 flowers from 50
individuals at each site. For NP, flowers were marked and left accessible to flower visitors.
For CP, flowers were bagged in pre-anthesis and then cross-pollinated with pollen from three
different individuals. After hand crosses, the flowers were maintained bagged until
senescence. Forty days after anthesis, the number of fruits resulting from the experiments
was counted and fruits were harvested, and the following commercially relevant traits were
recorded: Seed number, fruit weight (g), pericarp (mm), pH and antioxidants.

Each trait was measured in all harvested fruits. Fruit weight was quantified using a
digital scale, whilst pericarp length was measured with a digital caliper. pH was determined
with a calibrated pH meter (AOAC, 1992).

The evaluation of antioxidant activity was carried out as these compounds such as
phenolics, vitamin C, tocopherols, carotenoids, and flavonoids have nutritional importance
such as oxidative deterioration, reducing the risk of developing various disorders caused by
oxidative stress (Gulcin, 2020). The ABTS method (2,2'-azinobis-3-ethylbenzothiazoline-6-
sulfonic acid) was used in ten fruits of each treatment from Paranatama. A sample of 5g of
each fruit was added in 20 mL of 80% aqueous methanol solution, followed by grinding in
a mixer, shaking on a shaking table for 60 minutes and centrifugation at 15,000 rpm for 15
min. The supernatant was collected and filtered in filter paper, transferred to a 50 mL
volumetric flask, and made up to volume with 80% methanol (modified from Amariz, 2011;
Kulczynski et al., 2020). Antioxidant activity by ABTS was performed according to the
modified methodology of Singh et al. (2016) described below. The ABTS radical stock
solution was produced by reacting the ABTS solution (25 mL) with potassium persulfate
(400 pL) and left to react in the dark at room temperature for 16 h. The ABTS solution was
then diluted in pure ethyl alcohol until it reached an absorbance of 0.700 + 0.05 at 734 nm.
A 0.5 mL aliquot of the sample was added to a falcon tube containing 3.5 mL of the free
radical ABTS, left protected from light for six minutes and the absorbance was measured in
triplicate. Trolox standard solution was used to perform the calibration curve, and the results

were expressed as umol Trolox/L.

Data analysis
Influence of pollination on production
To test differences in the fruit set, number of seeds and fruit characteristics between

NP and CP, generalized linear mixed models (GLMM) were generated, therefore considering
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treatment as a fixed effect, and studied planting and plant identity as random effects. For
fruit set (n = 287), a binomial model was adjusted, including fruit formation or non-
formation as a response variable using the g/mer function from the lme4 package. For the
other variables, only the portion of the sample that produced fruit (n = 232) and models
adjusted according to their nature were used. Thus, considering the number of seeds per fruit
as the response variable, a Poisson model was adjusted, but to control overdispersion, the
use of a model with negative binomial error distribution was more appropriate using the
glmer.nb function (Ime4 package). For fruit traits, the number of seeds was also included as
a fixed effect along with treatment, since the quantity of seeds can influence fruit quality
(Santos et al., 2021). Gaussian models were fitted for fruit weight, pericarp and pH using the
Imer function (Ime4 package). The interaction between seed number and treatment was never
significant and was therefore not included in the models. To compare antioxidants (mmol Eq.
a Trolox/L ext), a Gaussian model was generated including only plant identity as a random
effect, since the test was carried out on a single planting. For all models, the significance of

fixed effects was tested using the Anova function from the car package.

Frequency of visits at production and floral display

As the total number of floral visits was represented by 67% of visits by 7. spinipes and
27% by A. mellifera (the remaining 6% was distributed among five other species), we
evaluated whether the quantity and quality of production are influenced by the number of
visits flowers received by the two bees. For this, two sets of models were built: (1) one
considering the influence of the total number of visits on the production variables and (2)
the other including visitation by A. mellifera and T. spinipes as fixed effects in GLMMs,
incorporating studied planting and plant identity as random effects. The interaction between
A. mellifera and T. spinipes visitation was included in the models to test the joint effect of
both species on production. For fruit set (n = 126), a model with binomial distribution
(glmer) was adjusted again, including fruit formation and non-formation as a response
variable, with the other variables (seed number, fruit weight, pericarp length and pH) being
analyzed with the portion of the samples that produced fruit (n = 114).

For seed number, models with negative binomial distribution (g/mer.nb) were fitted
and for pH, Gaussian models were fitted, as previously described. However, for fruit weight

and pericarp length, models with log-normal distribution were adjusted to achieve the
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assumption of normality of model residuals. To test the significance of the models, the Anova
function from the car package was also used.

To test whether the floral display influences the number of total visits by 4. mellifera
and T. spinipes, GLMMs were fitted with the same random effects structure, considering the
number of flowers per plant at the time of observations as a fixed effect. As the three models
suffered from overdispersion when fitted to the Poisson distribution, models with a negative
binomial distribution were used (glmer.nb). The significance of the parameters was tested
using the procedure described in the previous analyses. All analyzes described above were

conducted in R v.4.2.3 (R Core Team, 2023).

Results

The plants are protandrous, i.e., the anthesis of male flowers occurs two weeks before
the female flowers. The ratio of male and female flowers was 8:1. Floral longevity lasted
from 5:30 am to 11:00 am. The stigma remained receptive from the bud stage until
senescence, and, in male flowers, pollen was available from flower opening. Scent glands
were detected on the corolla and anthers tissues. Both male and female flowers are nectar-
rewarding.

Visits occurred between 6:00 am and 11:00 am, with a peak between 7:00 am and 9:00
am in all sites (Fig. 1). Seven species were recorded visiting the flowers, distributed in the
three sites (Table 1). A total of 447 visits from three bee (Apis mellifera, Trigona spinipes
and Xylocopa (Neoxylocopa)) and a wasp species (Polybia sp.) were recorded in Jucati, 496
visits from six bee species and Polybia sp. in Paranatama and 181 bee species and Polybia
sp. in Garanhuns (Table 1). The most frequent floral visitors were by far Apis mellifera and
the stingless bee Trigona spinipes (Table 1, Fig. 1).

All floral visitors behaved as pollinators since they contacted anthers and stigma
during visits. All bee species foraged for pollen and nectar on male flowers, and nectar on
female ones; Polybia sp. collected only nectar from male and female flowers. The bees
Augochlora sp., Paratrigona cf. incerta and Xylocopa (Neoxylocopa) sp., as well as Polybia
sp, had low frequency of visits, thus being considered as occasional pollinators. Generally,
T. spinipes foraged in groups, being aggressive towards other bees that tried to land on the
flower.

The mean number of flowers per individual was 6.45 + 3.21. Floral display was
positively correlated with the total number of visits (> = 12.28, df = 1, p < 0.001),
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specifically with the number of A. mellifera visits (> = 14.29, df = 1, p < 0.001), but not
with the number of visits by T. spinipes (> = 0.01, df = 1, p = 0.912; Fig. 2).

The total number of visits had a significant influence on fruit weight, what was
specifically attributed to the positive impact of visits by T. spinipes (Table 2, Fig. 3). On the
other hand, the total number of visits did not explain fruit set, pericarp length, pH, and seed
number (Table 2). There was no influence of the number of visits by A. mellifera or both A.
mellifera and T. spinipes combined on fruit weight (Table 2). Visitation by A. mellifera had
a negative relationship with pericarp length (Table 2, Fig. 3).

Fruit set was about 9% higher in NP than in CP, whose fruits had lower antioxidant
activity than the former (Table 3, Fig. 4). There was no effect of treatments on the other
parameters evaluated (fruit weight, pericarp length, pH, and seed number; Table 3). Seed
number was positively related to fruit weight (Table 3, Fig. 5), but did not influence pericarp
length or pH (Table 3).

Discussion

Floral display of pumpkin plants grown in the family farming orchards was positively
related to frequency of visits of the main pollinators (the alien feral Africanized honeybees
and T. spinipes). Pollination services positively influenced fruit set, weigh, and antioxidant
potential. Visitation by T. spinipes had a positive impact on production, whereas visitation
by A. mellifera was related to lower pericarp width.

The floral biology observed here corroborate other pumpkin cultivars from previously
published studies (Agbagwa et al., 2007; Lima et al., 2022). The positive impact of the
massive flowering on the attractiveness of pollinators resulted both from visual and olfactive
clues, as well as the high availability of floral resources (pollen and nectar; Hovestadt et al.,
2018; Albuquerque-Lima et al., 2020). In this way, there may be an increase in the density
of pollinators on a landscape scale, benefiting other crops (Fijen et al., 2019). In agricultural
crops, crops with mass flowers are often preferred by floral visitors, resulting in high
visitation rates and increased production yield (Pufal et al., 2017).

The higher fruit set and antioxidant activity resulted from NP when compared to CP is
possibly due to the greater genetic diversity of the pollen loads deposited in NP. Bees tend
to visit flowers from many individuals, whereas flowers from only three individuals were
used in the CP experiment. This better performance of NP reinforces the importance of

pollinators’ frequency of visits and diversity for fruit production. The high functional
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diversity provided by distinct morphologies and behaviors of pollinators is known to
improve crop yield (Garibaldi et al. 2013, 2016; Fijen et al. 2019) and quality (Kamo et al.,
2022; Chai et al., 2023). The importance of pollinators for global agricultural production lies
especially in this relationship, which is even more relevant for crops that are essentially
dependent on pollinators, such as pumpkin (Wolowski et al., 2019).

The relation between pollen loads deposited onto stigmas and quality aspects of crop
production (dimensions and chemical composition) is called xenia (Chai et al., 2023 and
references therein). It is defined as the chemical influence of tissues bearing paternal genes
upon maternal tissues (Denney 1992), being recorded in fruits (e.g., Gaaliche 2011; Sabir et
al., 2015; Gharaghani, 2017; Chai et al., 2023), grasses (Pozzi et al., 2018) and vegetables
(Piotto et al., 2013). Pollen, pollen tubes and fertilized ovules diffuse growth regulatory
substances (auxins, gibberellins, brassinosteroids, cytokinins, polyamines, ethylene, and
others) across ovary tissues that develop into fruit and seed (Perazza et al., 1998), regulating
seed development and fruit size (Ozga & Reinecke, 2003, Balaguera-Ldpez et al., 2020).
This physiological process is not well understood, as pollinators can influence agricultural
production in different ways, from not interfering in production (as in beans, Paulino et al.
2023), to improving quantity and quality (as in strawberries, Abrol et al., 2019). Similarly,
the characteristics that each pollinator influences can vary, as noted here. Although the total
number of visits had a significant influence on fruit weight, it did not explain the other
attributes (fruit set, pericarp length, pH nor seed number). Also, the number of visits by A.
mellifera and of the joint action with T. spinipes did not influence fruit weight, but visitation
by A. mellifera decreased pericarp length.

The positive relation between number of seeds and fruit weight may also be explained
by xenia, since a high number of fertilized ovules implies a greater production and diffusion
of regulatory substances. The positive relation between seed number and fruit size is well
known (Delaplane & Mayer, 2000; McGrady et al., 2020; Petersen et al., 2013). It is
important to highlight, however, that fruit and seed dimensions and chemical composition
may also be related to aspects other than pollination, such as nutrient and water availability,
as well as climatic conditions (Schlering et al., 2020).

The positive influence of pollination on the production of antioxidant compounds
observed here was also recorded in other studies, such as in coffee (Canzi et al., 2023),
pistachio (Sharifkhah et al., 2020), and perrilla (Perilla frutescens, Lamiaceae Ferrazzi et

al., 2017). Vegetables from the Cucurbitaceae have antioxidant substances of high biological
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importance, and important in the use of phytochemicals and herbal medicines (Akhter et al.,
2022). Studies carried out with the ABTS+ radical showed that species such as C. pepo
(Kulczynski et al., 2020), C. maxima, Citrullus lanatus and Cucumis melo (Singh et al.,
2016) have high antioxidant capacity in both /fruit pulp and peel. This is the first report on
the influence of pollination on antioxidants od Cucurbitaceae crops so far.

The positive influence T. spinipes pollination on fruit weight may be explained by its
behavior, as individuals walked for a longer time on the flower sexual organs, contacting
pollen and stigma more frequently than other species. This bee species is often considered
to only cause damage to flowers and fruits (Oda & Oda, 2007), and to act as nectar thieve,
making holes in the base of the calyx of many plants of economic interest such as Crotalaria
vitellina (Bergamo & Sazima, 2018), Jacaranda rugosa (Milet-Pinheiro & Schlindwein,
2009) and Cucurbita moschata (Serra & Campos, 2018). However, it is also frequently
observed pollinating agricultural crops of Cucurbitaceae (chayote -Sechium edule; Malerbo-
Souza et al., 2023; zucchini - Cucurbita pepo; Malerbo-Souza et al., 2019; gourds-Cucurbita
spp., McGrady et al., 2019), Fabaceae (Paulino et al., 2021, Paulino et al., 2023), Rosaceae
(strawberry - Fragaria x ananassa, Maclnnis & Forrest, 2019), Rutaceae (tangelos - Citrus
clementina hort. x (C. paradisi Macfad.) x C. reticulata Blanco)], Santos et al., 2021),
Proteaceae (macadamia - Macadamia integrifolia, Santos et al., 2020, Solanaceae (eggplant-
Solanum melongena, Campos et al., 2022; tomato - Solanum lycopersicum,Vinicius-Silva et
al., 2017), and Vitaceae (grape - Vitis labrusca, Baronio et al., 2021). In natural ecosystems
it also contributes to pollination process (Silva et al., 2021). For example, although it
damages 96% of Nymphaea pulchella flowers through direct and indirect florivory, it allows
pollination to occur due to direct collection of large quantities of pollen from the anthers
(Chalegre et al., 2020).

The frequent occurrence of T. spinipes is probably due to its larger populations when
compared to most bees in open environments (Valadares et al., 2023). It has aggressive
behavior that prevents other species of bees from reaching flowers, monopolizing floral
resources (Nieh et al., 2004, 2005). Thus, it is reasonable to affirm that T. spinipes plays a
relevant pollination service in agriculture. However, the cost-benefit varies with plant
species, environment and season. In our study, floral display did not explain T. spinipes
visitation, corroborating its tendency to visit the crop independently of the number of flowers
and, in the case of C. moschata, improving fruit production. On the other hand, a higher

floral display promotes A. mellifera pollination, which negatively influences pericarp length.
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Although A. mellifera is a generalist species widely managed around the world, both
for honey production and crop pollination, several studies have recorded that it ecologically
displaces native bees and reduces pollination (Potts et al., 2010, Valido et al., 2019), and
even the fitness of the progeny of native plants (Page & Williams, 2023).

According to our results, the need for management actions implemented by farmers to
conserve native bees in agricultural crops is clear, such as the preservation of native
vegetation around crops and the installation of agroforestry systems to benefit the diversity

of native bees.

Conclusions

Floral display was positively related to the frequency of visits of pumpkin produced in
the semi-arid region of northeastern Brazil. Bees were the main pollinators, especially T.
spinipes and A. mellifera, which positively influenced fruit weight. Pollinators favored fruit

set and quality, in addition to promote antioxidant potential.
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FIGURE LEGENDS

Figure 1. Frequency of floral visits in three pumpkin (Cucurbita moschata Duchesne,
Cucurbitaceae) plantations in a semiarid region of northeastern Brazil. A, B, C: Sites I, Il
and 11, respectively.

Figure 2. Effect of floral display on total frequency of floral visits (A), frequency of Apis
mellifera (B) and Trigona spinipes (C) in three pumpkin (Cucurbita moschata Duchesne,
Cucurbitaceae) plantations in a semiarid region of northeastern Brazil.

Figure 3. Effect of the number of visits by all floral visitors (A), by Trigona spinipes (B) and
by Apis mellifera (C) on production quality in three pumpkin (Cucurbita moschata
Duchesne, Cucurbitaceae) plantations in a semiarid region of northeastern Brazil.

Figure 4. Antioxidant activity of pumpkin (Cucurbita moschata Duchesne, Cucurbitaceae)
determined by ABTS" assays in fruits resulted from natural (NP) and cross (CP) pollination

experiments.

Figure 5. Relationship between number of seeds and fruit weight in three pumpkin
(Cucurbita moschata Duchesne, Cucurbitaceae) plantations in a semiarid region of

northeastern Brazil.
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Table 1. Floral visitors observed in three pumpkin (Cucurbita moschata Duchesne,

Cucurbitaceae) plantations of a semiarid region of NE Brazil.

Area | Areall  Arealll
Algochlora sp. X
Apis mellifera X X X
Melipona scutelaris X
Paratrigona cf. incerta X
Polybia sp. X X
Trigona spinipes X X X
Xylocopa (Neoxylocopa) sp. X X
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Table 2. Influence of the total number of visits, visits by A. mellifera, visits by T. spinipes and the joint effect of visitation by both species on

pumpkin (Cucurbita moschata Duchesne, Cucurbitaceae) production parameters in three plantations of a semiarid region of NE Brazil. 2, chi-

square values results from analysis of variance. *Significant effect on a given response variable (p < 0.05).

_ All pollinators A. mellifera T. spinipes A. mellifera x T. spinipes
Variable
s p X p x p 7 p

Fruit set 3.21 0.073 1.67 0.196 2.47 0.116 0.002 0.957
Seed number 1.27 0.260 1.71 0.190 0.56 0.454 0.47 0.492
Fruit weight (Log) 17.79 <0.001* 1.38 0.239 18.60 < 0.001* 0.24 0.623
Pericarp length (Log) 0.04 0.839 5.98 0.014* 0.23 0.628 0.0005 0.983
pH 0.11 0.738 0.08 0.774 0.59 0.442 2.00 0.158
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Table 3. Effect of pollination treatments (natural and cross pollinations) and seed number on yield quantity and quality parameters in three
pumpkin (Cucurbita moschata Duchesne, Cucurbitaceae) plantations of a semiarid region of NE Brazil. Fruit set per treatment is given as a
percentage. Mean values (+ SD) per treatment are presented for the other response variables. 2, chi-square values, analysis of variance results.

*Significant effect on a given response variable (p < 0.05).

Fixed effects

Variable Treatment Seed number
Natural pollination n Cross pollination n 5 p 27 p
Fruit set (%) 85.3 150 75.9 137 5.84 0.016* - -
Seed number 296.8 + 123.3 128 319.6 + 121.3 104 154 0.215 - -
Fruit weight (kg) 25+0.9 128 26+1.1 104 0.11 0.738 13.32 <0.001*
Pericarp length (mm) 40.0+11.0 128 41.3+13.8 104 0.0001 0991 180 0.180
pH 6.2+0.2 128 6.2+0.2 104 099 0321 206 0.151

nmmol Eq. a Trolox/L ext (mean) 1003.2 + 253.6 20 563.2 +235.8 20* 19.39 <0.001* - -
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Figure 1. Frequency of floral visits in three pumpkin (Cucurbita moschata Duchesne,
Cucurbitaceae) plantations in a semiarid region of northeastern Brazil. A, B, C: Sites I, Il

and 11, respectively.
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Figure 2. Effect of floral display on total frequency of floral visits (A), frequency of Apis mellifera (B) and Trigona spinipes (C) in three pumpkin

(Cucurbita moschata Duchesne, Cucurbitaceae) plantations in a semiarid region of northeastern Brazil.
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Figure 3. Effect of the number of visits by all floral visitors (A), by Trigona spinipes (B) and by Apis mellifera (C) on production quality in
three pumpkin (Cucurbita moschata Duchesne, Cucurbitaceae) plantations in a semiarid region of northeastern Brazil.
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determined by ABTS" assays in fruits resulted from natural (NP) and cross (CP) pollination
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Figure 5. Relationship between number of seeds and fruit weight in three pumpkin
(Cucurbita moschata Duchesne, Cucurbitaceae) plantations in a semiarid region of

northeastern Brazil.
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